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ABSTRACT: Aggregation of Aβ plays a key role in the
progression of Alzheimer’s disease. Unfortunately, the Aβ
aggregation mechanism is complex, leading to a structurally
diverse population of oligomers and amyloid fibrils.
Heterogeneous interfaces have been shown to influence the
rate of fibrilization and may be useful tools to bias amyloid
formation toward specific structures. In order to better
understand how exogenous materials influence Aβ aggrega-
tion, Aβ1−40 was exposed to zeolite Y containing different
metal cations, including Na+, Mg2+, Fe3+, Zn2+, and Cu2+. NaY,
MgY, and FeY, all accelerated the kinetics of fibrilization by increasing the primary nucleation rate, while CuY and ZnY
inhibited fibrilization. These kinetic effects were supported through binding affinity measurements, in which ZnY and CuY
showed higher association constants than the other zeolites. In addition to influencing the kinetics of fibrilization, the zeolites
also affected the intermediate structures along the pathway. Western blots confirmed that Aβ1−40 was arrested at the oligomeric
stage in the presence of ZnY and CuY, while continuing to the fibrillary state in the presence of other zeolites. Seeding studies
showed that NaY and FeY form on-pathway oligomers, while ZnY formed off-pathway oligomers. Overall, our results show that
zeolites can impact the aggregation and speciation of amyloids.

■ INTRODUCTION

Amyloidogenic proteins have been implicated in the
progression of several neurodegenerative diseases, including
Alzheimer’s,1 Parkinson’s,2 and amyotrophic lateral sclerosis
(ALS).3 More specifically, amyloid fibrils and oligomers
formed from the 40 and 42 residue isoforms of Aβ, as well
as tau, are primary contributors to Alzheimer’s disease (AD)
progression.4−6 The aggregation pathway of Aβ1−40 and its
isoforms is extremely complex, in large part due to the
presence of structural polymorphism, which results in a
heterogeneous mixture of oligomers, fibrils, and other
aggregates.7,8 Understanding this process and identifying
disease-relevant structures along the amyloid cascade are
widely viewed as prerequisites to designing effective
therapeutics.9

Aβ aggregation is governed by a conformational conversion
nucleation mechanism10 and can be influenced by controlling
the environment of the critical nucleus.11,12 For example,
previous studies have demonstrated that it is possible to
control the nucleation of Aβ through the repeated seeding of
synthetic or ex vivo fibrils, yielding homogeneous fibril
compositions that are amenable to characterization via solid-
state NMR spectroscopy and crystallography.13 In addition to
seeding, exogenous materials, including hydrophobic surfaces,
nanoparticles, and polymers can also influence amyloid
formation in vitro14−16 and in vivo.17 Since Aβ is negatively
charged at physiological conditions,18 modifying the surface
charge of these materials can alter the aggregation pathway
entirely. In the case of nanoparticles, the surface attraction of
nanoparticles to Aβ monomer has been shown to play a

significant role in either accelerating or impeding fibril
growth.19 Nanoparticle size can also influence the aggregation
process.20 The majority of these reports focused on the
influence of exogenous materials on the kinetics of fibril
formation but did not closely examine the structure of the
intermediate and resulting aggregates. Furthermore, there have
been limited efforts to examine the combined contributions of
surface chemistry, charge, transition metal ions, and particle
size on amyloid aggregation kinetics and structure.
One class of materials that has not been explored for their

interaction with amyloidogenic proteins is zeolites. Zeolites are
crystalline microporous aluminosilicates that have been used in
a variety of applications ranging from hydrocarbon catalytic
cracking21 to drug delivery.22 In biophysical applications,
zeolites have been shown to influence protein function and
protein crystallization via reversible adsorption. In particular,
zeolites can act as enzyme immobilizers,23 protein fractiona-
tors,24 or as molecular chaperones in protein refolding.25

Relative to their solid nanoparticle counterparts for these
applications, zeolites have many advantages including high
surface areas, the potential inclusion of metal ions in the pores,
and extensive tunability in pore size, surface charge, and
surface chemistry. The metal cations coordinated to the zeolite
framework are particularly interesting in the context of
amyloids, as previous investigations have shown transition
metal ions to have significant effects on the aggregation of
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Aβ.26 However, a majority of prior studies have focused on the
isolated effects of metal ions and surface adsorption. Zeolites,
on the other hand, offer an opportunity to study the combined
effects of surface chemistry, porosity, and metal ions on
amyloid formation. In addition, similar to their use in protein
purification, zeolites may be interesting materials for biasing
the amyloid cascade toward specific structures or for isolating
disease-relevant oligomers and fibrils from complex mixtures.27

