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Abstract

The fibrillation kinetics of the amyloid β peptide is
analyzed in presence of cationic polystyrene nano-
particles of different size. The results highlight the
importance of the ratio between the peptide and
particle concentration. Depending on the specific
ratio, the kinetic effects vary from acceleration of
the fibrillation process by reducing the lag phase at
low particle surface area in solution to inhibition of
the fibrillation process at high particle surface area.
The kinetic behavior can be explained if we assume a
balance between two different pathways: first fibril-
lation of free monomer in solution and second nu-
cleation and fibrillation promoted at the particle
surface. The overall rate of fibrillation will depend
on the interplay between these two pathways, and the
predominance of one mechanism over the other will
be determined by the relative equilibrium and rate
constants.
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P
rotein aggregation into amyloid fibrils is a patho-
logical hallmark of many diseases, including
Alzheimer’s and Parkinson’s diseases (1). These

disorders are caused by, or related to, conformational
changes from nontoxic to toxic forms of specific
proteins. Fibrillogenesis is a nucleation-growth pro-
cess leading to the conversion of monomeric amyloido-
genic proteins to amyloid fibrils and plaques (2). Div-
erse substances (small molecules and peptides) are
known to interfere with the fibrillation process (3-6).
Because many amyloidogenic proteins have a tendency

to accumulate at phase boundaries, the process is also
largely affected by the presence of biological or foreign
surfaces, for example, synthetic nanoparticles (7-9),
dendrimers(10), or larger particles(11). Interestingly,
copolymeric nanoparticles have been found to have
opposing effects in different systems with an accelera-
tion of β2-microglobulin (β2m) fibrillation (7) and
retardation of amyloid β peptide (Aβ) fibrillation (8).
Specifically in the case of β2m, the presence of nano-
particles leads to a shortening of the lag phase by
favoring nucleation of the fibrillation process. This
was interpreted to arise from an observed accumulation
of β2m at the nanoparticle surface leading to an inc-
reased local concentration, which favors oligomeriza-
tion and the likelihood of formation of critical nuclei for
fibrillation (7). The retardation observed for Aβ was
explained by assuming a tight interaction of the nano-
particles with the monomeric peptide or with growing
oligomers, which would deplete the solution concentra-
tion or block the growing ends and interfere with their
elongation into amyloid fibrils (8). Moreover, an influ-
ence of the chemical nature of the nanoparticles on the
aggregation processes of β2m and Aβ peptide has been
reported (7-9). Other studies show that the folding and
therefore the tendency ofAβ peptide to aggregate varies
with the chemical nature and charge of the nanoparticle
surface (12, 13).

Aβ is the principal protein component of the amyloid
plaques found in the later stages of Alzheimer’s disease,
and extensive data support a central role for Aβ in the
disease process. The cytotoxic effects seem to be related
to prefibrillar, diffusible assemblies of Aβ that are
deleterious to neurons (14).

Here we have studied the effect of cationic polymeric
nanoparticles on Aβ fibrillation by analyzing the effect
of commercial polystyrene particles with amino modi-
fication on the in vitro aggregation of synthetic Aβ-
(1-40) and recombinantAβ(M1-40) andAβ(M1-42).
The results obtained lead us to hypothesize that there is
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a competition between the two different mechanisms of
interaction between particles and Aβ, which is tuned by
the coverage of the particle surface.

The fibrillationof syntheticAβ(1-40) in vitro is clearly
affected by the presence of amino-modified polystyrene
nanoparticles. Figure 1 shows the time course of fibrilla-
tion followed by means of thioflavin T (ThT) fluore-
scence. The variation of the ThT fluorescence signal
yields information about the extent of amyloid forma-
tion (15). The fibrillation of Aβ(1-40) in the absence of
nanoparticles shows the typical nucleation-elongation
profile. A lag phase, indicated by a constant low fluore-
scence signal (i.e., no highly amyloid-structured species
are present) is followed by an elongation phase, during
which oligomers grow into fibrils, and finally a steady
plateau value after equilibrium is reached. As seen in
Figure 1, thepresence ofnanoparticles essentially affects
the lag phase of the fibrillation processes, while the
elongation rate remains fairly constant compared with
the nanoparticle-free case.

