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ABSTRACT: Alzheimer’s disease (AD) is a progressive and irreversible brain disorder.
Recent studies revealed the pivotal role of β-amyloid (Aβ) in AD. However, there is no
conclusive indication that the existing therapeutic strategies exerted any eﬀect on the
mitigation of Aβ-induced neurotoxicity and the elimination of Aβ aggregates
simultaneously in vivo. Herein, we developed a novel nanocomposite that can eliminate
toxic Aβ aggregates and mitigate Aβ-induced neurotoxicity in AD mice. This
nanocomposite was designed to be a small-sized particle (14 ± 4 nm) with Aβ-binding
peptides (KLVFF) integrated on the surface. The nanocomposite was prepared by
wrapping a protein molecule with a cross-linked KLVFF-containing polymer layer
synthesized by in situ polymerization. The presence of the nanocomposite remarkably
changed the morphology of Aβ aggregates, which led to the formation of Aβ/
nanocomposite coassembled nanoclusters instead of Aβ oligomers. With the reduction of
the pathological Aβ oligomers, the nanocomposites attenuated the Aβ-induced neuron
damages, regained endocranial microglia’s capability to phagocytose Aβ, and eventually
protected hippocampal neurons against apoptosis. Thus, we anticipate that the small-sized nanocomposite will potentially oﬀer
a feasible strategy in the development of novel AD treatments.
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events culminating in neuronal damage and death manifesting
as progressive clinical dementia.8−10 Recent studies revealed
that the oligomeric Aβ were the major toxic forms.11−13
Furthermore, the oligomeric Aβ can disturb microglial
phagocytosis and eventually hamper the clearance of
Aβ.14−16 The rest of the disease processes, such as the proinﬂammatory response, are also ascribed to the massive
appearance of Aβ oligomers and their impaired removal.17−19
Thus, it is a rational therapeutic goal to prevent the formation
of oligomeric Aβ by interfering Aβ aggregation and accelerate
Aβ elimination to restore Aβ balance in patient’s brain.

lzheimer’s disease (AD), the most prevalent type of
dementia, is deﬁned as an insidious and fatal agingassociated neurodegenerative disorder associated with progressive memory loss and cognitive decline. According to
statistics, one out of every eighty-ﬁve individuals worldwide
will be living with AD by 2050.1,2 Analysis of the patients’
brains suggest that AD is characterized by the extracellular βamyloid (Aβ) plaques, intracellular neuroﬁbrillary tangles
(NFTs), neuronal loss, and the excessive inﬂammatory
response.3,4 Overwhelming evidence supports Aβ’s pivotal
role in AD.5 The assembly of Aβ into pathological seeds,
including oligomers and subsequent aggregates, constitutes the
primary neuropathological hallmark. According to the amyloid
cascade hypothesis, the imbalance between Aβ anabolism and
catabolism in AD brain leads to the increased amount of Aβ
aggregates.1,6,7 These aggregates then initiate a cascade of
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Figure 1. Formation of Aβ/nanocomposite coassembled nanoclusters and the nanocomposite-mediated neurotoxicity mitigation and Aβ removal
in AD mice model. Schematic diagram of the interaction between nanocomposite and Aβ on interfering Aβ aggregation and the possible
mechanism of mitigating potential neurotoxicity.

Figure 2. Design and characterization of nanocomposites. (a) Schematic illustration of the synthesis of nanocomposites (NC-KLVFF) by a twostep process. (1) Proteins were ﬁrst conjugated with acryloyl groups using NAS. (2) Enriching AAm, Acr-KLVFF, and BIS around the protein
molecule, and in situ radical polymerization of these molecules. (b) Representative transmission electron microscope (TEM) image of
nanocomposites. Scale bar, 50 nm. (c) Ultraviolet−visible (UV) spectra of nanocomposites with (NC-KLVFF) and without (NC) KLVFF
sequences.

ment.20−22 Several types of ligands, including nonpeptidic
small molecules (e.g., planar and aromatic compounds) and

To this aim, various small-molecule ligands and pharmaceutical nanomaterials have been developed for AD treatB
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Figure 3. Inhibiting Aβ aggregation and inducing Aβ ﬁbrils dissociation. (a) Aggregation kinetics of Aβ monomers (20 μM) incubated with
phosphate buﬀered saline (PBS), KLVFF, NC, and NC-KLVFF at 37 °C. The concentration of KLVFF was 20 μg mL−1, and the concentration of
NC-KLVFF was 100 μg mL−1 to maintain the same level of KLVFF (20 μg mL−1). (b) TEM images showing the end-point products of Aβ
monomers incubated with PBS, KLVFF, NC, and NC-KLVFF, respectively. Scale bar, 100 nm. (c) Dot blot assays showing the formation of Aβ
oligomers when incubating Aβ with PBS, KLVFF, NC, and NC-KLVFF, respectively. (d) Fluorescence images of Aβ/NC-KLVFF clusters. (green,
Aβ-FITC, excitation = 488 nm, emission = 510−530 nm), (red, NC-KLVFF-RhB, excitation = 532 nm, emission = 570−600 nm). Scale bar, 10
μm. (e) Aggregation kinetics of Aβ monomers incubated with PBS and the nanocomposites with diﬀerent surface properties at 37 °C. (f) QCM-D
experiment probing the binding of Aβ monomers to the nanocomposites with diﬀerent surface properties. (g) Dissociation kinetics of Aβ ﬁbrils (20
μM) incubated with PBS, KLVFF, NC, and NC-KLVFF at 37 °C. (h) TEM images showing the end-point products (after 7 days) of Aβ ﬁbrils
incubated with PBS, KLVFF, NC, and NC-KLVFF, respectively. Scale bar, 100 nm. Data are presented as mean ± standard error of the mean
(s.e.m.) from three independent experiments.