Finally, understanding the interaction of zeolites with amyloids
could facilitate their combined use in a variety of materials
science applications.28,29

Here, we explored the influence of various zeolites on the
aggregation kinetics and the resulting structures of Aβ1−40
aggregates. We found that zeolites strongly influenced primary
nucleation of Aβ1−40 and this effect was dependent on the
identity of the metal ion exchanged into the zeolite structure.
Sodium and iron zeolites accelerated amyloid formation while
copper and zinc zeolites inhibited fibril formation. However,
upon further analysis, it was found that copper and zinc
zeolites accelerated aggregation to low molecular weight
species, ultimately becoming arrested at the oligomeric stage.
These kinetic and structural effects are a result of the relative
high binding affinity that copper and zinc zeolites have for the
Aβ1−40 monomer. Overall, our data suggests that zeolites may
be a promising material for forming and examining specific
structures along the amyloid cascade.

■ EXPERIMENTAL SECTION
Preparation of Zeolites. Sodium zeolite Y (NaY) was purchased

from Alfa Aesar (#45862) and used without further purification. Zn,
Mg, and Cu zeolite Y were formed by mixing NaY with 0.05 M
Zn(NO3)2, MgCl2, and Cu(NO3)2, respectively, for 48 h with
constant stirring in water. Fe zeolite Y (FeY) was prepared by mixing
NaY with 0.05 M FeCl3 for 4 h. Longer incubation times in FeCl3
degraded the zeolite to a semiamorphous material. Following ion
exchange, the resulting suspensions were filtered, dried overnight at
80 °C in an oven, washed, and then vacuum-dried. Ion exchanges for
K-zeolite L (Wako HS-500) and NH4-ZSM-5 (Alfa Aesar 45880)
were conducted in a similar manner.
Surface Area Measurement of Zeolites. BET surface areas of

the various zeolites were measured through N2 gas adsorption using
an ASAP 2020 Physisorption (Micromeritics). Samples were activated
at 180 °C under high vacuum (10 μbar) for 8 h prior to the surface
area measurement.
Zeta Potential Measurement of Zeolites. Zeta potential was

measured with a Dynamic Light Scattering Zetasizer (Malvern 2010)
using a suspended mixture of zeolite (1 mg/mL) in 10 mM sodium
phosphate buffer (NaPi) with a pH of 7.4.
Energy Dispersive X-ray Spectroscopy. Efficiency of zeolite

ion exchanges and leeching kinetics were evaluated under high
vacuum using an FEI Quanta 650 ESEM equipped with a Bruker EDX
system. Samples were prepared on a carbon-taped mount and then
coated with Pd/Au at 40 mA for 40 s using a Denton Thermo
sputtercoater. Several 10 μm segments were analyzed and quantified
using Espirit software to evaluate the normalized weight and atomic
percentage of each cation in the zeolite.
Preparation of Samples for Kinetic Experiments. Aβ1−40

(BACHEM, H-1194, 5 mg) was dissolved in hexafluoro-2-propanol
(HFIP, 1 mL) over a period of 1 h, aliquoted into microcentrifuge
tubes, and the HFIP was allowed to evaporate overnight. Aliquots
were further dried using a centrifugal evaporator and stored at −20 °C
prior to use. For kinetic assays, an aliquot of monomer was thawed
over a 5 min period, dissolved in DMSO (20 μL), and then brought
to a final concentration of 30 μM in 10 mM NaPi (1 mL) at pH 7.4.
The buffer also contained 100 μM of Thioflavin T (ThT). Aliquots
(200 μL) of dissolved monomer were dispensed into a nonbinding,
coated 96 well plate (Corning 3991), sealed with spectroscopy-grade

tape (Thermo Scientific 235307), and placed in a plate reader at 37
°C.

