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Abstract: The disruption of AP homeostasis, which results in
the accumulation of neurotoxic amyloids, is the fundamental
cause of Alzheimer’s disease (AD). Molecular chaperones play
a critical role in controlling undesired protein misfolding and
maintaining intricate proteostasis in vivo. Inspired by a natural
molecular chaperone, an artificial chaperone consisting of
mixed-shell polymeric micelles (MSPMs) has been devised
with tunable surface properties, serving as a suppressor of AD.
Taking advantage of biocompatibility, selectivity toward aber-
rant proteins, and long blood circulation, these MSPM-based
chaperones can maintain A homeostasis by a combination of
inhibiting Ap fibrillation and facilitating Af aggregate clear-
ance and simultaneously reducing Ap-mediated neurotoxicity.
The balance of hydrophilic/hydrophobic moieties on the
surface of MSPMs is important for their enhanced therapeutic

effect.

Alzheimer’s disease (AD) is an irreversible, devastating, and
progressive neurodegenerative disorder that affects millions
of people around the world."! Although available drugs can
temporarily alleviate the condition of the patient, currently
there are no effective treatments that can suppress or cure the
disease. The cerebral extracellular amyloid plaques and
intracellular neurofibrillary tangles, comprising of amyloid §
peptides (AP) and tau proteins, respectively, are considered as
two pathological hallmarks of AD.”! It is generally accepted
that the aggregation of monomeric A into insoluble plaque-
associated amyloid fibrils is a crucial step that drives AD
pathogenesis.”! Based on this hypothesis regarding amyloids,
extensive efforts have been dedicated to developing AP
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inhibitors, such as small molecules™ and peptides,” metal-ion
chelators,”® antibodies,[”! and various nanoparticles (NPs),®
which display certain beneficial effects on AD treatment by
blocking A aggregation. However, the therapeutic effect
could not be completely achieved if only considered from the
perspective of suppressing Af accumulation. In fact, the
imbalance between A anabolism and catabolism in the
central nervous system (CNS) is the primary event respon-
sible for the pathology of AD.! In healthy brains, the
production of Af is normally in equilibrium with its
clearance. Both overproduction and underclearance could
disrupt AP homeostasis, thus resulting in increasing amounts
of AP, which could further induce diverse amyloid aggregates
with different toxicities and ultimately lead to neuronal
damage and cell death. Moreover, a growing body of recent
evidence suggests that soluble oligomers preceding fibril
formation are the most toxic species of all forms of A
aggregates.!'"” Thus, an attractive therapeutic strategy for AD
treatment would be the effective maintenance of A} homeo-
stasis by a combination of inhibiting Af aggregation and
promoting AP aggregate clearance, and simultaneously
diminishing AP oligomer neurotoxicity. This strategy has
not yet been realized, especially on a single nanoplatform.

Molecular chaperones, as an important part of the cellular
quality control system, play a pivotal role in controlling
undesired protein misfolding and maintaining intricate pro-
teostasis in vivo.'! A number of chaperones have been
described with the ability to provide a firm line of defense
against neurodegenerative diseases, including human chaper-
one Hsp70, apolipoprotein E (apoE), and clusterin.!'?! Typi-
cally, the chaperone machinery binds to exposed hydrophobic
residues of non-native proteins to form stable complexes and,
by doing so, prevent the unfavorable aggregation that harms
the proteostasis and “detoxify” the protein aggregates.
Furthermore, chaperones are also involved in the disassembly
of protein aggregates and facilitate the proteolytic digestion
of abnormal proteins. Therefore, molecular chaperones are
competent to fulfill all above-mentioned attributes for the
treatment of AD, and it is very compelling and promising to
develop efficient artificial chaperones to reduce the AP
burden in the brain.

Herein, we fabricate a simple and biocompatible MSPM
with tunable surface properties as an artificial chaperone that
can potently maintain Af homeostasis and reduce Af-
mediated toxicity. This MSPM-based chaperone is obtained
by the straightforward self-assembly of two amphiphilic
diblock copolymers, poly(e-caprolactone)-block-poly(ethy-
lene oxide) (PCL-b-PEG) and poly(e-caprolactone)-block-
poly(N-isopropylacrylamide) (PCL-b-PNIPAM) in aqueous
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Scheme 1. Representation of the possible mechanism of interaction
between MSPMs and AP peptide on the kinetics of amyloid fibrillation
process.

