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ABSTRACT: Modulation of protein self-assembly has been a
powerful strategy for controlling and understanding amyloid
protein aggregation. Most modulators of amyloid aggregation
only involve simple inhibition or acceleration. Here we report
a new multivalent molecular motif, the polyethylenimine−
perphenazine (PEI-P) conjugate which has a dual “accel-
eration−inhibition” modulation effect on amyloid β (Aβ)
aggregation. Dose dependent results from Thioflavin T
fluorescence assays, circular dichroism, and atomic force
microscopy show that PEI-P conjugates accelerate formation
of Aβ prefibrillar intermediates and then inhibit Aβ fibrillation. Furthermore, compared to perphenazine alone, PEI-P conjugates
exhibit an enhanced inhibitory effect due to multivalency. Cell viability assays indicate that the PEI-P conjugates reduce the
cytotoxicity of Aβ aggregates in a dose-dependent manner. This new modulation strategy may shed light on controlling amyloid
aggregation, which offers a general concept for designing new modulators.

■ INTRODUCTION

Molecular self-assembly is a universal event in nature, where it
is central to the formation of a variety of complexes with
ordered structures.1 Amyloid protein aggregation is a fibrillar
self-assembly process governed by a nucleation-dependent
polymerization, in which the formation of oligomeric
intermediates and nuclei is slow, and the approach to critical-
size nuclei is rate determining (Figure 1a).2 The ultimate
products of amyloid aggregation are insoluble long, unbranched
proteinaceous fibrils, called amyloid fibrils. Extensive studies
indicate that elusive oligomeric intermediates, rather than the
most visible amyloid fibrils, are the cause of cytotoxicity in
amyloid aggregation and the pathological species of Alzheimer’s
disease (AD).3 Although literature has reported that amyloid
fibrils and intermediates from AD brain tissue exhibit key
differences from those in vitro,4 extensive research has applied
the in vitro Aβ fibrillation models to design modulators for
amyloid aggregation, which provide insight and understanding
for the mechanism of amyloid protein aggregation as well as the
potential foundation for promising solutions to investigate
Alzheimer’s disease.5 To control amyloid aggregation, modu-
lation of various steps of fibrillar growth provides a promising
strategy.6 Modulators of fibrillar growth can regulate the final
size and shape of noncovalent protein assemblies, while
potentially transforming the cytotoxic properties of the
aggregation products.7 The current modulation of amyloid
aggregation by modulators mainly includes inhibition and
acceleration, as summarized below.
Inhibition has been an effective strategy to modulate the

process of amyloid aggregation.8 Inhibitory modulation is

usually used to prevent amyloid fibril formation and thus
reduce cytotoxic effects of amyloid aggregates (Figure 1b).
Many inhibitory modulators, including small molecule-,
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Figure 1. Cartoon representation of simplified amyloid protein
aggregation without (a) and with (b−d) modulators. (a) Amyloid
protein aggregation governed by a nucleation-dependent polymer-
ization. (b) Inhibition of amyloid protein aggregation by an inhibitor.
(c) Acceleration of amyloid protein aggregation by an accelerator. (d)
Dual modulation of amyloid protein aggregation by a dual modulator.

Article

pubs.acs.org/JACS

© 2015 American Chemical Society 8062 DOI: 10.1021/jacs.5b01651
J. Am. Chem. Soc. 2015, 137, 8062−8068

pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.5b01651


peptide-, nucleic acid-, antibody-, and nanomaterial-based
inhibitors, have been developed and studied.9 For example,
small molecules such as curcumin, Congo red, inositols,
polyphenols, and peptide-based inhibitors were used to
effectively inhibit aggregation of various amyloid proteins,
e.g., tau, huntingtin, α-synuclein, transthyretin, and amyloid β
(Aβ).10 By controlling amyloid aggregation, researchers will
have the tools to elucidate the molecular etiology of disease
associated with protein aggregation in in vitro studies.5