For kinetic assays including zeolite at 1 mg/mL, the respective
zeolites were prepared as a suspension at 2 mg/mL in a solution
containing 10 mM NaPi and 200 μM ThT. Zeolite suspensions were
sonicated for 5 min to ensure a disperse suspension. The monomer
Aβ1−40 was then prepared at a concentration of 60 μM in a similar
fashion as above. Amyloid solution (100 μL) was added to each well
followed by the zeolite suspension (100 μL). The final volume was
200 μL per well. The final concentration in each well was 30 μM
Aβ1−40, 100 μM ThT, and 1 mg/mL of zeolite. Control wells
contained ThT (100 μM) alone or ThT (100 μM) and zeolite (1 mg/
mL).

Kinetic Assays. Assays were conducted at 37 °C with idle shaking
at 300 rpm and then at 500 rpm 15 s prior to measurement in a plate
reader (Clariostar, BMG Labtech). Fluorescence was measured for
ThT with an excitation of 440 nm and an emission of 480 nm through
the top of the plate. Readings were taken every 300 s. Each sample
was run in triplicate with blanks (without Aβ1−40) for each possible
condition.

Theoretical Analysis. The lag time for each Aβ1−40 aggregation
assay was calculated by fitting a sigmoidal function (eq 1) to the
resulting fluorescence curve.30

F t F
A
k t t

( )
1 exp( ( ))o

1/2
= +

+ − − (1)

The lag time, tlag, is then defined as the intercept from a tangent
line with slope k at the point t1/2. Thus, tlag was calculated using
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Primary and secondary nucleation rates were calculated using a
model identified in previous work.31 We assumed both primary and
secondary nucleation pathways were active and used the integrated
rate law, which relates the total fibril mass, M(t), as a function of the
rate constants according to eq 3.

i

k

jjjjjjjjj

y

{

zzzzzzzzz
M t

M

t

k t

( )
( )

1
(B C exp( ))

B C

exp( )

k kB C
B C exp( t)

/2

κ

∞
= −

+

+

−

κ+
+ κ − +

− +

∞

+ +

+ +

∞ ∞
∼

(3)

From this equation, we modeled the macroscopic behavior from
two combinations of parameters, k kn+ (primary nucleation) and

k k2+ (secondary nucleation). Definitions of various terms can be
found from Knowles et al. The normalized fibril mass was linearly
related to the normalized fluorescence intensity through Beer−
Lambert’s law.32 By using a global fit in Origin, estimations for k+kn
and k+k2 were determined, where k+ is the elongation rate, kn is the
primary nucleation rate, and k2 is the secondary nucleation rate
caused by a positive feedback loop from fibril formation.

Leaching Kinetics Experimental Set-Up. Each zeolite was
suspended in 10 mM NaPi at 1 mg/mL in a microcentrifuge tube.
After shaking at 400 rpm at 37 °C, aliquots were taken at time points
of 2, 4, 6, 8, and 24 h. These aliquots were washed with water and
dried using a centrifugal evaporator before measuring residual ion
concentration using EDX.

Binding Kinetic Assays. Binding affinity of Aβ1−40 for the various
zeolites (NaY, CuY, ZnY, and FeY) was measured using a VP-ITC
Microcalorimeter (Microcal, LLC). Reference cell buffer, in addition
to the zeolite and analyte solutions, were all degassed for 5 min prior
to loading. The syringe was loaded with 30 μM of Aβ1−40, while the
sample cell was filled with either 0.1 (FeY and ZnY) or 0.08 mg/mL
(NaY and CuY) of zeolite suspended in 10 mM NaPi. The titration
was carried out at 27 °C. A total of 59 injections were carried out at 5
μL each with a rate of 0.5 μL/second. The time between injections
was 240 s. A reference power of 15 μCal/s was used as a baseline, and
a stirring speed of 300 rpm was employed in order to maintain
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particle suspension. After completion of the titration, the baseline was
adjusted and peaks were integrated using NITPIC software.33,34 A
negative dilution control of 30 μM of Aβ1−40 titrated into 10 mM
NaPi was subtracted from each thermogram. The resulting enthalpy
curve was fit in OriginLab with a one-site binding model, as shown in
eq 4, to estimate the association constant. In this model,
concentration of zeolite was estimated using the molecular formula
for NaY, (Na)58(H2O)240[Al58Si134O384].
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Oligomer Seeding Kinetic Assays. Oligomers were formed by
incubating 30 μM Aβ1−40 in a 10 mM NaPi buffer (pH 7.4) at 37 °C

for 4 h in a microcentrifuge tube under constant shaking. Oligomers
were also prepared in a similar fashion in the presence of 1 mg/mL
FeY, CuY, and ZnY. These samples were then centrifuged, and then
40 μL was added to fresh Aβ1−40 monomer to create a final 200 μL
solution of 30 μM Aβ1−40 monomer, 6 μM Aβ1−40 oligomer, and 100
μM Thioflavin T.