solution (Scheme 1), resulting in complex micelles with a PCL
core and a mixed shell that consists of PEG and PNIPAM. By
raising the temperature up to the normal physiological
temperature of the human body, the PNIPAM chains in the
micellar shell will spontaneously undergo a hydrophilic to
hydrophobic transformation and collapse, thus forming
hydrophobic domains on the PCL core. These hydrophobic
domains may act as anchors for interacting with hydrophobic
AP monomers or its intermediate oligomeric aggregates,
while the hydrophilic and stretched PEG chains could create
a protective barrier layer to prevent excessive amounts of A
adsorption and the aggregation

of micelles themselves. More

tions into aggregation-prone “partially unfolded intermedi-
ates” and subsequently aggregates into toxic oligomers
(nucleus) through the f-domain (Scheme 1). These transient
oligomers have been regarded as the most toxic species, as
they serve as a template for further A deposition, resulting in
rapid fibril growth and eventually in the formation of
insoluble mature amyloid fibrils, driven by intermolecular
associations. While in the presence of the functional state of
MSPMs, the partially unfolded state of the monomers and
other small intermediate units can bind to the surface of the
micelle, benefiting from the synergic effect of hydrophilic
PEG chains and hydrophobic PNIPAM domains, thus leading
to the formation of MSPM-peptides complexes that are
stabilized by the stretched PEG chains. This progress could
block active sites hidden in the Af hydrophobic core that is
responsible for the aggregation. Furthermore, owing to the
high affinity for the micellar surface, binding will lead to
a decrease of AP monomer concentration in the solution,
which disturbs the dynamic equilibrium between monomeric
and oligomeric species. Consequently, MSPM-based chaper-
ones are expected to significantly inhibit the transition from
the native state into $-sheet secondary structure and frustrate
AP fibrillation.

To investigate the effect of MSPMs on A fibrillation, the
thioflavin-T (ThT) fluorescence assay was adopted to monitor
the formation of amyloid fibrils. As seen in Figure 1a, when
fresh AP was incubated alone at 37°C, the time-dependent
change of the ThT fluorescence intensity (FI) exhibited
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Figure 1. Inhibition of Ap fibrillation by MSPMs. a) Fibrillation kinetics of Af} in the absence and
presence of MSPMs (0.4 mgmL™") with different PCL-b-PEG/PCL-b-PNIPAM ratios. b) Fibrillation
kinetics of AP in the presence of MSPM-70PNIPAM with various concentrations. The fibrillation kinetics
of AP was measured by ThT binding assay. Data are presented as mean +SD, n=3. c) CD spectra of A}
alone incubated at 37°C at different time points of the fibrillation process. d) CD spectra of AB in the
presence of MSPM-70PNIPAM incubated at 37°C at different time points of the fibrillation process.

Angew. Chem. 2014, 126, 9131-9136


http://www.angewandte.de

a sigmoidal kinetic form, as widely observed before.® This
result indicates that the progress of A fibrillation follows
a typical nucleation-growth mode that consists of three
stages: lag phase, elongation phase, and stationary phase.!
The saturation of the ThT FI after approximately 90 h
indicates that all of the AP end up in the form of fibrils
(also see Figure 2¢). Upon the introduction of MSPMs, the
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Figure 2. Temporal evolution of the size distribution of AP in the
absence (a) and presence (b) of MSPMs incubated at 37°C, as probed
by dynamic light scattering. ¢) TEM images of AP} incubated with and
without MSPMs at different time points of the fibrillation process. The
PCL-b-PEG/PCL-b-PNIPAM ratio in the MSPMs was 3:7 (w/w).

[AB] =20 um, [MSPMs]=0.4 mgmL~". Buffer: 10 mm PBS, pH 7.4
(scale bar: 200 nm).

lag phase extended and the FI at saturation decreased,
indicating that the MSPM-based chaperone can effectively
suppress the A fibrillation process. Moreover, there is an
intriguing observation that different proportion of hydro-
philic and hydrophobic segments in the micellar shell has
different inhibitory effect. The simple micelles consisting of
only PCL-b-PEG (MSPM-0PNIPAM) temporarily increased
the lag time of fibrillation while the ThT FI eventually
approached that of the pure A. This finding suggests that
there exists certain interaction between Af and MSPM-
OPNIPAM despite the fact that they cannot prevent Ap fibril
formation. In the cases of other MSPMs, the lag time
significantly increased and the elongation rate remarkably
declined with an increasing amount of PNIPAM, implying
that the inhibitory effect was enhanced. This phenomenon
strongly highlights the importance of PNIPAM in the
retardation of AP aggregation. However, it is worth noting
that MSPM-90PNIPAM has lower efficiency than MSPM-30,
50, 70PNIPAM. Among all of the MSPMs with various PEG/
PNIPAM ratios (w/w), MSPM-50PNIPAM exhibited the best
inhibition ability. Thus, excessive PNIPAM does not mean
a more notable inhibitory effect and it seems that the delicate
balance between PEG chains and PNIPAM domains play
a crucial role in preventing Af self-aggregation. Furthermore,
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MSPMs hindered the AP aggregate formation in a concen-
tration-dependent manner (Figure 1b): the higher concen-
tration of MSPMs, the greater inhibitory ability for AP
fibrillation. Furthermore, our data (Supporting Information,
Figure S1) showed that these MSPMs could reverse Af
aggregation at early stages of the fibrillation progress but had
no effect if mature fibrils formed. This result is consistent with
the work of Dawson and co-workers.®