Themost striking observation is the dual effect of the
amine-modified polystyrene nanoparticles on Aβ fibril-
lation kinetics. At a constant protein concentration, the
fibrillation process is accelerated (shorter lag phase) by
nanoparticles at low particle concentration, while at
high particle concentration, the fibrillation process is
retarded (longer lag phase). While other investigations
have seen acceleration of the fibrillation by TiO2 nano-
particles (9) and retardation by dendrimers (10) and
copolymer particles (8), we see both effects for one type
of nanoparticle.

Transmission electron images shown in Figure 2
confirm this bimodal (and surprising) picture, showing
that after 90 min few amyloid fibrils are observed in
solutionwhennoparticles or high concentrations of nano-
particles are added. On the other hand, at low particle
concentrations, amyloid-like fibrils with the standard

amyloid features (10 nm wide and hundreds of nano-
meters long) can already be observed after 90 min of
incubation of 16 μMAβ(1-40).

Figure 3 shows fibrillation experiments where nano-
particles are added at different time points after fibrilla-
tion has been initiated. In these experiments, we used a
high concentration of amine-modified polystyrene nano-
particles (1.1 mg/mL) in the regime causing inhibition
of fibrillation when added from the beginning of the
kinetic experiment. When added at short times, while

Figure 1. (A) Fibrillation kinetics of Aβ(1-40) (16 μM) at 37 �C monitored by temporal development of ThT fluorescence for different
concentrations of 120 nm amine-modified polystyrene nanoparticles: (9) 0, (O) 0.02, (b) 0.05, and (0) 1.1mg/mL. Lines represent the best fit of
eq 1 to the experimental data. (B) Lag times versus nanoparticle surface area in solution from the experiments shown in panel A. Averages and
standard deviation over three to six replicates are shown.

Figure 2. Negatively stained images observed by transmission
electron microscopy. Samples were prepared in the absence and
presence of different concentrations of 120 nm amine-modified
polystyrenenanoparticles: (A) 0, (B) 0.02, (C) 0.05, and (D) 1.1mg/mL
at Aβ(1-40) peptide concentration of 16 μM at two different time
points, 90 min and 5 h, of the fibrillation reaction. Scale bar
indicates 200 nm. The corresponding ThT development graphs can
be seen in Figure 1.
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the process is still in the lag phase, the effect of adding
particles is inhibitory. This is reflected as stable low
fluorescence values, indicative of no fibril formation. As
long as the particles are added before the time point
corresponding to the average lag time in the absence of
particles (lag time=138 ( 20 min), the process is inhi-
bited as reflected by prolonged lag times (Figure 3B). In
contrast, particles added after the control lag time do
not show any significant effects on lag time (see arrows
in Figure 3B), indicating that once the critical nuclei are
formed the elongation process is so favorable that the
interaction between monomer/oligomer and particles
cannot overcome it, and thus addition of the amine-
modified polystyrene nanoparticles has no impact on
the fibrillation process (Figure 3B). Although the inter-
action between nanoparticles and peptide is strong
enough to slow down the fibrillation process at high
particle concentration when present from the beginning
or added at early times, probably by adsorption of
monomeric Aβ or early formed oligomers, the addition
of nanoparticles during later stages of the fibrillation
process (i.e., once the fibrils have started to form) seems
to be incapable of reversing the fibrillation process or
destroying the fibrils, as monitored by ThT fluorescence.

The results differ from stopping experiments with Aβ
and copolymer nanoparticles, where addition of nano-
particles could revert an ongoing fibrillation process up
to a certain time point (8), or with IAPP, where addition
of copolymer nanoparticles prevented further growth
even when the process was in the elongation phase (16).