Transmission Electron Microscopy. Transmission electron
microscopy (TEM) was performed using a Tecnai Spirit BioTwin
to analyze both Aβ1−40 fibrils and the various zeolites. To prepare
amyloid samples for TEM, carbon coated grids (Electron Microscopy
Sciences, CF400) were glow discharged using an EmiTech K100x
Coater. Next, 7 μL of the suspended amyloid-zeolite mixture was
placed on the carbon side of the grid. After 1 min, the droplet was
sequentially washed in 50 μL droplets of 0.1 M (×2) and 0.01 M
(×2) Ammonium Acetate. The droplet was then washed with 50 μL
of 2% uranyl acetate after which excess moisture was wicked away
using filter paper.

Western Blot. Oligomers for Western Blot analysis were prepared
through a photoinducedcross-linking (PICUP) reaction.35 Oligomer

Figure 1. (a) Sample aggregation pathway detailing how zeolite Y can influence amyloid nucleation and the resulting structure of aggregates. (b)
Lag phase time for the aggregation of 30 μM Aβ1−40 in the presence of 1 mg/mL of NaY, MgY, and FeY, respectively. (c) Calculated primary
(white) and secondary (purple) nucleation rates for 30 μM Aβ1−40 in the presence of 1 mg/mL of NaY, MgY, and FeY. There was no statistical
difference between secondary nucleation rates. (d) Normalized fluorescence curves of the aggregation of 30 μM Aβ1−40 (gray, control) in the
presence of 1 mg/mL ZnY (red). (e) Normalized fluorescence curves of the aggregation of 30 μM Aβ1−40 (gray, control) in the presence of 1 mg/
mL CuY (green). Fibrilization is inhibited in this case. *, p < 0.05. **, p < 0.01. ***, p < 0.001. ****, p < 0.0001. Error bars were calculated from
the standard deviation of three runs.
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samples (18 μL) were mixed with 3 mM tris(2,2′-bipyridyl)-
dichlororuthenium(II) (1 μL) and 60 mM ammonium persulfate (1
μL) in a 0.2 mL PCR tube. The mixture was then irradiated with an
LED light for 10 s after which the reaction was immediately quenched
with a 5% solution of β-mercaptoethanol (20 μL). Samples were
prepared for SDS-PAGE, by adding dye and then heating to 95 °C for
7 min. After SDS-PAGE, the gel was transferred to a 0.2 μm pore
PVDF membrane then blocked in 4% milk. The membrane was then
incubated in primary antibody (6E10, Biolegend 803001) at a dilution
of 1:1000 followed by secondary antibody (Goat antimouse HRP,
Invitrogen A16072) in a 1:2000 dilution. The antibody 6E10 was
selected due to its specificity for the first 16 residues of Aβ.

■ RESULTS AND DISCUSSION

We initiated our studies with zeolite Y (Figure 1a) due to its
widespread use in industrial applications. Zeolite Y acts as an
adsorbent for a variety of cations, including Na+, Mg2+, Ca2+,
and Ba2+.36 Ions of particular interest for their interaction with
Aβ1−40 and their role in Alzheimer’s disease include Fe3+, Cu2+,
and Zn2+. Interest in these ions stems from their abnormally
high concentration in the amyloid plaques of post-mortem AD
brain.37 Additionally, in vitro, these ions have demonstrated
the ability to modulate or accelerate Aβ aggregation.18,38,39