Recently, acceleration has become a promising strategy to
modulate the process of amyloid aggregation (Figure 1c).11

The Wanker group demonstrated that the orcein-related small
molecule O4 stabilizes the aggregated Aβ intermediates and
promotes the aggregation process.11 Consequently, the
accelerated removal of Aβ aggregates converts toxic Aβ
oligomers to nontoxic Aβ fibrils. This seminal work showed
that acceleration has a clearing capability with therapeutic
potential. It is clear that inhibitory and acceleratory modulation
have provided powerful approaches to understand and control
amyloid protein aggregation. However, these are the only two
modulation approaches known at present.
Since a new type of modulation scheme might usher in

breakthroughs in controlling protein aggregation and provide
new design concepts in amyloid aggregation,12 we asked
whether there is an alternative approach to modulate the
amyloid aggregation. Attempts to develop a new modulation
approach involve a promising design of multifunctional
modulators which target multiple regions on amyloid
proteins.13 However, multifunctional modulators have rarely
been reported to target different phases along the amyloid
protein aggregation pathway. Here, we provide evidence for a
new multifunctional modulation concept, a dual modulation
that includes both acceleration and inhibition of amyloid
aggregation (Figure 1d). Compared to the simple inhibition or
acceleration, this dual modulation presents an alternative
strategy to stabilize transient intermediates, which may shed
light on mechanism studies on amyloid aggregation as well as a
potential foundation to investigate the pathogenic species
formed from the aggregation pathway. To realize this
modulation concept, we chose the well-studied Aβ peptide as
a model system and targeted a new molecular design for dual-
effect behavior. As shown below, polyethylenimine−perphena-
zine (PEI-P) conjugates act as dual-effect modulators which
both accelerate and inhibit the process of Aβ aggregation. The
PEI-P conjugates comprise a positively charged PEI core that
accelerates through Coulombic interactions. This acceleration
core is further decorated with multiple copies of perphenazine,
a small molecule inhibitor, to form an inhibitory periphery.
Therefore, PEI-P conjugates are dual-effect modulators with
acceleratory and inhibitory components (Figure 2). Thioflavin
T (ThT) fluorescence, atomic force microscopy (AFM), and
circular dichroism (CD) studies show that the PEI-P conjugates
first accelerate the early structural transformation of prefibrillar
Aβ intermediates and then inhibit Aβ fibrillation. Furthermore,
our MTT studies show that Aβ aggregates mediated by PEI-P
conjugates are accompanied by a reduction of Aβ cytotoxicity.
We envision that the present dual-effect modulation strategy
will provide an alternative design concept for manipulating
aggregation of different amyloid proteins and may provide
insights into amyloid aggregation that cannot be obtained by
simple inhibition or acceleration alone.

■ RESULTS
Design and Synthesis of Dual-Effect Modulators. The

polyethylenimine−perphenazine conjugates with a PEI core
(Mn: 600, Mw: 800) attached to multiple copies of
perphenazine inhibitors were rationally designed to achieve
the dual effect on Aβ aggregation (Figure 2a). Recent work
shows that cellular polyamines, a family of small molecule
polycationic alkylamines, accelerate Aβ aggregation by targeting
the negatively charged N-terminus of Aβ protein (Figure 2a,
marked in red).14 In addition, positively charged PEI was also
reported to accelerate α-synuclein fibrillation associated with
Parkinson’s disease.15 Analogously, we expected that the PEI
core will also accelerate Aβ aggregation. Perphenazine, an
aromatic small molecule, is a known inhibitor of Aβ
aggregation, so we envisioned that attachment of perphenazines
to the periphery will inhibit Aβ aggregation via targeting
hydrophobic residues of Aβ sequences (LVFFA).16

The PEI-P conjugates were prepared in two steps (Figure
2b). Perphenazine-acrylate was first synthesized by the
nucleophilic substitution of the acryloyl chloride with
perphenazine. Michael addition of the perphenazine-acrylate
to the commercially available branched PEI, containing, on
average, 14 repeating units of [CH2CH2NH] produced
conjugates with a molar ratio of 4.5:1 (moles of perphena-
zine-acrylate per mole of PEI oligomer). The composition was
determined by NMR. We use the notation PEI-P-4.5 to
designate the small molecule loading of the conjugate.