Recombinant Aβ(M1-40) and Aβ(M1-42) were
used to analyze the effect of increasing particle con-
centration for different protein concentrations. We find
that the effect exerted by the presence of nanoparticles
on the protein fibrillation is clearly dependent on the

concentration ratio between the protein and the parti-
cles. The fibrillation of recombinant Aβ(M1-40) or
Aβ(M1-42) in the presence of nominally 57 nm ami-
no-modified polystyrene follows the same trend as for
Aβ(1-40) (Figure 4). Starting from the pure peptide
system (no nanoparticles), after a particle concentration
rangewhere no effect is observed (at very lowparticle con-
centration), the lag phase is seen to gradually decrease as
the nanoparticle concentration is increased. This trend
continues until a critical point where the lag-phase
vanishes.Hence, fibrillation is accelerated aswe increase
particle concentrationup toacriticalpoint.Atevenhigher
nanoparticle concentrations, we observe inhibition of
the fibrillation process. Nevertheless, the extent of the
inhibition effect depends on the protein/particle concen-
tration ratio.At lowpeptide concentration, the accelera-
tion regime is reached at quite low particle concentrations,

Figure 3. (A) Fibrillation kinetics of Aβ(1-40) at 37 �C monitored by means of ThT fluorescence intensity. Aβ(1-40) (8 μM) was incubated
in the absence and presence of 1.1 mg/mL 180 nm polystyrene nanoparticles. Particles were added to the reactions at different times from 0 to
300min: (() no particles; particles added at (9) 0, (0) 30, (b) 60, (O) 135, (2) 220, and (4) 300min. Lines are guide to the eye. (B) Lag time values
obtained from fitting of eq 1 to the experimental data presented in Figure 3A versus particle addition time. Empty symbols indicate estimated
minimum lag times for the shortest addition times. Arrows indicate the corresponding value (min) of lag time in absence of particles.
The experiment was repeated two times with similar results.

Figure 4. Fibrillation kinetics of recombinant peptides at 37 �C
monitored by temporal development of ThT fluorescence for
different concentrations of 57 nm amine-modified polystyrene
nanoparticles. Four replicates are shown at each condition to
illustrate the level of reproducibility: (A) 8 μM Aβ(M1-40) with
(black) 0, (blue) 1, (cyan) 17, (green) 55, and (red) 170 μg/mL
nanoparticles; (B) 2 μM Aβ(M1-42) with (black) 0, (blue) 10,
(cyan) 30, (green) 100, and (red) 300 μg/mL nanoparticles.
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while for high peptide concentrations, a higher particle
concentration is needed to obtain the same effect. At
certain particle concentration, the reaction becomes so
fast that the lag phase falls in a time range before the
measurements start. After that concentration, the total
fluorescence intensity at the plateau of the curve de-
creases significantly with respect to the traces in the
absence of particles and at low particle concentrations.
Several data sets at high nanoparticle concentration are
biphasic (see, for example, data for 8 μM Aβ(M1-40)
and 170 μg/mL nanoparticle in Figure 4A) but the
amplitude of the early event devoid of a lag time
decreases as the nanoparticle concentration is increased.

Our results imply that the nucleation of Aβ fibril
formation is stronglydisturbedby the presence of amino
functionalized polystyrene nanoparticles and that the
perturbation depends on the ratio between the peptide
concentration and the nanoparticle surface area. The
formation of amyloid fibrils is a phase separation
process with all the characteristics of a nucleated poly-
merization reaction including an initial assembly of
monomers into oligomers and formation of a critical
nucleus and later elongation through monomer addi-
tion, andat the endof theprocess there aremature fibrils
in equilibrium (extremely shifted toward the formation
of fibrils) with soluble species (17-19). Within this
framework, the lag time for the onset of fibrillation
can be modified by disturbing the early stages of the
process in a variety of manners. Additives may change
the kinetics parameters in several qualitatively different,
and to some degree independent, manners. First, per-
turbing the rates of formation and dissociation of early
oligomers will increase or decrease the lag time, that is,
the time to form critical nuclei that will lead to elonga-
tion. Second, modification of the rate of monomer

addition to growing aggregates will alter the elongation
rate. Third, trapping or deactivation of monomeric
peptide will withdraw monomer from the reaction
resulting in both a reduced number of critical nuclei at
the early stages of the reaction and a reduced amount of
fibrils at the later stages of the fibrillation process,
resulting in a lower equilibrium plateau value. Addition
of the nanoparticles clearly affects several of the under-
lying equilibria through interaction between nanoparti-
cles and peptide; however, we cannot be sure at this
stage whether the particles interact with the monomer,
oligomers, or both.