The interaction between redox-active metals and Aβ has also
been shown to elevate oxidative stress, which is one of the
initial signs of AD.40 Thus, we studied the interactions between
Aβ1−40 and zeolite Y containing Fe3+, Cu2+, Zn2+, Mg2+, and
Na+.
Zeolite Y with Na+ coordinated to the framework was ion-

exchanged with MgCl2, FeCl3, Cu(NO3)2, and Zn(NO3)2 to
produce MgY, FeY, CuY, and ZnY, respectively. The ion-
exchange with Fe3+, Cu2+, and Zn2+ resulted in a weight

percent of the ions in the zeolite framework averaging 21%.
The resulting weight percent of the Mg2+ ion in MgY averaged
7% (Figure S1). Powder X-ray diffraction, surface area
measurements, and electron microscopy all confirmed the
structural integrity of the zeolite frameworks following ion
exchange (Table S1 and Figure S2−S3).
In order to understand their interactions with the protein,

we first measured the kinetics of Aβ1−40 amyloid formation in
the presence of the ion-exchanged zeolites. Kinetic curves were
produced by monitoring thioflavin T (ThT) fluorescence,
which displays enhanced fluorescence and a characteristic shift
of its emission spectrum upon binding to β-sheet rich fibrils.41

A hallmark feature of the fluorescence curves of Aβ aggregation
is the presence of a lag phase prior to the elongation or growth
phase.42 Consistent with previous reports using other
materials, we observed significant changes in the kinetic
profile, especially of the lag phase, of Aβ1−40 amyloid formation
in the presence of zeolites (Figure 1). The lag time can be
calculated by modeling the fluorescence signal as a sigmoidal
curve and finding the intercept of the tangent at t1/2.

30 Figure
1b reveals the reduction in the lag time for the aggregation of
Aβ1−40 in the presence of NaY, MgY, and FeY. This reduction
in lag phase corresponds with an acceleration in the rate of
fibrilization. Although it appears from the fluorescence curves
that no aggregation is taking place during the lag phase, initial
nuclei are formed almost immediately as a result of multiple
microscopic processes.42 These processes include primary
nucleation of Aβ1−40 monomers, elongation to the end of
fibrils, fragmentation, and fibril-catalyzed secondary nuclea-
tion.31 Therefore, in addition to determining the lag time, we
calculated primary and secondary nucleation rates for Aβ1−40

Figure 2. (a) Integration of 30 μM Aβ1−40 titrated into 0.08 mg/mL of NaY following the subtraction of the negative control. Ka = 1.32 × 106 ±
3.51 × 105 M−1. (b) Integration of 30 μM Aβ1−40 titrated into 0.08 mg/mL of CuY following the subtraction of the negative control. Ka = 1.72 ×
106 ± 3.33 × 105 M−1. (c) Integration of 30 μM Aβ1−40 titrated into 0.1 mg/mL of FeY following the subtraction of the negative control. Ka = 1.33
× 106 ± 4.06 × 105 M−1. (d) Integration of 30 μM Aβ1−40 titrated into 0.1 mg/mL of ZnY following the subtraction of the negative control. Ka =
1.51 × 107 ± 6.87 × 106 M−1.
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aggregation in the presence of NaY, MgY, and FeY (Figure 1c).
Primary nucleation was modeled as a combination of
parameters, k+kn, where k+ is the elongation rate and kn is
the primary nucleation rate. Secondary nucleation was also
calculated as a combination of parameters, k+k2, where k+ is the
elongation rate and k2 is the fibril-catalyzed secondary
nucleation rate. The primary nucleation rate increased as a
result of the interaction of Aβ1−40 with NaY, MgY, and FeY, as
expected from the reduction in lag phase. However, there was
no statistical difference in secondary nucleation rates between
the control and any of the zeolites. Therefore, since primary
nucleation increased while fibril catalyzed nucleation remained
constant for Aβ in the presence of these zeolites, it can be
inferred that the zeolites are principally acting as a nucleating
surface.
Although fibril formation is accelerated in the presence of

NaY, MgY, and FeY, a significantly different aggregation profile
was observed for Aβ1−40 in the presence of ZnY and CuY
(Figure 1d,e). Both CuY and ZnY inhibited the formation of
fibrils based upon the minimal ThT fluorescence observed.
When present with Aβ in the bulk, these ions are known to
coordinate with the His13 and His14 residues of the
hydrophilic domain.43 This causes a destabilizing effect, as
these ions are neutralizing some of the negative charges on Aβ,
giving way to the rapid formation of off-pathway intermedi-
ates.18,44 Therefore, it is possible that the fluorescence curves
observed from Aβ1−40 nucleation in the presence of ZnY and
CuY were the result of rapid aggregation to off-pathway
aggregates, which do not increase ThT fluorescence. Since
these kinetic profiles are drastically different than that of NaY,
MgY, and FeY, it was not possible to calculate the lag phase
and nucleation rates. The kinetic profile of Aβ1−40 in solution
with ZnY is of particular interest since a low concentration of
aggregates formed instantaneously prior to plateauing. On the