and inducing ﬁbrils dissociation, there was no clear indication
that the nanomaterials exerted any eﬀect on reducing the
amount of Aβ oligomers.20,25−27
Toward the development of an eﬀective AD therapeutic
strategy, we have herein demonstrated a rational design of
nanocomposite that can mitigate Aβ-mediated neurotoxicity
and eliminate Aβ aggregates in AD mice by preventing the

peptides (e.g., Aβ16−20 and Aβ31−35), could eﬀectively stabilize
the soluble Aβ conformation and destabilize the altered
conformer, eventually inhibit Aβ aggregation. Pharmaceutical
nanomaterials, such as gold nanoparticles, quantum dots,
carbon nanotubes, and polymeric nanomaterials, have been
investigated for potential AD treatments.23,24 Although some
of them represent the capability of inhibiting Aβ aggregation
C

DOI: 10.1021/acs.nanolett.8b03644
Nano Lett. XXXX, XXX, XXX−XXX

Letter

Nano Letters

KLVFF, respectively. Furthermore, large aggregates with a
diameter of 1−2 μm were detected from Aβ/PBS, Aβ/KLVFF,
and Aβ/NC group rather than Aβ/NC-KLVFF group (Figure
S5a-d), suggesting the eﬀective inhibition of Aβ ﬁbrosis by
NC-KLVFF. By decreasing the concentration of NC-KLVFF,
the ThT FI was increased, indicating a concentrationdependent inhibition (Figure S6). Replacing KLVFF with
the random peptide KAVFA that cannot bind to Aβ resulted
the signiﬁcant increase of ThT FI (Figure S7a), indicating the
essential role of KLVFF on the inhibition of Aβ ﬁbrosis.
Further investigation on the mechanism of NC-KLVFF in
inhibition of Aβ aggregation was achieved by comparing the
morphology changes of the end-point products. Figure 3b
presents the TEM images of the end-point products from Aβ/
PBS, Aβ/KLVFF, Aβ/NC, and Aβ/NC-KLVFF after 7-day
incubation, respectively. The Aβ monomers in Aβ/PBS group
self-assembled into larger aggregates, including oligomers and
ﬁbrils. In Aβ/KLVFF and Aβ/NC groups, the oligomers and
ﬁbrils still existed, although the ﬁbrils in Aβ/KLVFF group
were fragmented. In contrast, neither oligomers nor ﬁbrils
could be observed from Aβ/NC-KLVFF except spherical
clusters (50−100 nm), which were much larger than Aβ
oligomers (∼30 nm) in other groups. Considering the high
stability of NC-KLVFF under physiological condition (Figure
S4), the spherical clusters must be formed by the coassembly
of NC-KLVFF with Aβ monomers (Aβ/NC-KLVFF clusters),
suggesting that NC-KLVFF could inhibit the formation of Aβ
oligomers and ﬁbrils by altering the assembly/aggregation
process of Aβ. Moreover, the formation of Aβ/NC-KLVFF
clusters can maintain the concentration of Aβ at a low level in
solutions, which eﬀectively prevented Aβ oligomerization. For
the evaluation, dot blot assay was employed to examine the
formation of Aβ oligomers under diﬀerent conditions. This was
achieved by incubating Aβ monomers with PBS, KLVFF, NC,
and NC-KLVFF, respectively, followed by detecting the
formation of Aβ oligomers using the antibody speciﬁc for Aβ
oligomers. As shown in Figure 3c, high level of Aβ oligomers
was detected from Aβ/PBS and Aβ/NC groups within 24 h.
Further incubation resulted in the decrease of Aβ oligomers,
which suggested the formation of ﬁbrils. Incubating Aβ
monomers with KLVFF slowed down the Aβ oligomerization,
in which the Aβ oligomers reached peak amount after 72 h
incubation. In contrast, signiﬁcantly lower level of Aβ
oligomerization was observed when incubating Aβ with NCKLVFF over 168 h. This result conﬁrmed that NC-KLVFF
could disrupt the assembling process of Aβ monomers via
forming the Aβ/NC-KLVFF clusters and eventually retard the
Aβ oligomerization, suggesting a novel and eﬀective strategy to
mitigate the neurotoxicity related to Aβ oligomers.
To further study the composition of Aβ/NC-KLVFF
clusters, Aβ monomers and NC-KLVFF were ﬁrst labeled
with ﬂuorescein isothiocyanate (Aβ-FITC) and rhodamine B
isothiocyanate (NC-KLVFF-RhB), respectively. Figure 3d
presents ﬂuorescence images of the clusters, showing the
colocalization of Aβ-FITC and NC-KLVFF-RhB. Förster
resonance energy transfer (FRET) analysis conﬁrmed an
eﬀective energy transfer from Aβ-FITC to NC-KLVFF-RhB
(Figure S9), indicating that the Aβ and NC-KLVFF were
closely associated within 10 nm.31,32 Therefore, it is reasonable
to conclude that the cluster was formed by the coassembly of
Aβ and NC-KLVFF. This capability of NC-KLVFF could be
attributed to the multiple KLVFF fragments on its surface.33