If we analyze in detail the effect of amine-modified
polystyrene nanoparticle concentration on the lag time
of fibrillation, we can see that there is a jump in
behavior, that is, a critical point. The transition between
acceleration and inhibition is not a continuous process.
On the contrary, there is a turnover concentration (or
critical concentration) above which no catalysis of the
process is observed and the addition of particles instead
inhibits the fibrillation process. This is shown graphi-
cally inFigure 5. Thehalf-times (t1/2) for each individual
replica for all the experiments performedunder the same
experimental conditions for 120 and 180 nm amino-
modified polystyrene nanoparticles were calculated by
fitting an empirical sigmoidal curve to the data (see
Methods, eq 1). Since the elongation rate seems practi-
cally undisturbed, the variation in the overall rate
dependsmainly on the length of the lag time. Therefore,
t1/2 is directly proportional to the nucleation rate.
A similar calculation has beenmade for the experiments
investigating the fibrillationofAβ(M1-40) orAβ(M1-
42) in thepresence of 57 nmamine-modified polystyrene
nanoparticles at different particle and peptide concen-
trations. To be able to compare the results for the three

Figure 5. (A) Half-time of fibrillation versus particle surface area in solution for different experiments performed in the presence of 120 and
180 nm polystyrene nanoparticles at a constant concentration of Aβ(1-40) (8 μM). Horizontal bar indicates the half-time value range in the
absence of particles. Lines are guide to the eye. Asterisks indicate estimated values in cases where the onset of the fibrillation is observed but the
equilibrium plateau is not reached within the time frame of the experiment. (B, C) Half times of fibrillation versus particle surface area in
solution in the presence of 57 nm amine-modified polystyrene nanoparticles at (B) (blue) 3, (green) 6, and (red) 8 μM Aβ(M1-40) and (C)
(blue) 0.5, (green) 1, and (red) 2 μM Aβ(M1-42). Some fibrillation traces for the recombinant peptides at high nanoparticle concentrations
are biphasic, and therefore two values are reported for the half-time. In panels B and C averages and standard deviations over four replicates
are shown.
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different particle sizes, the particle surface area in solu-
tion was calculated for each experimental condition,
and t1/2wasplotted versus the total surface area exposed
by the nanoparticles in solution (Figure 5). The surface
area calculation was made using the sizes obtained by
dynamic light scattering, which do not differ greatly from
the nominal values (58 ( 1, 127 ( 3, and 182 ( 2 nm).
For biphasic curves, the t1/2 values of both processes are
reported.

For all three Aβ peptides, the behavior observed can
be clearly divided into two classes: (i) shortening of the
lag phase when the nanoparticle surface area in solution
is less than the nanoparticle surface area turnover value
and (ii) elongation of the lag phase when the nanopar-
ticle surface area in solution is larger than the critical
value, although during this regime the recombinant
peptides show the coexistence of both the accelerated
and retarded process.

The data for Aβ(M1-40) and Aβ(M1-42) fibrilla-
tion as a function of both peptide and nanoparticle
concentration allow an analysis of the nanoparticle
surface area required for the catalytic effect. The mini-
mum particle surface area required to produce a sig-
nificant acceleration of the fibrillation process was
found to depend on the total concentration of peptide
in solution. At low peptide concentration, a smaller
particle surface area is required to accelerate the process
than at a high peptide concentration (Figure 6A). For
example, the particle surface area needed to reduce the
half time of fibrillation by 50%with respect to the value
observed in the absence of particles is approximately
2 m2/L for a solution of 6 μM Aβ(M1-42). However,
only 0.07 m2/L of particle surface area is required to
produce the same effect when the concentration of pep-
tide concentration is reduced to 0.54 μM.