other hand, CuY completely inhibited fibril formation, which is
consistent with previous reports, in which an increasing
concentration of Cu2+ diminished ThT fluorescence and led to
increasingly more amorphous aggregates.43,45,46 The difference
between the two kinetic profiles of ZnY and CuY can
potentially be explained by the phenomenon in which Cu2+

has been shown to form intramolecular complexes of Aβ, while
Zn2+ forms intermolecular complexes across multiple pep-
tides.47,48

In the above kinetic experiments, it is possible that the ions
within the zeolites are exchanging with Na+ in the buffer and
leaching into solution during aggregation. Indeed, control
experiments showed a decrease in zinc composition in ZnY
over time in sodium phosphate buffer (Figure S5). However,
Aβ1−40 kinetic experiments conducted in the presence of Zn2+

ions, at an equivalent concentration of the ions leached,
resulted in a kinetic profile similar to the Aβ1−40 control, in
which a lag phase is observed (Figure S6). In addition, FeY and
CuY showed minimal ion leaching in sodium phosphate buffer
(Figure S5). These results suggest that metal ion-exchange
between the zeolites and the buffer does not influence the
aggregation profile of Aβ1−40.
The kinetic effects observed in Figure 1 can be explained by

examining the binding attraction between Aβ1−40 monomer
and the surface of each zeolite, which we measured using
isothermal titration calorimetry (ITC). As expected, the
association constants for CuY and ZnY were higher than
that of NaY and FeY (Figure 2). Additionally, the association
constant for ZnY (Ka = 1.51 × 107 ± 6.87 × 106 M−1) was an
order of magnitude higher than that of CuY (Ka = 1.71 × 106

± 3.33 × 105 M−1). Measurements of the zeta potential of the
zeolites revealed that CuY and ZnY had more positively
charged surfaces (Table S1). Therefore, the measured
association constants trend with the zeta potential measure-

Figure 3. ThT fluorescence curves for the seeding study of the aggregation of Aβ1−40 monomer (30 μM) at 37 °C in the presence of (a) control
oligomers, (b) FeY oligomers, (c) CuY oligomers, and (d) ZnY oligomers. Oligomers were aliquoted from a 4 h time point. Error bars calculated
from standard deviation of three runs.
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ments, in which the more positive surface binds tighter to the
negatively charged monomer. The ITC data also allowed us to
differentiate the effects of association constant and metal ions
on amyloid kinetics. For example, FeY and NaY had similar
binding affinities for Aβ1−40, but FeY significantly accelerated
fibril formation. On the other hand, CuY completely inhibited
Aβ1−40 fibril formation despite having a binding affinity on the
same order of magnitude as NaY and FeY. These results
suggest that metals ions are dominating in these cases. ZnY
also inhibited fibril formation, which could result from stronger
binding to Aβ1−40, the role of the metal ion, or both.
Next, we conducted seeding studies in order to determine if

intermediate oligomers in the presence of zeolites were on-
pathway to a β-sheet rich fibril or off-pathway to a kinetically
inactive state. For these experiments, oligomers formed under
standard conditions in addition to those formed in the
presence of ZnY, FeY, and CuY, were placed in solution with
fresh Aβ1−40 monomer and the resulting ThT fluorescence was
monitored. Oligomers from the control and FeY experiments
were found to be on-pathway, as fibrils formed almost
instantaneously when placed in solution with monomer
(Figure 3a,b). On the other hand, the aggregation profile of
the Aβ1−40 monomer in the presence of ZnY oligomers
exhibited no acceleration in aggregation, following a similar
kinetic profile as the control (Figure 3d). Therefore, the
oligomers formed in the presence of ZnY were kinetically
inactive aggregates, consistent with previous reports that Zn2+

ions form off-pathway oligomers.43 In contrast, oligomers
formed in the presence of CuY slightly accelerated aggregation
but to a lesser extent than that of the control oligomers (Figure
3c). Unlike aggregates formed in the presence of ZnY, those
formed with CuY were kinetically competent. Therefore, this
suggests that when CuY is removed from the solution, it is
likely that the oligomers are either on-pathway or can undergo
an interconversion from the amorphous aggregate state to the
that of the fibrillar pathway.43