Modulation of Aβ Aggregation by PEI, Perphenazine,
and PEI-P Conjugates. To investigate the modulation effects
of PEI, perphenazine, and PEI-P-4.5 on Aβ40 aggregation, we
used the lag phase measured by ThT fluorescence assays to first
evaluate their activities against Aβ40 (15 μM) aggregation.17

AFM studies were used to corroborate the results from the
ThT assays. The ThT assays show that PEI accelerates Aβ40
aggregation by 44% at 0.13 equiv (i.e., molar ratio of PEI
oligomer to Aβ40), decreasing the lag time from 190 to 105 min
(Figure S36b) and by 58% at 1.3 equiv, decreasing the lag time
from 190 to 80 min (Figure 3b). As a control, PEI alone in the

Figure 2. Design and synthesis of polyethylenimine−perphenazine
conjugates. (a) Amino acid sequences of Aβ40 in which the negatively
charged amino acid residues at pH 7.4 are in red, while the central
hydrophobic residues are in green. Design of PEI-P conjugates in
which the positively charged PEI core at pH 7.4 is in red, while the
peripheral perphenazines are in green. (b) Synthesis of PEI-P
conjugates.
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absence of Aβ40 has no ThT fluorescence response (Figure
S32). These results indicate that the acceleratory effect of PEI is
not strongly dose-dependent. Surprisingly, AFM studies of
samples taken from the ThT assays show that PEI accelerates
formation of disordered aggregates, rather than long
unbranched mature fibrils (Figure S36e and 3e). These results
suggest that PEI interacts with Aβ40 or Aβ40 aggregates to alter
the association of Aβ40 monomers that would otherwise lead to
final fibril formation. The intermolecular interaction between
PEI and Aβ40 is supported by zeta potential measurements
(Figure S44). The above results demonstrate that PEI first
accelerates the early structural transformation of prefibrillar Aβ
intermediates and then redirects Aβ aggregation to form
disordered aggregates.
ThT assays also show that perphenazine inhibits Aβ40

aggregation in a dose-dependent manner (Figure S29). For
example, perphenazine does not significantly affect Aβ40
aggregation at 0.6 equiv (Figure S36c), but delays Aβ40
aggregation at 6 equiv (Figure 3c). These results are confirmed
by the AFM studies (Figures S36f and 3f). AFM images show
that Aβ40 forms fibrils in the presence of perphenazine (0.6
equiv), indicative of no significant effect on Aβ40 fibrillation

(Figure S36f). Aβ40 does not form fibrils in the presence of
perphenazine (6 equiv) after 20 h of incubation during the
delayed lag time, indicative of inhibition of Aβ40 fibrillation
(Figure 3f, middle). The delayed Aβ40 aggregation in the
presence of perphenazine (6 equiv) is also confirmed by micro-
DSC thermograms (Figure S43). However, the prefibrillar Aβ40
intermediates stabilized by perphenazine (6 equiv) eventually
yield fibril formation after 67 h of incubation (Figure 3f,
bottom).
Interestingly, ThT fluorescence assays and AFM studies

indicate that the PEI-P-4.5 conjugate modulates Aβ40
aggregation in a dose-dependent manner (Figure 4b and 4c).