In the case of Aβ(1-40), the turnover value occurs
aroundananoparticle surfaceareaof2.2m2/L (Figure5A).
A globular protein with the molecular weight of Aβ

would have a diameter of 2 nm and a cross-sectional
area of 3� 10-18 m2, whereas a partially unfolded pep-
tide will have somewhat larger dimensions. Aβ(1-40)
was studied at 8 μM; thus the total peptide cross-
sectional area per liter of solution is 15 m2/L for a
globular protein and somewhat larger than that for a
partially unfolded peptide. Notably, this is in the same
order of magnitude as the exposed nanoparticle surface
area. The critical point seems to occur at a peptide/
particle surface area ratio at which the peptide concen-
tration is still in excess over the amount required to form
a single (mono)layer of adsorbed peptides on the nano-
particle surface. In the case of the recombinant peptides
Aβ(M1-40) and Aβ(M1-42), the process was studied
also as a function of peptide concentration and the
turnover surface area is higher the higher the peptide
concentration (Figure 5B,C). The total peptide cross-
sectional area per liter of solution ranges between 0.4
and 11 m2/L, and the turnover point ranges from 0.1 to
10m2/Lwhendefined as the last point before theprocess
is clearly retarded beyond the undisturbed condition or
biphasic with the latter phase retarded beyond the
undisturbed condition (Figure 6B). The surface area
at the turnover point seems to scale linearly with the
peptide concentration, and the values obtained indicate
the need for formation of a single layer or less after the
critical point, when inhibition becomes relevant. If the
particles interact with oligomers, which present a smal-
ler cross-sectional area per Aβ peptide unit, or bind
more than a single layer, amajority of the peptide can be
bound at and above the critical point. Acceleration of
the elongation process thus seems to require that the
peptide exchanges between the surface-bound and free
forms with a significant peptide population being in the
free state. Initiation of the fibrillation seems to depend
on the interplay between intermolecular events cata-
lyzed at the nanoparticle surface and events going on in
solution. As long as there is a significant peptide popu-
lation in solution, the process gets faster the more
nanoparticle surface area that is available. Inhibition
of the process starts to become relevant when the
particle surface area in solution is sufficient to deplete
a large fraction of the peptide from solution; therefore,
the concentration and the aggregation of protein in
solution is reduced leading to an inhibition of the fib-
rillation process. The differences observed in the mini-
mum surface area of particle required to exert inhibition
between the Aβ(1-40) and Aβ(M1-42) peptides could
bea feature of thedifferent aggregationpropensities and
physiochemical properties of the peptide. Aβ(M1-42)
is more hydrophobic and aggregation prone than the
shorter Aβ(1-40).

Another intriguing observation is that the ThT fluore-
scence intensity of the equilbrium plateau passes through
a maximum at intermediate nanoparticle concentration

Figure 6. Nanoparticle surface area versus Aβ(M1-42) concen-
tration for (A) the condition at which the half-time is reduced by
50%comparedwith the undisturbed case and (B) the turnover point
defined as the last fibrillation curve that is not retarded relative to
the undisturbed condition. Averages and standard deviations over
three or four replicates are shown.
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close to or just below the turnover concentration where
the lag time vanishes (Figure 4A). This behavior is strik-
ingly similar to that observed for R-synuclein aggrega-
tion as a function of SDS concentration, explained as
differentmodes of interaction in different concentration
regimes (20).

Our results clearly show that not only the total amount
of nanoparticles is important, but the ratio between the
peptide concentration and the nanoparticle surface area
defines the behavior of the system. We can classify the
experimental conditions into two regimes, with (i) high
and (ii) low peptide concentration to surface area ratio.
The dual effect of amine-modified polystyrene nano-
particles can be explained if we consider the presence
and coexistence of at least two aggregation pathways
(Scheme 1). The first pathway (v=vsolution) involves the
formation of fibrils in solution and is the same process
that occurs in the absence of nanoparticles. The second
pathway (v= vparticle) involves the formation of critical
nuclei and therefore seeds for fibrillation at the particle
surface. The overall rate of fibrillation will depend on
the interplay between the two pathways, and the pre-
dominance of one mechanism over the other will be
determinedby the relative equilibriumand rate constant
in each case as well as the experimental conditions (v=
fsvsolution þ fpvparticle, where fs and fp are the fraction of
peptide free in solution and adsorbed on the particle
surface, respectively).