formation of oligomeric Aβ. The nanocomposite was designed
to be a small-sized nanoparticle (14 ± 4 nm) with multiple Aβbinding peptides KLVFF (Aβ,16−20 Lys-Leu-Val-Phe-Phe)
integrated on the surface.28 This unique structure allows the
nanocomposite coassembling with Aβ and eventually inhibits
the self-aggregation of Aβ as well as induces the dissociation of
Aβ ﬁbrils. More importantly, the presence of the nanocomposite leads to the formation of Aβ/nanocomposite
coassembled nanoclusters (50−100 nm) instead of neurotoxic
Aβ oligomers and ﬁbrils (Figure 1). Furthermore, the clusters
are able to facilitate the endocranial resident microglia to
regain the phagocytosis of Aβ, subsequently reduce the amount
of Aβ oligomers in AD brain. Cellular and animal studies
indicated that introduction of the nanocomposite attenuated
the adhesion of Aβ aggregates to neuronal surface and
eventually protect hippocampal neurons against apoptosis in
AD mice without noticeable side-eﬀects, suggesting the feasible
strategy in the development of novel treatments for AD.
The nanocomposite with KLVFF (NC-KLVFF) is prepared
by wrapping a protein molecule with a cross-linked KLVFFcontaining polymer layer, which was synthesized by in situ
polymerization of acrylamide (AAM), acryloyl-Lys-Leu-ValPhe-Phe (Acr-KLVFF), and N,N′-methylenebis(acrylamide)
(BIS) on the surface of the protein (Figure 2a, S1 and S2,
details in Supporting Information). To obtain the nanocomposites with small particle size, bovine serum albumin
(BSA) was employed as the core of the nanocomposite. As a
comparative nanostructure for following studies, nanocomposites without KLVFF (NC) were synthesized in a similar
method. Figure 2b presents a transmission electron microscope
(TEM) image of the nanocomposite, showing a spherical
shape with an average diameter of 14 ± 4 nm, which was
further conﬁrmed with dynamic light scattering (DLS)
measurements (Figure S3). To conﬁrm the integration of the
KLVFF fragments into NC-KLVFF, the ultraviolent-visible
(UV) absorption of NC-KLVFF and NC were measured,
indicating a much higher UV-absorption of NC-KLVFF at
250−300 nm than that of NC (Figure 2c). Considering the
strong UV-adsorption at 254−260 nm of phenylalanine
residues (Phe, F), this result conﬁrms the successful
integration of KLVFF fragments. Further quantitative analysis
suggests 15−25 KLVFF fragments integrated per NC-KLVFF
(Equation S1).
To investigate the eﬀect of NC-KLVFF on inhibiting Aβ
aggregation, the aggregation kinetics of Aβ monomers in the
present of NC-KLVFF, NC, and KLVFF were measured via
thioﬂavin-T (ThT) assay.29 As summarized in Figure 3a, when
Aβ monomers were incubated alone (Aβ/PBS) at 37 °C, the
ThT ﬂuorescence intensity (FI) increased rapidly and reached
maximum ThT FI (100%) after 48 h, indicating the formation
of Aβ aggregates. Meanwhile, maximum ThT FIs of 73.9% and
82.1% were achieved when coincubating Aβ monomers with
KLVFF (Aβ/KLVFF) and NC (Aβ/NC) for 7 days,
respectively. In contrast, only a maximum ThT FI of 39.3%
was observed when coincubating Aβ monomers with NCKLVFF (Aβ/NC-KLVFF) for 7 days, indicating a slower
conformational transition to β-sheet-rich structure and
remarkable inhibition of Aβ aggregation.30 These results
were also conﬁrmed by monitoring increase in the scattering
light intensities of these samples. As shown in Figure S5e, 1.3fold increase in scattering light intensity was observed from
Aβ/NC-KLVFF after 7-day incubation, whereas 1.9-fold and
2.9-fold increases were observed from Aβ/NC and Aβ/
D
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Figure 4. Eﬃcacy of nanocomposites for neurotoxicity mitigation and Aβ elimination in vitro. (a) Fluorescence images showing the Aβ adhesions
on the membranes of PC-12 cells treated with PBS, KLVFF, NC, and NC-KLVFF at 37 °C for 3 h. The concentration of Aβ was 5 μM. Aβ was
labeled with FITC (Aβ-FITC/Aβ = 1/10, green). Nuclei were stained with DAPI (blue). Scale bar, 50 μm. (b) Flow cytometry histogram of PC-12
cells collected from the experiments shown in panel a. (c) Mitigation of Aβ-mediated neurotoxicity by diﬀerent concentrations of KLVFF, NC, and
NC-KLVFF, respectively. Cell viability was assayed with CCK-8. The concentration of Aβ was 10 μM. The molar ratio of Aβ/nanocomposite was
50/1 (black), 20/1 (red) and 10/1 (white), respectively. (d) Fluorescence images showing the Aβ elimination by BV-2 cells treated with PBS,
KLVFF, NC, and NC-KLVFF at 37 °C for 3 h. The concentration of Aβ was 5 μM. Aβ was labeled with FITC (Aβ-FITC/Aβ = 1/10, green).
E
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Figure 4. continued

Nuclei were stained with DAPI (blue). Scale bar, 25 μm. (e) Flow cytometry histogram of BV-2 cells collected from the experiments shown in
panel d. (f) Quantitative analysis of TNF-α secretion of BV-2 cells after stimulating by diﬀerent Aβ aggregates. The supernatant was collected for
ELISA. The concentration of Aβ was 2.5 μM (black), 5.0 μM (red) and 10.0 μM (white), respectively. (g) Fluorescence images showing the Aβ/
NC-KLVFF clusters elimination by BV-2 cells pretreated with or without TNF-α. Aβ was labeled with FITC (green). NC-KLVFF was labeled with
RhB (red). Scale bar, 25 μm. (h) Colocalization studies of Aβ/NC-KLVFF clusters (green) and lysosome (red). (i) Pearson’s correlation
coeﬃcient analysis (Image J). The expression of (j) SRA and (k) CD36 after treatment with TNF-α, Aβ oligomers and Aβ/NC-KLVFF clusters for
overnight, respectively. Data are presented as mean ± s.e.m. from three independent experiments. Signiﬁcance levels are expressed as asterisks: ∗P
< 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 via one-way ANOVA with Tukey’s multiple comparisons test.