PEI-P-4.5 at the lower concentration (0.13 equiv, define as the
molar ratio of PEI-P-4.5 oligomer to Aβ40) exhibits a dual effect
on modulation of Aβ40 aggregation, while PEI-P-4.5 at the
higher concentration (1.3 equiv) acts more like an inhibitor.
ThT fluorescence assays show that PEI-P-4.5 (0.13 equiv)
accelerates Aβ40 aggregation by 41%, decreasing the lag time
from 190 to 110 min (Figure 4b). The acceleration effect of
PEI-P-4.5 is similar to that of PEI. However, unlike the
promotion of the off-pathway Aβ40 aggregation by PEI, AFM

Figure 3. ThT fluorescence assays and AFM images. (a) Fibrillation
kinetics of Aβ40 (15 μM) monitored by a ThT fluorescence assay. ThT
fluorescence assays of Aβ40 aggregation with 19.5 μM of PEI, 1.3 equiv
(b), and 90 μM of perphenazine, 6 equiv (c). ThT assays were
performed on 15 μM Aβ40 peptide in HEPES buffer (pH 7.4) at 37
°C. For clarity of the lag phase, the ThT fluorescence assay data in
(a)−(c) are plotted only for the first 10 h out of the full time course
(67 h). For the complete ThT data in the full time course, see Figure
S31. AFM images of Aβ40 (15 μM) after incubation for 3.3, 20, and 67
h without modulators (d), and with 19.5 μM of PEI, 1.3 equiv (e), and
90 μM of perphenazine, 6 equiv (f). Samples for AFM studies were
taken directly from the ThT assays. Image size is 10 × 10 μm2. We
define equiv as molar ratio of PEI oligomer or perphenazine to Aβ40.

Figure 4. ThT fluorescence assays and AFM images. (a) Fibrillation
kinetics of Aβ40 monitored by a ThT fluorescence assay. ThT
fluorescence assays of Aβ40 aggregation with 1.95 μM of PEI-P-4.5,
0.13 equiv (b), and 19.5 μM of PEI-P-4.5, 1.3 equiv (c). ThT assays
were performed on 15 μM Aβ40 peptide in HEPES buffer (pH 7.4) at
37 °C. For clarity of the lag phase, the ThT fluorescence assay data in
(a)−(c) are plotted only for the first 10 h out of the full time course
(67 h). For the complete ThT data in the full time course, see Figure
S31. AFM images of Aβ40 (15 μM) after incubation for 3.3, 20, and 67
h without modulators (d), and with 1.95 μM of PEI-P-4.5, 0.13 equiv
(e), and 19.5 μM of PEI-P-4.5, 1.3 equiv (f). Samples for AFM studies
were taken directly from the ThT assays. Image size is 10 × 10 μm2.
We define equiv as the molar ratio of PEI-P-4.5 oligomer to Aβ40.
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studies indicate that PEI-P-4.5 promotes an on-pathway
aggregation which ultimately leads to fibrillation (Figure 4e).
These results provide evidence that PEI-P-4.5 at the low
concentration is able to accelerate the formation of the
prefibrillar Aβ40 intermediates and delay Aβ40 fibrillation. It is
suggested that the prefibrillar Aβ40 intermediates promoted by
PEI-P-4.5 (0.13 equiv) and PEI (0.13 equiv) are different
because one is on the pathway of Aβ40 fibrillation, while the
other is not. ThT assays also show that the fibrillation kinetics
of Aβ40 aggregation with PEI-P-4.5 (1.3 equiv) does not
shorten the lag time which is indicative of an acceleration effect;
instead, it exhibits a delayed lag phase (Figure 4c). AFM studies
confirm that Aβ40 does not form fibrils in the presence of PEI-
P-4.5 (1.3 equiv) even after 67 h of incubation (Figure 4e).
To understand the different modulation effects of PEI-P

conjugates and the mixture of PEI and perphenazine on Aβ40
aggregation, we use ThT and AFM to investigate the
aggregation process. ThT assays show that the lag times of
Aβ40 incubated with 0.13 equiv of PEI alone and PEI plus 0.2,
0.4, and 0.6 equiv of perphenazine are 94 ± 5.5, 68 ± 8.4, 70 ±
7.1, and 66 ± 8.9 min, while the lag times of Aβ incubated with
1.3 equiv of PEI alone and PEI plus 2, 4, and 6 equiv of
perphenazine are 78 ± 5.5, 72 ± 4.5, 68 ± 4.5, and 62 ± 4.5
min (Figure S35, Table S2, Table S4). Unlike the modulation
behavior of the PEI plus perphenazine mixture, PEI-P
conjugates show a shorter lag time at 0.13 equiv while no
obvious lag phase at 1.3 equiv (Figure 4).
From AFM data, we found that when Aβ40 was coincubated