While the zeolites significantly affected the kinetics of
aggregation, they also had a significant influence on the
morphology of the resulting fibrils. TEM images revealed that
NaY, FeY, and MgY produced larger, tangled fibrils, with a
tendency to aggregate (Figure 4b−d). On the other hand, ZnY
produced long, thin, isolated fibrillary aggregates that were low
in concentration (Figure 4e). This result is consistent with
reports on Aβ in a Zn2+ ion environment, in which only
amorphous aggregates of Aβ are formed.49 In the case of CuY,
TEM images were consistent with minimal ThT fluorescence,
as almost no fibrils were detected (Figure 4f).
In addition to analyzing the morphology of the Aβ1−40 fibrils

through TEM, we identified the size of Aβ1−40 oligomers
formed in the presence of the zeolites using Western blots. For
these experiments, aliquots were taken at 4, 8, and 10 h during
each aggregation process, photo-cross-linked to ensure
structural stability,50 then separated using SDS-PAGE. As
seen in Figure 5, aggregation is clearly accelerated in the
presence of ZnY and CuY, forming up to 50 kDa species, even
though ThT fluorescence was not detected. On the other hand,
in the presence of MgY and FeY, Aβ1−40 continues to
aggregate, following a secondary nucleation mechanism, to
ultimately form fibrils. These results align with what was
observed in the fluorimetry experiments, serving as an
additional confirmation that zeolites influence the amyloid
formation kinetics and resulting structures.
To further complement our studies with zeolite Y, we

investigated the aggregation of Aβ1−40 in the presence of two
other zeolites, zeolite L and ZSM-5. Zeolite L consists of a
hexagonal crystal system as opposed to the cubic crystal system
of zeolite Y. In addition, zeolite L has a slightly smaller cage
diameter (1.07 nm) but a slightly larger pore opening (0.81
nm) than that of zeolite Y.51 ZSM-5 follows an orthorhombic
crystal structure, but most notably it has a higher Si/Al ratio
than the other zeolites.52 This requires a higher concentration
of metal cations coordinated to the surface of ZSM-5 to
balance the charge. Zeolite L and ZSM-5 were also ion-

Figure 4. TEM Images after 24 h of aggregation of (a) 30 μM Aβ1−40 at 37 °C, and of 30 μM Aβ1−40 in the presence of 1 mg/mL of (b) NaY, (c)
MgY, (d) FeY, (e) ZnY, and (f) CuY. Scale bars are all 200 nm.
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exchanged with Fe3+, Zn2+, and Na+. After incubation of these
zeolites in solution with Aβ1−40, we observed a slight difference
in the aggregation profiles between the different zeolites
(Figure S9). However, the trends among the different ions are
similar across zeolites, indicating that the metal ion effects are
dominating.
Overall, we found that zeolites strongly influence primary

nucleation of Aβ1−40 aggregation and the resulting structures of
the aggregates, in a metal-ion dependent manner. NaY, MgY,
and FeY all accelerated nucleation of Aβ1−40 by acting as a
nucleating surface. CuY and ZnY also accelerated the
aggregation of Aβ1−40, as evidenced by Western blots; however,
these aggregates were arrested at the oligomeric stage.
Additionally, seeding experiments confirmed that the
oligomers formed in the presence of ZnY and CuY are
structurally distinct compared to control oligomers. Specifi-
cally, CuY produced a mixture of on-pathway oligomers that
are able to undergo an interconversion to a fibrillar state, while
ZnY formed exclusively off-pathway oligomers that were
unable to seed aggregation. The differences that the zeolites
imposed on Aβ1−40 can partially be explained through our

binding affinity measurements. In the case of NaY, FeY, and
CuY, metal ion effects dominated fibrilization kinetics. In
contrast, the inhibition of fibrilization in the presence of ZnY
could be attributed to either stronger Aβ1−40 monomer binding
or metal ion effects. In summary, these studies show that
exogenous materials, such as zeolites, are able to influence
amyloid aggregation and direct the formation of specific types
of aggregates.
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