(Figure 3h and S10, details in Supporting Information). The
TEM results showed that only NC-KLVFF could induce the
dissociation of the Aβ ﬁbrils, resulting the formation of the
nanoclusters (Figure 3h, right). Furthermore, the adhesion of
NC-KLVFF on the residual ﬁbrillary Aβ was observed via
TEM (Figure 3h, inset), suggesting that NC-KLVFF may
achieve the dissociation by binding to Aβ ﬁbrils and then
inducing the reassembly of Aβ.
Previous studies had examined that the oligomeric forms of
Aβ caused neuronal apoptosis through attacking the hippocampal neuron membranes.12,18,38 Therefore, NC-KLVFF
might improve neuronal survival in AD brain by reducing
the level of Aβ oligomers and blocking the interaction between
Aβ oligomers and cell membranes. To evaluate this capability,
Aβ-FITC monomers was ﬁrst incubated alone or with KLVFF,
NC, and NC-KLVFF at 4 °C for 24 h, respectively, to form
diﬀerent aggregates including Aβ oligomers and Aβ clusters.
To obtain the Aβ oligomers rather than ﬁbrils, the aggregates
were prepared under new conditions mentioned above.14
Importantly, the NC-KLVFF also showed the capability to
prevent the formation of Aβ oligomers after a 24 h-incubation
at 4 °C, which were detected by the anti-Aβ antibody via dot
blot assay (Figure S8). Then the aggregates were exposed to
murine pheochromocytoma (PC-12) cells. As shown in the
ﬂuorescence images (Figure 4a), high level of Aβ adhesions
were observed on the membranes of the cells treated with Aβ/
PBS, Aβ/KLVFF, and Aβ/NC, respectively. In contrast,
negligible Aβ adhesion was observed from the cells treated
with Aβ/NC-KLVFF. Fluorescence-activated cell sorting
(FACS) analysis conﬁrmed this observation (Figure 4b),
showing that the amount of the adherent Aβ on cells incubated
with Aβ/PBS, Aβ/NC, and Aβ/KLVFF were 2.0-fold, 1.9-fold,
and 1.5-fold higher than those of Aβ/NC-KLVFF group. By
preventing Aβ oligomers from attacking the cell membranes via
forming Aβ/NC-KLVFF clusters, NC-KLVFF might achieve
eﬀective mitigation of Aβ-mediated neurotoxicity. As expected
(Figure 4c), the cells incubated with Aβ/NC-KLVFF exhibited
signiﬁcantly higher viability (98.3%) than those incubated with
Aβ/PBS (76.1%), Aβ/KLVFF (89.2%), and Aβ/NC (84.7%),
indicating the excellent capability to reduce the neuron
damages caused by Aβ oligomers. Furthermore, after 24 h
incubation, negligible loss in viability was observed, indicating
the great biocompatibility of NC-KLVFF (Figure S12).
Importantly, a nearly 100% cell viability was also observed
when exposing PC-12 cells to the products from the
dissociated Aβ ﬁbrils by NC-KLVFF, suggesting the low
level of newly formed toxic Aβ fragments during ﬁbril
dissociation (Figure S10 and S11).
Despite the negligible neurotoxicity of Aβ/NC-KLVFF
clusters, the elimination of Aβ is still important. The clearance
of brain Aβ is usually achieved by microglial cells,39−41 which
however fail to phagocytize Aβ aggregates in AD brain. This is