with the mixture of PEI and perphenazine, small aggregates
formed after 3.3 h of incubation, which is attributed to the
acceleration effect of PEI (Figure 5d, 3.3 h; e, 3.3 h; and f, 3.3
h). After 20 h of incubation, AFM studies of samples taken
from the ThT assays show much more disordered aggregates
(Figure 5d, 20 h; e, 20 h; and f, 20 h). However, the
modulation effects of PEI plus perphenazine with different
concentrations do not show an obvious difference, whose
modulations are more like the modulation behavior of PEI. In
addition, the AFM results indicate that PEI-P-4.5 (1.3 equiv),
compared to perphenazine (6 equiv) and the mixture of PEI
and perphenazine, exhibits an enhanced activity against Aβ40
aggregation. This enhanced activity may result from the
multivalent effect.
To further investigate the effects of the PEI, perphenazine,

and PEI-P-4.5 on the early transition of Aβ40 aggregation, we
turned to CD studies which are extensively used to probe
secondary structures of polypeptides and provide a means to
monitor the structural conversion over a period of time.18

When Aβ40 was incubated to aggregate, we intentionally
reduced the intensity of shaking (from 567 rpm for ThT assays
to 100 rpm for CD) to increase the lag phase, so that we could
better observe the effects of those modulators on the early stage
of Aβ40 aggregation. Initially, the CD spectrum of Aβ40 (50
μM) aggregation typically displays a curve with a negative peak
at 198 nm, which is characteristic of random coils. As Aβ40
continues to aggregate, the intensity of the negative peak at 198
nm gradually diminishes over 45 h, and a new curve forms with
a positive peak emerging around 194 nm and a negative peak
around 217 nm (Figure 6a). The change of the CD spectra
indicates the conformational conversion of Aβ40 from random
coils to β-sheets and thus suggests the formation of Aβ40 fibrils.
Our CD results are consistent with those reported in the
literature.19 The CD studies show that the negative peaks at
198 nm disappear after 4 h of incubation of Aβ40 with 1.3 equiv

of PEI (Figure 6b) and PEI-P (Figure 6c), while the peak stays
unchanged with 6 equiv of perphenazine (Figure 6d). These
CD results demonstrate that the structural changes of Aβ40 are
expedited by PEI and PEI-P-4.5 but hindered by perphenazine.
In addition, Figure 6c−d show that no peaks corresponding to
the β-sheet formation appear in the CD spectra after 45 h of
incubation, suggesting the absence of mature fibrils. These
results validate the ThT assays and AFM studies described
above and demonstrate the inhibitory effects of PEI-P-4.5 and
perphenazine on Aβ40 aggregation. The CD results over time
(Figure 6c) support that PEI-P-4.5 is able to promote the early
structural transformation during Aβ40 aggregation and inhibit
fibrillation. PEI accelerates Aβ40 aggregation but shows weak β-
sheet characteristics in the CD spectrum (Figure 6b), which is
consistent with AFM studies. AFM images (Figure 3e) indicate
that PEI redirects Aβ aggregation to form disordered aggregates
without perfect β-sheet structures. We also conducted the
dynamic light scattering (DLS) study to investigate the