Far-UV circular dichroism (CD) spectroscopy was per-
formed to monitor the secondary structure change during the
AP fibrillation progress, both in the absence and presence of
MSPMs (Figure 1c,d). At first, both fresh AP alone and
MSPMs/AP mixture adopted a predominant a-helical struc-
ture with two negative bands around 208 and 222 nm, which
are characteristics of a-helical conformation.'® After 24 h
intubation at 37°C, the CD spectrum for A} alone showed
a sharp decrease of intensity at 222 nm and the 208 nm peak
disappeared, which was indicative of transition state from o-
helical into (3-sheet. When the incubation was prolonged to
48 h, its spectral shape shifted the minimum from 222 to
217 nm, signifying a typical p-sheet-rich structure.!'”! More-
over, its relative intensity at 217 nm, which represented the
content of B-sheet, became increasingly pronounced as the
incubation time further increased. In contrast, Af} in the
presence of MSPMs exhibited a-helical structure for 48 h and
finally fixed in the transition states during the incubation
time. The CD results strongly suggested that the MSPMs
could hinder the conformation transition of Af} from a-helical
to p-sheet, confirming the interactions between AP and
MSPMs.

To further verify the achieved inhibitory effect of MSPMs
on AP aggregation and corroborate the aforementioned
mechanism, dynamic light scattering (DLS) and transmission
electron microscopy (TEM) were exploited to detect the time
evolution of the size distribution and morphology changes in
AP solution, respectively.'"!") Figure 2a clearly shows the
overall AP polymerization progress (Supporting Information,
Figure S2). Immediately on Af dissolution, the size distribu-
tions predominantly comprised of particles with an average
hydrodynamic diameter (D) of around 10 nm, which was
consistent with the size of Af monomeric state. Over time, the
scattering intensity of the small particles sharply decreased
and larger aggregates emerged. Moreover, the average D, for
the larger aggregates increased with time (Supporting Infor-
mation, Table S2), corresponding to significant AP fibril
formation. Whereas in the case of the MSPMs/Af} mixture,
the Dy, value was similar to that of MSPMs alone at first, then
increased from 65 nm to 98 nm with narrow size distribution,
indicating the formation of homogeneous MSPM-Af com-
plexes. Notably, the D, of MSPM-Af complexes had little
variation in this time period. Meanwhile, Af fibrillation
progress can be observed by TEM (Figure 2¢). As time
elapsed, A self-organized into larger aggregates gradually,
including oligomers and protofibrils, and finally formed
mature fibrils with lengths of several micrometers. On the
other hand, in a mixture of A and MSPMs, no any fibrous
aggregates could be found during the incubation time.
Furthermore, it should be note that the MSPM-Af complexes
presented black spherical structure which were distinct from
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those white MSPMs (Supporting Information, Figure S4),
providing the evidence of A adsorption by MSPMs. All these
observations demonstrated that our MSPMs could effectively
block AP aggregation through trapping Ap monomers and
small oligomers onto their tunable surface.

On the basis of the above results, measurements with
a quartz crystal microbalance with dissipation monitoring
(QCM-D) were employed to further investigate the binding
affinity of MSPMs for AP (Supporting Information, Fig-
ure $6).71 After a stable baseline had been established, the
surface-bound MSPMs with different hydrophilic/hydropho-
bic ratios were exposed to the Af solution at 37°C, resulting
in a rapid decrease in resonant frequency, which indicated
that AP bind to all types of MSPMs, including the simple
micelles MSPM-OPNIPAM. Nevertheless, the amount of
frequency attenuation (Af) is smaller for MSPM-OPNIPAM
than for the others. This result suggested that MSPM-
OPNIPAM were capable of interacting with Af but their
adhesion to the peptides was much weaker than other
MSPMs. The largest decrease of Af is MSPM-50PNIPAM,
implying that MSPM-50PNIPAM had the strongest affinity
for AP peptide in the series, in good agreement with ThT
study that MSPM-50PNIPAM are the most efficiency in
preventing AP fibrillation. Furthermore, all types of MSPMs
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prefer binding monomers to trapping oligomers and almost
have no interaction with fibrils (Supporting Information,
Figure S7a—f). Recently, Nicolas et al.”!! reported that the
outer PEG shell of NPs played a vital role for AB-NP
interactions. It is therefore proposed that PEG chains
triggered the uptake of AP by MSPMs and then the
PNIPAM binding patches were able to strongly capture the
peptides, highlighting the significance of synergic effect of
hydrophilic PEG chains and hydrophobic PNIPAM domains
in preventing Af assembly.