Interestingly, compared to KLVFF, neither oligomers nor
ﬁbrils could be observed with the introduction of NC-KLVFF
into Aβ monomer solution, suggesting the stronger binding
aﬃnity between NC-KLVFF and Aβ than that between Aβ
itself. Since the binding aﬃnity between KLVFF and Aβ was
similar to that between Aβ itself, we predicted that the polymer
surface of NC-KLVFF enhanced the interaction to Aβ. To
verify this hypothesis, the binding aﬃnities between Aβ
monomers and the nanocomposites with diﬀerent surface
compositions were evaluated via quartz crystal microbalance
with dissipation monitoring (QCM-D). Besides NC-KLVFF,
three other types of nanocomposites with diﬀerent surfaces
were employed including ultralow-fouling phosphorylcholine
surface (MPC-NC-KLVFF), carboxylic surface (Carboxyl-NCKLVFF), and amine surface (Amine-NC-KLVFF).34,35 When
exposing to Aβ monomers, respectively, diﬀerent frequency
shifts were observed (Figure 3e). According to the results,
Amine-NC-KLVFF exhibited stronger Aβ binding than NCKLVFF and Carboxyl-NC-KLVFF. Because Aβ monomers
exhibit negative surface charge under neutral pH,8,36,37 the
electrostatic attractions between Amine-NC-KLVFF (zeta
potential, ζ = +3.09 ± 0.73 mV, maximum frequency shift,
△F = 148.6 Hz) and Aβ enhanced the binding aﬃnity,
whereas the electrostatic repulsions decreased the Aβ binding
aﬃnities of Carboxyl-NC-KLVFF (ζ = −9.60 ± 1.1 mV, △F =
71.9 Hz) and NC-KLVFF (ζ = −4.56 ± 0.15 mV, △F = 97.6
Hz). MPC-NC-KLVFF with neutral surface (ζ = −0.42 ± 0.33
mV) could not bind with Aβ monomers, indicating that the
interactions between MPC-NC-KLVFF and Aβ monomer was
dominated by the ultralow protein-fouling of PMPC. With the
diﬀerent binding aﬃnities, the nanocomposites exhibited
signiﬁcant diﬀerent capabilities in inhibiting Aβ aggregation.
As expected, Aβ ﬁbrosis were inhibited eﬀectively incubated
with Amine-NC-KLVFF, NC-KLVFF, and Carboxyl-NCKLVFF, whereas no interferences in Aβ ﬁbrosis was observed
when incubating with MPC-NC-KLVFF (Figure 3f). It should
be noted that Amine-NC-KLVFF with positively changed
surface was not an ideal choice due to the nonspeciﬁc protein
absorption caused by the electrostatic forces. Collectively,
these results suggest that the binding aﬃnity between the
nanocomposites and Aβ monomer was aﬀected by the
polymeric surface.
Considering the neurotoxic oligomers were predominantly
formed through a ﬁbril-catalyzed secondary nucleation
reaction,38 we further explored its capability in dissociating
Aβ ﬁbrils. As shown in Figure 3g, a signiﬁcant decrease in ThT
FI was observed from the ﬁbrils incubated with NC-KLVFF
(36.3% of the original ThT FI) compared to those incubated
with KLVFF (78.6% of the original ThT FI) and NC (93.7%
of the original ThT FI) after 7 days, suggesting the successful
disassembly of Aβ ﬁbrils when incubating with NC-KLVFF.
This result was also conﬁrmed by the TEM observation
F
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Figure 5. Treatment eﬀect of nanocomposites for mitigating the neurotoxicity associated with the Aβ aggregation in AD mice model. (a)
Histological observation of the brain tissues coronal sections after diﬀerent treatments. Brain tissues were collected from the mice shown in panel c,
and assessed by hematoxylin and eosin (HE), Congo red (CR) and immunohistochemistry (IHC Aβ and TNF-α), respectively. Scale bar, 250 μm.
(b) In situ neuronal apoptosis (red) in hippocampal DG subregion. Scale bar, 50 μm. (c) Body weight variation of the mice after diﬀerent
treatments. (d) Detection of nanocomposites for crossing BBB. (e) Quantiﬁed results of average signal in panel d. (f) Histological observation of
the brain tissues coronal sections after diﬀerent treatments. Brain sections were assessed by HE and IHC (Aβ and TNF-α), respectively. Scale bar,
250 μm. (g) HE images of livers and kidneys of the AD mice treated by NC-KLVFF, and the mice treated with PBS as a control. Scale bar, 100 μm.
Data are presented as mean ± s.e.m. from nine independent experiments. aThe number of mice reduced to eight on the ﬁfth day. bThe number of
mice reduced to eight, seven, six and ﬁve on the fourth, ﬁfth, sixth and seventh day, respectively. Signiﬁcance levels are expressed as asterisks: ∗P <
0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, ∗∗∗∗P < 0.0001 via one-way ANOVA with Tukey’s multiple comparisons test.

microscope, signiﬁcant higher level of Aβ (FITC-labeled)
uptake were observed from the cells incubated with Aβ/NCKLVFF (Figure 4d, shown in a square frame with a dotted
line), compared to those incubated with Aβ/PBS, Aβ/KLVFF,
and Aβ/NC. FACS analysis also conﬁrmed this observation,
showing that the amount of the Aβ in BV-2 cells incubated
with Aβ/NC-KLVFF were 1.5-fold, 1.3-fold, and 1.5-fold
higher than those of Aβ/PBS, Aβ/KLVFF, and Aβ/NC group,
respectively (Figure 4e). As expected, the microglia treated
with Aβ/NC-KLVFF exhibited signiﬁcant lower level of TNF-