Figure 5. ThT fluorescence assays and AFM images. ThT fluorescence
assays of Aβ40 aggregation with 19.5 μM of PEI and 30 μM of
perphenazine, 1.3 equiv of PEI and 2 equiv of perphenazine (a), 19.5
μM of PEI and 60 μM of perphenazine, 1.3 equiv of PEI and 4 equiv of
perphenazine (b), and 19.5 μM of PEI and 90 μM of perphenazine, 1.3
equiv of PEI and 6 equiv of perphenazine (c). ThT assays were
performed on 15 μM Aβ40 peptide in HEPES buffer (pH 7.4) at 37
°C. For clarity of the lag phase, the ThT fluorescence assay data in
(a)−(c) are plotted only for the first 10 h out of the full time course
(67 h). AFM images of Aβ40 (15 μM) after incubation for 3.3, 20, and
67 h with 19.5 μM of PEI and 30 μM of perphenazine, 1.3 equiv of
PEI and 2 equiv of perphenazine (d), 19.5 μM of PEI and 60 μM of
perphenazine, 1.3 equiv of PEI and 4 equiv of perphenazine (e), and
19.5 μM of PEI and 90 μM of perphenazine, 1.3 equiv of PEI and 6
equiv of perphenazine (f). Samples for AFM studies were taken
directly from the ThT assays. Images size is 10 × 10 μm2. We define
equiv as the molar ratio of PEI plus perphenazine with different
concentrations to Aβ40.
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modulation effect of the PEI, perphenazine, and PEI-P-4.5 on
Aβ40 aggregation. From the DLS results, compared to the
hydrodynamic diameter of Aβ40 itself, the hydrodynamic
diameter of Aβ40 incubated with PEI and PEI-P-4.5 at 1.3
equiv increases much faster over the incubation time.
Meanwhile, the diameter of the mixture of Aβ40 incubated
with perphenazine has no significant change even after 24 h of
incubation (Figure S41). These results indicate that PEI and
PEI-P-4.5 accelerate the formation of small, prefibrillar
aggregates of Aβ40 in the early stage, while perphenazine
inhibits the formation of Aβ40 aggregates.
To quantitatively monitor the amount of protein that has

aggregated (aggregates >30 kDa), we filtered the Aβ40 solutions
through filters having a 30 kDa cutoff and determined the
protein concentration by a BCA protein assay. The BCA
protein assay results show that the aggregated fraction (>30
kDa) of Aβ40 increase dramatically over the incubation time
when Aβ40 is incubated with 1.3 equiv of PEI and PEI-P-4.5,
which indicate the acceleration of PEI and PEI-P-4.5 (Figure
S42).
Modulation of Aβ Aggregation by PEI-P Conjugates

with Different Loadings of Perphenazine. To investigate
how the inhibitory periphery of PEI-P conjugates affect Aβ
aggregation, we synthesized two more conjugates with different
loading ratios. According to the characterization by NMR
studies, these PEI-P conjugates have an average 1.5 and 3.0
perphenazine unit per PEI chain designated as PEI-P-1.5 and
PEI-P-3.0 respectively.
ThT fluorescence assays and AFM studies indicate that the

perphenazine loading affects modulation of Aβ40 aggregation by
the PEI-P conjugates (Figure 7 and Figure S40). The ThT
assays show that PEI-P-1.5, PEI-P-3.0, and PEI-P-4.5 accelerate
Aβ40 aggregation by 52%, 57%, and 54% at 0.13 equiv,
decreasing the lag time from 198 min to 96, 86, and 92 min,
respectively (Figure 7a). As controls, PEI-P conjugates in the
absence of Aβ40 have no ThT fluorescence response (Figure

S34). Although the ThT assays show the acceleratory effects of
all PEI-P conjugates, the AFM studies indicate that PEI-P-1.5
redirects Aβ40 aggregation to form disordered aggregates as PEI
does (Figure 7c), while PEI-P-3.0 leads to fibrillation of Aβ40
similar to the aforementioned PEI-P-4.5 (Figure 7d and 7e). At
higher equivalents (1.3 equiv), PEI-P-3.0 exhibits a delayed lag
phase like PEI-P-4.5 (Figure S33c′and S33d′), while PEI-P-1.5
shows a fluorescence response without a typical lag phase
(Figure S33b′). AFM studies confirm that Aβ40 does not form
fibrils in the presence of PEI-P-3.0 or PEI-P-4.5 at 1.3 equiv
(Figure 7d′ and 7e′), while Aβ40 forms disordered aggregates in
the presence of 1.3 equiv of PEI-P-1.5 (Figure 7c′). The above-
mentioned results suggest that PEI-P-1.5 redirects Aβ40
aggregation as PEI does, while PEI-P-3.0 behaves more like
PEI-P-4.5.