As our MSPMs can block A aggregate formation by
confining A monomers or oligomers onto their surface, they
should also be useful in inhibiting neurotoxicity exerted on
the neuronal cells by the toxic Af species, a major reason for
the neurodegenerative disorder. To test this, PC12 and SH-
SYSY cells were used as the neuronal model to evaluate the
effect of MSPMs on cell viability and on Af-induced
cytotoxicity. As shown in Figure 3a, negligible cytotoxicity
was observed for MSPMs with varying concentration from
6.25 to 400 uygmL "', suggesting the great biocompatibility of
MSPMs. When incubation of PC cells with AP alone pre-
incubated for 24 h at 37°C already, the cell viability was
reduced to about 40 % (Figure 3¢). In contrast, the survival of
cells was increased to as high as about 80 % in the presence of
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Figure 3. Reduction of AB neurotoxicity with MSPMs. a), b) Cytotoxicity of four different MSPMs (MSPM-0, 30, 50, 70PNIPAM) against two
different cells: a) PC12 cells, b) SH-SY5Y cells. c),d) Effect of three different MSPMs with four different molar ratios (2:1, 1:1, 1:2, 1:4) on the cell
toxicity of AB: c) PC12 cells, d) SH-SY5Y cells. Cell viability was measured by MTT assay and the data were shown as the mean £SD of 6 replicate
groups. Significance levels are expressed by asterisks: **P<0.01 and ***P <0.001.
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MSPMs, which demonstrated that MSPMs is able to protect
cell viability from harmful AP aggregation. The simple
micelles also affect cell survival but their protective effect is
not as good as other MSPMs. This result may confirm that
MSPMs are better than simple micelles in inhibiting cellular
toxicity. Furthermore, it is important to point that, in agree-
ment with ThT data, MSPMs reduced the neurotoxicity of A}
is also consistent with concentration-dependent manner.
Similar results have been obtained when SH-SYSY cells
were used (Figure 3b,d). Therefore, MSPMs not only showed
excellent capacity to inhibit Af fibrillation by precisely tuning
the surface properties, but also could substantially decrease
Ap-induced cytotoxicity.

Finally, owing to the fact that A} homeostasis is potently
regulated by proteolytic degradation,” proteolysis experi-
ments were applied to explore the degradation rate of mature
amyloid fibrils and MSPM-Af complexes by proteinase K.
The data obtained (Figure 4a) showed that ThT fluorescence
intensity of MSPM-Af complexes was prominently decreased
with time, whereas mature amyloid fibrils only cause a slight
reduction in the first 16 h and then the relative fluorescence
intensity started to increase. This demonstrates that MSPM-
Ap complexes were highly susceptible to degrade as com-
pared to amyloid fibrils (Figure 4b), implying the favorable
ability of MSPM-AP complexes to facilitate A aggregate
degradation.
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Figure 4. a) Degradation effect of amyloid fibrils and MSPMs-Af} com-
plexes by proteinase K using ThT fluorescence assay. The histogram
has been normalized to the corresponding maximum value for each
data. d) Illustration of the degradation of amyloid fibrils and MSPMs-
AP complexes.
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In summary, we have successfully designed and developed
an innovative artificial molecular chaperone, MSPMs with
tunable surface properties, which can serve as an excellent
suppressor of AD. Through binding the aggregation-prone
species of A onto the tunable surface and forming spherical
complexes, MSPMs can maintain the appropriate balance of
A levels by incorporating functions for both inhibiting A3
fibrillation and facilitating AP aggregate degradation, and
synchronously reduce the Af-related neurotoxicity. The
synergic effect of hydrophilic chains and hydrophobic
domains of MSPMs is the main factor in the MSPMs-Af
interactions. Moreover, it is notable that proper balance
between hydrophilic moieties and hydrophobic ones on the
surface of MSPMs play a central role for showing enhanced
therapeutic effect. Therefore, our results could provide new
insights into the development of artificial chaperone as an
ideal candidate for AD treatment.
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