At high peptide to nanoparticle surface area ratio, a
very large fraction of the peptide is in solution, and the
first pathway dominates. Thereforewe observe no effect
on the peptide fibrillation rate at the lowest nanoparti-
cle concentrations tested. The second pathway becomes

more and more important as the nanoparticle concen-
tration increases. Higher particle concentrationwill inc-
rease the fraction of peptide on the particle surface, and
above a certain value, the contribution of the particle-
catalyzed pathway will be significant to show an effect
on the overall rate constant, and thus the reaction
will proceed faster. Thismodel requires that the reaction
rate constant on the particle surface is higher than the
one in solution. Therefore, for all peptide concentra-
tions studied, there is a range of nanoparticle concen-
trations for which we see an acceleration of the overall
process.

A third scenario takes over above the turnover con-
centration of nanoparticles, at which point the presence
of the nanoparticles seems to inhibit bothpathways.The
first pathway is inhibited due to reduction of the con-
centrationofAβ in solution and the secondby spreading
the bound Aβ more thinly on the larger nanoparticle
surface reducing Aβ’s ability to oligomerize and nucle-
ate the fibrillation process on the particle surface
(Scheme 1). Recent studies of pure Aβ(M1-42) in
solution have shown that the length of the lag phase
depends on the local Aβ concentration to the power of
-1.5 (tlag≈ c-1.5) (19); thus reducing the Aβ concentra-
tion in solutionwill have a large influenceon the lag time
for the first pathway. For example, a 50% reduction in
peptide solution concentration increases the fibrillation
lag time by a factor of 2.8.

The results of the present study imply that to reach
mechanistic insights into the effect of nanoparticles
on protein fibrillation, the process needs to be studied
as a function of both protein and particle concen-
tration.

Scheme 1
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Methods

Materials
Amyloid peptide Aβ(1-40) was synthesized by the W. M.

Keck foundation, Biotechnology Resource Laboratory (Yale
University), with an 80% purity (the remaining 20% of the
lyophylizedmaterial is mainly water and some residual TFA).
Correct mass was confirmed by matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectroscopy. Recombi-
nant Aβ(M1-42) was produced and purified as described
elsewhere (21). Amino-modified polystyrene nanoparticles in
three different nominal sizes, 57, 120, and 180 nm, were obtai-
ned from Bangs Laboratories. Other chemicals were from
Aldrich.

ThT Fluorescence Assay
ThT fluorescence assays were conducted as described

previously (22). Briefly, Aβ(1-40) was dissolved in a 50:50

mixture of 5% NH4OH and 100 mM Tris buffer. Thereafter

solutions were ultracentrifuged for 1 h at 1 000 000g and 4 �C

in a Beckman ultracentrifuge in order to remove pre-existing

amyloid fibrils. The upper 75% of the supernatant was

collected, and the concentration of Aβ(1-40) was determined
from the absorbance at 275 nm. The supernatant was then

diluted to 8-16 μM with 12 mM sodium phosphate buffer,

0.02% NaN3, pH 7.4. For the continuous experiments, 8 or

16 μM of Aβ(1-40) with 200 μM ThT was incubated in

the absence or presence of nanoparticles (at several con-

centrations) at 37 �C and shaken at 700 rpm in a 96 well black

fluorescence plate, NUNC 96 black polypropylene microwell
plates, using a VorTemp 56 incubator/shaker with an orbit of

3mm (Labnet International, Berkshire,U.K.).Measurements

were made at regular intervals using a Molecular Devices

SpectraMax M2 microplate reader (Sunnyvale, CA) with

excitation and emission at 440 and 480 nm, respectively. Each

experimental point is an average of the fluorescence signal
from three to sixwells containing aliquots of the same solution