Detoxification of Aβ40 Aggregates by PEI-P Con-
jugates. To examine the effect of the PEI-P conjugates on the
toxicity of Aβ40 toward cells, we used MTT (3-(4,5-
dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide) cell via-
bility assays. We first incubated Aβ40 without PEI, perphena-
zine, and PEI-P conjugates to allow prefibrillar Aβ40 aggregates

Figure 6. CD spectra. Fibrillation kinetics of Aβ40 (50 μM) monitored
by CD without modulators (a), and with 65 μM of PEI, 1.3 equiv (b),
65 μM of PEI-P-4.5, 1.3 equiv (c), and 300 μM of perphenazine, 6
equiv (d). CD measurements were performed after 0, 4, 8, 22, and 45
h of incubation of Aβ40 (50 μM) in the absence and presence of PEI,
perphenazine, or PEI-P-4.5 in a 10 mM sodium phosphate buffer (pH
7.4) with continuous shaking (100 rpm) at 37 °C. We define equiv as
the molar ratio of PEI oligomer, perphenazine, or PEI-P-4.5 oligomer
to Aβ40. Figure 7. Lag time of Aβ40 aggregation without or with modulators

monitored by ThT fluorescence assays (a). ThT assays were
performed on 15 μM Aβ40 peptide in HEPES buffer (pH 7.4) at 37
°C with a shaking speed of 567 rpm. For the complete ThT curves in
the full time course, see Figure S33. AFM images of Aβ40 (15 μM)
after incubation for 20 h without modulators (b), and with 1.95 μM of
PEI-P-1.5 after incubation for 20 h, 0.13 equiv (c), 1.95 μM of PEI-P-
3.0 after incubation for 20 h, 0.13 equiv (d), 1.95 μM of PEI-P-4.5
after incubation for 20 h, 0.13 equiv (e), 19.5 μM of PEI-P-1.5 after
incubation for 20 h, 1.3 equiv (c′), 19.5 μM of PEI-P-3.0 after
incubation for 20 h, 1.3 equiv (d′), and 19.5 μM of PEI-P-4.5 after
incubation for 20 h, 1.3 equiv (e′). Samples for AFM studies were
taken directly from the ThT assays. Image size is 10 × 10 μm2. We
define equiv as the molar ratio of PEI-P-1.5 oligomer, PEI-P-3.0
oligomer, or PEI-P-4.5 oligomer to Aβ40. * Aβ40 aggregation exhibits
no lag phase with 1.3 equiv of PEI-P conjugates. For details, see Figure
S33.
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to form. The MTT assay shows that the preincubated Aβ40
alone kills 60% of the PC-12 cells, relative to the control in
which the cells are only incubated with HEPES buffer solution
(Figure 8). The deaths of PC-12 cells incubated with 1 equiv

and 0.1 equiv of PEI are 40% and 55%, respectively, which
indicates the low detoxification of Aβ40 by PEI. The mixtures of
PEI and perphenazine also exhibit low detoxification effects
(Figure S48). However, the death of PC-12 cells drops to 15%,
26%, and 21%, respecively when Aβ40 was preincubated in the
presence of PEI-P-1.5, PEI-P-3.0, and PEI-P-4.5 (1.0 equiv).
This result indicates that the PEI-P conjugates have the ability
to attenuate cytotoxicity caused by Aβ aggregation, and the
detoxicification effects are not significantly different among the
three conjugates. The MTT assay also shows that the PEI-P
conjugates at 0.1 equiv only slightly detoxify the Aβ40
aggregates, indicating that the PEI-P conjugates reduce the
toxcity of Aβ in a dose-dependent manner. These above-
mentioned results from the cell viability assays are not
compared with ThT and AFM studies on the modulatory
effects of PEI-P conjugates, because detoxification of amyloid
aggregation does not necessarily correlate with modulating the
pathway of amyloid aggregation. The cytotoxicity of amyloid
aggregates depends on the presence of toxic species.9g