because the oligomeric Aβ triggers microglia to secrete proinﬂammatory cytokines, such as tumor necrosis factor (TNFα), which eventually down-regulate the expression of Aβbinding scavenger receptors (e.g., class A scavenger receptor
(SRA), CD36) on microglia.14,42,43 Therefore, treatments like
NC-KLVFF that converts Aβ oligomers to nonpathogenic Aβ/
NC-KLVFF clusters might regain microglia’s phagocytosis and
facilitate eﬀective Aβ clearance. To verify this hypothesis,
murine microglial (BV-2) cells were employed to study the
phagocytic responses.44−46 As observed with ﬂuorescence
G
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α secretion than those treated with Aβ/PBS, Aβ/KLVFF, and
Aβ/NC (Figure 4f and S13), suggesting that Aβ/NC-KLVFF
clusters might eﬀectively assist microglia to regain the
capability of Aβ phagocytosis.
To conﬁrm that the TNF-α secretion induced by Aβ
oligomers was substantially regulated microglia’s phagocytosis,
we incubated TNF-α treated and untreated (control) BV-2
microglia with ﬂuorescently labeled Aβ/NC-KLVFF clusters
for 3 h, respectively (Figure 4g, FITC-labeled Aβ and RhBlabeled NC-KLVFF). In the present of TNF-α, the yellow
signal (merged, Aβ/NC-KLVFF clusters) was observed on cell
surfaces, but not in the cytoplasmic matrix (Figure 4g,
indicated by white arrows). The colocalization studies of
Aβ/NC-KLVFF clusters and lysosome further conﬁrmed the
role of TNF-α on microglia’s phagocytosis. As shown in Figure
4h and 4i, cells treated with TNF-α exhibited a negligible
colocalization (Pearson’s correlation coeﬃcient = 0.09),
compared with that of the untreated cells (0.40). These
results indicated that the Aβ/NC-KLVFF clusters cannot be
phagocytized eﬃciently when the microglia were preincubated
with TNF-α. To further determine the phagocytosis in this
process, the levels of SRA and CD36 expression on microglia
were measured by FACS. The microglia treated with PBS and
TNF-α were used as the negative and positive controls,
respectively (Figure 4i and 4k). As expected, treatment of BV-2
microglia with TNF-α and Aβ oligomers overnight resulted in
a signiﬁcant decrease in the expression of both SRA (76.3%
and 84.6%) and CD36 (72.6% and 69.7%) membrane protein.
However, negligible down-regulation of SRA (103%) and
CD36 (94%) was observed from the cells treated with Aβ/NCKLVFF clusters. These results suggested that the Aβ/NCKLVFF clusters could relieve the reduction in the expression of
Aβ-binding scavenger receptors, and eventually allowed
microglia regaining the phagocytosis capability.
The capability of NC-KLVFF in reducing Aβ’s neurotoxicity
was ﬁrst evaluated by comparing the brain damages caused by
Aβ oligomers and Aβ/NC-KLVFF clusters. To this aim, the
hippocampus neuronal morphology and the Aβ levels were
observed from the brains of mice after the diﬀerent treatments.
The mixture of Aβ/PBS, Aβ/KLVFF, and Aβ/NC-KLVFF
were ﬁrst intracerebroventricular (i.c.v.) injected into six-weekold ICR-Swiss mice via stereotaxic surgery, respectively (9
mice per group, 10 μg Aβ/mice, 1.6 μg KLVFF/mice, 8 μg
NC-KLVFF/mice, 1 μg NC-KLVFF contained 0.2 μg
KLVFF). The brain tissues at the injection sites were sectioned
after 4 weeks (two-week sections were also showed in Figure
S14 and S15), and stained with hematoxylin and eosin (HE),
Congo red (CR), and immunohistochemistry (IHC) of Aβ
and TNF-α, respectively. For the mice treated with Aβ/PBS,
karyopyknosis with classical apoptotic features including
condensed and hyperchromatic nuclei were observed, with
obvious Aβ deposition and TNF-α secretion around the
neurons in dentate gyrus (DG) subregion (Figure 5a, indicated
by white arrows). In contrast, negligible karyopyknosis, Aβ
deposition, and TNF-α were observed from the mice treated
with Aβ/NC-KLVFF, suggesting that NC-KLVFF eﬀectively
mitigated the neuron damages caused by Aβ and accelerated
Aβ’s elimination out of the brain. This result was further
conﬁrmed using TUNEL assay (Figure 5b), indicating
negligible apoptosis in the DG subregion of the mice treated
with Aβ/NC-KLVFF in comparison with those treated with
Aβ/KLVFF and Aβ/PBS. Interestingly, neuron apoptosis and
brain damages were observed from the mouse brain treated

with Aβ/KLVFF despite the low level of TNF-α secretion
indicating the eﬀective reduction of Aβ oligomers by KLVFF.
Therefore, the neuron apoptosis and brain damages should be
caused by the toxicity of KLVFF itself. This hypothesis was
veriﬁed by the signiﬁcant weight loss (Figure 5c) and lower
survival rate (55.6%, Figure S16) of the mice treated with Aβ/
KLVFF. These evidence collectively suggest that NC-KLVFF
can eﬀectively reduce the neurotoxicity of Aβ oligomers by
forming Aβ/NC-KLVFF clusters, providing a potential strategy
to mitigate the neurotoxicity induced by Aβ and facilitate the
removal of Aβ or its aggregates in vivo.
For treating AD, it is of importance for the nanocomposites
to cross blood-brain barrier (BBB). To evaluate the capability
of the nanocomposites in crossing BBB, untreated normal mice
were employed to perform this study. Cy5.5-labeled NCKLVFF was injected via tail vein at the dosage of 100 μL (1 mg
mL−1). The mice were then sacriﬁced and the brains were
harvested for ex vivo imaging 3 h post the injection. According
to the results (Figure 5d,e), the ﬂuorescence signal of Cy5.5
was observed clearly in the mouse brain, indicating the
successful brain accumulation of NC-KLVFF. Such brain
accumulation could be further enhanced by coinjection of NCKLVFF with cyclosporine (Cs), which was veriﬁed to
eﬀectively increase the permeability of blood-brain barrier
(BBB) via regulating P-glycoprotein (P-gp) function.47 As
shown in Figure 5e, coinjection of Cs led to a 1.4-fold increase
of NC-KLVFF accumulation in the mouse brain.
Finally, the performance of NC-KLVFF in neurotoxicity
mitigation and Aβ elimination in vivo was studied using AD
mice. To obtain AD mouse model with early Aβ deposition,
Aβ solution was intracerebroventricular injected into six-weekold ICR-Swiss mice via stereotaxic surgery (5 mice per group,
10 μg Aβ/mice). NC-KLVFF was then intravenously
administrated to the AD mice every other day for 3 weeks at
the dosage of 100 μL (1 mg mL−1). Equal volumes of PBS and
KLVFF solution (200 μg mL−1) were also administrated to AD
mice for the comparison. One week after the treatments, the
mice were sacriﬁced and the hippocampus neuronal morphology and Aβ levels were observed. As excepted, signiﬁcant
karyopyknosis with obvious Aβ deposition and TNF-α
secretion around the neurons in dentate gyrus (DG) subregion
were observed from the mice treated with PBS only (Figure 5f,
indicated by white arrows). For the mice treated with KLVFF,
although the Aβ deposition and the TNF-α level in brain were
reduced, signiﬁcant neuron damages and apoptosis were still
observed due to the neurotoxicity of KLVFF. In contrast,
negligible karyopyknosis, Aβ deposition or TNF-α could be
observed from the mice treated with NC-KLVFF, suggesting
that NC-KLVFF eﬀectively mitigated the neuron damages
caused by Aβ and accelerated Aβ’s elimination out of the brain.
Considering the high accumulation of NC-KLVFF in liver and
kidney after intravenous injection (Figure S17), the toxicity of
NC-KLVFF was further investigated by histopathology assays
(Figure 5g). No signiﬁcant diﬀerences were detected in
pathological signs (liver and kidney) between the NCKLVFF-treated mice and PBS-treated mice. Collectively, with
negligible toxicity and eﬀective mitigation of Aβ’s neurotoxicity, NC-KLVFF might provide a promising strategy for the
development of novel and eﬀective AD treatments.
In summary, we have demonstrated a rational design of
nanocomposites (NC-KLVFF) that can eﬀectively mitigate
Aβ-mediated neurotoxicity and protect hippocampal neurons
against apoptosis in AD mice. The neurotoxicity mitigation
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was achieved by the interference of Aβ aggregation using NCKLVFF, leading to the formation of nontoxic Aβ/NC-KLVFF
nanoclusters rather than neurotoxic Aβ oligomers. With the
elimination of Aβ oligomers, NC-KLVFF reduced the neuron
damages as well as suppress the oligomer-induced proinﬂammatory responses in AD brain. With the reduction of
pro-inﬂammatory cytokines, endocranial microglia regain their
capability of Aβ clearance by restoring the SRA and CD36
expression to normal level. Considering that more eﬃcient
treatments for AD are highly demanded, we foresee that the
nanocomposites like NC-KLVFF will provide a promising
strategy in the development of novel AD treatments.