(same particle and protein concentration).
For experimentsmonitoring the effects of different parti-

cle injection times, 12 wells were filled with 90 μL of 8 μM
Aβ(1-40) solution containing 200 μM ThT. The plate was

placed in aVorTemp 56 incubator/shaker andmonitored as

described above. After 30 min, 10 μL of particle solution at

10 times the desired final concentration was added to the

second well (first well had particles added at time zero), and

the plate was read. Sequentially, particles were added to
new wells every 30 min up to 300 min, and the fluorescence

was monitored in all wells. After all the wells, except the

particle-free control, had particles, the fluorescence was

monitored until the reaction was finished, that is, when the

fluorescence signal had reached a stable value in the no

particle control samples.
In the case of Aβ(M1-40) or Aβ(M1-42), aliquots of

purified peptide (21) were thawed and subjected to gel filtra-
tion on a Superdex 75 column in the experimental buffer
(20 mM sodium phosphate buffer with 200 μM EDTA and
0.02% NaN3 at pH 8.0 for Aβ(M1-42) and pH 7.4 for
Aβ(M1-40)). The latter part of monomer peak was collec-
ted on ice, and the peptide concentration was determined
by quantitative amino acid analysis (purchased from BMC
Uppsala). The gel filtration step removes traces of pre-existing

aggregates. The collected monomer was supplemented with
20 μMthioflavin T (ThT) from a 2mM stock and was used at
different dilutions in the respective experimental buffer sup-
plemented with 20 μMThT. The dilutions weremade in tubes
on ice using careful pipetting to avoid introduction of air
bubbles. Twelve different concentrations of Aβ(M1-42) and
five concentrations of Ab(M1-40) were studied. Peptide
samples were pipetted into wells of a 96 well half-area plate
of black polystyrene with a clear bottom and PEG coating
(Corning 3881), 90 μL per well, which contained either 10 μL
of buffer or 10 μL of amino-modified polystyrene nanoparti-
cles (one of eleven different concentrations) resulting in final
nanoparticle concentrations between 30 ng/mL and 1mg/mL.
The samples were added to the plate from lower to higher Aβ
concentration after which the plate was sealed with a plastic
film (Corning 3095). Four replicates were studied for each
condition. The experiment was initiated by placing the 96-well
plate at 37 �C with shaking at 100 rpm in a plate reader
(Fluostar Omega, BMGLabtech, Offenburg, Germany). The
ThT fluorescence was measured through the bottom of the
plate every 6 min (with excitation filter 440 nm and emission
filter 480 nm) with continuous shaking at 100 rpm between
readings.

The experimental data were analyzed assuming a typical
sigmoidal behavior in order to obtain the kinetics parameters
of the bimodal fibrillation processes. An empirical sigmoidal
equation was used (23, 24)

Y ¼ y0 þ
ymax- y0

1 þ e-ðt - t1=2Þk
ð1Þ

In eq 1, y is the fluorescence intensity at time t, y0 and ymax

are the initial and maximum fluorescence intensities, respec-
tively, t1/2 is the time required to reach half the maximum
intensity, and k is the apparent first-order aggregation con-
stant.

Lag time is defined as

lagtime ¼ t1=2 -2=k ð2Þ

Transmission Electron Microscopy
Negative-staining EM was performed. The sample was

applied to a carbon-coated Formvar grid, blotted with filter
paper, allowed to dry for 2 min, stained with uranyl acetate
2% in water, blotted with filter paper and allowed to air-dry,
and then viewed using a JEOL 2000 electron transmission
microscope operated at 80 V. All reagents were supplied by
Electron Microscopy Sciences (Hatfield, PA). Samples used
for EM were prepared as described above from 16 μM
Aβ(1-40) and 200 μM ThT at different incubations times.

Size Determination
Nanoparticle size measurements were performed using a

Malvern Nanosizer ZS. Amino-modified polystyrene nano-
particles of nominal sizes 57, 120, and 180 nm were vortexed,
sonicated for 5 min, and diluted to 0.125 mg/mL in 10 mM
sodium phosphate buffer at pH 7.4 and equilibrated at 37 �C
for 5 min before measurement took place. Ten measurements
of each samplewere takenusing a cleardisposable zeta cell at a
backscatter angle of 173�. A general purpose analysis model
was applied because this is deemed appropriate for most
dispersions and emulsions.
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