■ DISCUSSION
Our studies indicate that the PEI core has the ability to
accelerate the formation of the prefibrillar Aβ40 intermediates
and redirect the aggregation process to form off-pathway
disordered aggregates, while perphenazine has the ability to
stabilize the on-pathway prefibrillar intermediates, leading to
the final fibrils and the delay on pathway aggregation (Figure
9a). It can be imagined that PEI-P conjugates should have the

ability to accelerate, redirect, and delay Aβ40 aggregation.
Furthermore, the stabilizing and inhibitory abilities of PEI-P
conjugates from perphenazine should be enhanced because of
the multivalent effect. Accordingly, the loading-dependent and
dose-dependent dual effect of PEI-P conjugates on Aβ40
aggregation may come from the interplay of the abilities of
acceleration (PEI), redirection (PEI), enhanced stabilization
(perphenazine and multivalency), and enhanced inhibition
(perphenazine and multivalency).
It is surprising that the PEI-P conjugates with a high loading

of perphenazine exhibit an on-pathway dual effect on Aβ40
aggregation, leading to the formation of Aβ40 fibrils, while
exhibiting an off-pathway dual effect for PEI-P conjugates with
a low loading of perphenazine, entirely redirecting the
aggregation process to form disordered Aβ40 aggregates,
which may be due to the dominated effect of the PEI core
(Figure 9b).
Since it has been known that the concentration of amyloid

monomers dramatically affects the aggregation process, changes
in Aβ40 monomer concentrations caused by the applied dosage
of the PEI-P conjugates may also play a key role in the dose-
dependent dual effect. However, we have not systematically
studied the concentration dependence of Aβ40 in this work.

■ SUMMARY
PEI-P conjugates successfully lead to a dual “acceleration−
inhibition” modulation effect on Aβ aggregation. This observed
dual effect comprises acceleration of the Aβ intermediate
formation and inhibition of Aβ fibrillation, resulting from the
combination of the acceleration and inhibition in PEI-P
conjugates. Our studies show that the perphenazine loading

Figure 8. Detoxification of Aβ40 aggregates by PEI and PEI-P
conjugates. PEI and PEI-P conjugates reduce Aβ40 cytotoxicity toward
PC-12 cells at different concentrations. Preincubated Aβ40 samples
with and without PEI or PEI-P conjugates were added to the culture
medium of differentiated PC-12 cells. (Final Aβ40 concentration is 0.5
μM.) Cell viabilities were measured after incubation for 24 h using
MTT assays. The cell survival of the HEPES control is taken to be
100%. Error bars correspond to standard deviations of six sets of
experiments. We define equiv as the molar ratio of PEI-P-1.5 oligomer,
PEI-P-3.0 oligomer, or PEI-P-4.5 oligomer to Aβ40 (Results from t test,
*p < 1 × 10−3; **p < 1 × 10−4, ***p < 1 × 10−5).

Figure 9. Cartoon representation summarizing modulation of Aβ40
aggregation by the PEI-P conjugates, PEI, and perphenazine. (a) On-
pathway inhibition of Aβ40 aggregation by perphenazine and off-
pathway acceleration of Aβ40 aggregation by PEI. (b) Loading-
dependent modulation of Aβ40 aggregation by the PEI-P conjugates.
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and the concentration of the PEI-P conjugates are two key
factors in the overall modulation of Aβ aggregation. We
envision that the concept described herein could be generalized
to other structures that exhibit two modes of modulating Aβ
aggregation and other amyloid proteins.
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