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications Web site. The Supporting Information is
available free of charge on the ACS Publications website at
DOI: 10.1021/acs.nanolett.8b03644.
Supporting ﬁgures and equation (PDF)

■

AUTHOR INFORMATION

Corresponding Authors

*E-mail: shilinqi@nankai.edu.cn.
*E-mail: kang97061@tmu.edu.cn.
*E-mail: yliu@nankai.edu.cn.
ORCID

Lehui Xiao: 0000-0003-0522-2342
Linqi Shi: 0000-0002-9534-795X
Yang Liu: 0000-0001-5752-5180
Author Contributions
#

These authors contributed equally to this work.

Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
This work is supported by National Natural Science
Foundation of China (NSFC, Nos. 51673100, 91527306 and
PCSIRT (IRT1257)), National Key Research and Development Program (Nos. 2018YFA0209700 and
2016YFC0902502), Thousand Talents Program for Young
Professionals, and the Fundamental Research Funds for the
Central Universities.

■

REFERENCES

(1) Mattson, M. P. Pathways towards and away from Alzheimer’s
disease (vol 430, pg 631, 2004). Nature 2004, 430, 631−639.
(2) Qian, X.; Hamad, B.; Dias-Lalcaca, G. The Alzheimer disease
market. Nat. Rev. Drug Discovery 2015, 14, 675−676.
(3) Gjoneska, E.; Pfenning, A. R.; Mathys, H.; Quon, G.; Kundaje,
A.; Tsai, L.-H.; Kellis, M. Conserved epigenomic signals in mice and
humans reveal immune basis of Alzheimer’s disease. Nature 2015,
518, 365−369.
(4) Jack, C. R., Jr.; Knopman, D. S.; Jagust, W. J.; Shaw, L. M.; Aisen,
P. S.; Weiner, M. W.; Petersen, R. C.; Trojanowski, J. Q. Hypothetical
model of dynamic biomarkers of the Alzheimer’s pathological cascade.
Lancet Neurol. 2010, 9, 119−128.
(5) Selkoe, D. J.; Hardy, J. The amyloid hypothesis of Alzheimer’s
disease at 25years. EMBO Mol. Med. 2016, 8, 595−608.
(6) Ross, C. A.; Poirier, M. A. Protein aggregation and neurodegenerative disease. Nat. Med. 2004, 10, S10−S17.
(7) Morris, R. J.; Eden, K.; Yarwood, R.; Jourdain, L.; Allen, R. J.;
Macphee, C. E. Mechanistic and environmental control of the
I

DOI: 10.1021/acs.nanolett.8b03644
Nano Lett. XXXX, XXX, XXX−XXX

Letter

Nano Letters
IAPP Amyloidogenesis In Vivo with Chiral Silica Nanoribbons. Small
2018, 1802825.
(25) Liao, Y. H.; Chang, Y. J.; Yoshiike, Y.; Chang, Y. C.; Chen, Y. R.
Negatively charged gold nanoparticles inhibit Alzheimer’s amyloidbeta fibrillization, induce fibril dissociation, and mitigate neurotoxicity. Small 2012, 8, 3631−9.
(26) Mahmoudi, M.; Kalhor, H. R.; Laurent, S.; Lynch, I. Protein
fibrillation and nanoparticle interactions: opportunities and challenges. Nanoscale 2013, 5, 2570−88.
(27) Wagner, S. C.; Roskamp, M.; Pallerla, M.; Araghi, R. R.;
Schlecht, S.; Koksch, B. Nanoparticle-induced folding and fibril
formation of coiled-coil-based model peptides. Small 2010, 6, 1321−
8.
(28) Song, Y.; Cheng, P. N.; Zhu, L.; Moore, E. G.; Moore, J. S.
Multivalent macromolecules redirect nucleation-dependent fibrillar
assembly into discrete nanostructures. J. Am. Chem. Soc. 2014, 136,
5233−6.
(29) Biancalana, M.; Koide, S. Molecular mechanism of Thioflavin-T
binding to amyloid fibrils. Biochim. Biophys. Acta, Proteins Proteomics
2010, 1804, 1405−12.
(30) LeVine, H., 3rd Quantification of beta-sheet amyloid fibril
structures with thioflavin T. Methods Enzymol. 1999, 309, 274−84.
(31) Selvin, P. R. The renaissance of fluorescence resonance energy
transfer. Nat. Struct. Biol. 2000, 7, 730−4.
(32) Liu, Y.; Du, J.; Yan, M.; Lau, M. Y.; Hu, J.; Han, H.; Yang, O.
O.; Liang, S.; Wei, W.; Wang, H.; Li, J.; Zhu, X.; Shi, L.; Chen, W.; Ji,
C.; Lu, Y. Biomimetic enzyme nanocomplexes and their use as
antidotes and preventive measures for alcohol intoxication. Nat.
Nanotechnol. 2013, 8, 187−92.
(33) Zhu, L.; Song, Y.; Cheng, P. N.; Moore, J. S. Molecular Design
for Dual Modulation Effect of Amyloid Protein Aggregation. J. Am.
Chem. Soc. 2015, 137, 8062−8.
(34) Jiang, S.; Cao, Z. Ultralow-fouling, functionalizable, and
hydrolyzable zwitterionic materials and their derivatives for biological
applications. Adv. Mater. 2010, 22, 920−32.
(35) Zhang, L.; Liu, Y.; Liu, G.; Xu, D.; Liang, S.; Zhu, X.; Lu, Y.;
Wang, H. Prolonging the plasma circulation of proteins by nanoencapsulation with phosphorylcholine-based polymer. Nano Res.
2016, 9, 2424−2432.
(36) Wood, S. J.; Maleeff, B.; Hart, T.; Wetzel, R. Physical,
morphological and functional differences between ph 5.8 and 7.4
aggregates of the Alzheimer’s amyloid peptide Abeta. J. Mol. Biol.
1996, 256, 870−7.
(37) Ke, P. C.; Sani, M. A.; Ding, F.; Kakinen, A.; Javed, I.;
Separovic, F.; Davis, T. P.; Mezzenga, R. Implications of peptide
assemblies in amyloid diseases. Chem. Soc. Rev. 2017, 46, 6492−6531.
(38) Cohen, S. I.; Linse, S.; Luheshi, L. M.; Hellstrand, E.; White, D.
A.; Rajah, L.; Otzen, D. E.; Vendruscolo, M.; Dobson, C. M.;
Knowles, T. P. Proliferation of amyloid-beta42 aggregates occurs
through a secondary nucleation mechanism. Proc. Natl. Acad. Sci. U. S.
A. 2013, 110, 9758−63.
(39) Salter, M. W.; Beggs, S. Sublime microglia: expanding roles for
the guardians of the CNS. Cell 2014, 158, 15−24.
(40) Heppner, F. L.; Ransohoff, R. M.; Becher, B. Immune attack:
the role of inflammation in Alzheimer disease. Nat. Rev. Neurosci.
2015, 16, 358−72.
(41) Prinz, M.; Priller, J. Microglia and brain macrophages in the
molecular age: from origin to neuropsychiatric disease. Nat. Rev.
Neurosci. 2014, 15, 300−12.
(42) Heneka, M. T.; Carson, M. J.; El Khoury, J.; Landreth, G. E.;
Brosseron, F.; Feinstein, D. L.; Jacobs, A. H.; Wyss-Coray, T.;
Vitorica, J.; Ransohoff, R. M.; Herrup, K.; Frautschy, S. A.; Finsen, B.;
Brown, G. C.; Verkhratsky, A.; Yamanaka, K.; Koistinaho, J.; Latz, E.;
Halle, A.; Petzold, G. C.; Town, T.; Morgan, D.; Shinohara, M. L.;
Perry, V. H.; Holmes, C.; Bazan, N. G.; Brooks, D. J.; Hunot, S.;
Joseph, B.; Deigendesch, N.; Garaschuk, O.; Boddeke, E.; Dinarello,
C. A.; Breitner, J. C.; Cole, G. M.; Golenbock, D. T.; Kummer, M. P.
Neuroinflammation in Alzheimer’s disease. Lancet Neurol. 2015, 14,
388−405.

(43) Koenigsknecht-Talboo, J.; Landreth, G. E. Microglial
phagocytosis induced by fibrillar beta-amyloid and IgGs are
differentially regulated by proinflammatory cytokines. J. Neurosci.
2005, 25, 8240−9.
(44) Bocchini, V.; Mazzolla, R.; Barluzzi, R.; Blasi, E.; Sick, P.;
Kettenmann, H. An immortalized cell line expresses properties of
activated microglial cells. J. Neurosci. Res. 1992, 31, 616−21.
(45) Simard, A. R.; Soulet, D.; Gowing, G.; Julien, J. P.; Rivest, S.
Bone marrow-derived microglia play a critical role in restricting senile
plaque formation in Alzheimer’s disease. Neuron 2006, 49, 489−502.
(46) Richman, M.; Perelman, A.; Gertler, A.; Rahimipour, S.
Effective targeting of Abeta to macrophages by sonochemically
prepared surface-modified protein microspheres. Biomacromolecules
2013, 14, 110−6.
(47) Luo, Q.; Lin, Y. X.; Yang, P. P.; Wang, Y.; Qi, G. B.; Qiao, Z. Y.;
Li, B. N.; Zhang, K.; Zhang, J. P.; Wang, L.; Wang, H. A selfdestructive nanosweeper that captures and clears amyloid betapeptides. Nat. Commun. 2018, 9, 1802.

J

DOI: 10.1021/acs.nanolett.8b03644
Nano Lett. XXXX, XXX, XXX−XXX

