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ABSTRACT: Aggregation of amyloid S-protein (Af) into amyloid
oligomers and fibrils is pathologically linked to Alzheimer’s disease
(AD). Hence, the inhibition of Af} aggregation is essential for the
prevention and treatment of AD, but the development of potent
agents capable of inhibiting A fibrillogenesis has posed significant
challenges. Herein, we designed Ac-LVFFARK-NH, (LK7) by
incorporating two positively charged residues, R and K, into the
central hydrophobic fragment of Af17—21 (LVFFA) and examined
its inhibitory effect on Af42 aggregation and cytotoxicity by
extensive physical, biophysical, and biological analyses. LK7 was
observed to inhibit Af42 fibrillogenesis in a dose-dependent
manner, but its strong self-assembly characteristic also resulted in
high cytotoxicity. In order to prevent the cytotoxicity that resulted
from the self-assembly of LK7, the peptide was then conjugated to
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the surface of poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) to fabricate a nanosized inhibitor, LK7@PLGA-NPs. It
was found that LK7@PLGA-NPs had little cytotoxicity because the self-assembly of the LK7 conjugated on the NPs was
completely inhibited. Moreover, the NPs-based inhibitor showed remarkable inhibitory capability against Af42 aggregation and
significantly alleviated its cytotoxicity at a low LK7@PLGA-NPs concentration of 20 yg/mL. At the same peptide concentration,
free LK7 showed little inhibitory effect. It is considered that several synergetic effects contributed to the strong inhibitory ability
of LK7@PLGA-NPs, including the enhanced interactions between Af42 and LK7@PLGA-NPs brought on by inhibiting LK7
self-assembly, restricting conformational changes of AB42, and thus redirecting Af42 aggregation into unstructured, off-pathway
aggregates. The working mechanisms of the inhibitory effects of LK7 and LK7@PLGA-NPs on Af}42 aggregation were proposed
based on experimental observations. This work provides new insights into the design and development of potent NPs-based

inhibitors against Af aggregation and cytotoxicity.
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1. INTRODUCTION

Alzheimer’s disease (AD), the most common form of senile
dementia, is pathologically featured by the accumulation of
intracellular neurofibrillary tangles formed by tau proteins and
extracellular senile plagues by amyloid f-proteins (Af) in the
patient brain."” A containing 39—43 residues is normally
produced by sequential cleavage of the amyloid precursor
protein (APP) by both f$- and y-secretases.” Upon cleavage,
AP40 and AP42 are the two most common isoforms, where
Ap42 is considered as the most toxic form while AS40 as the
most abundant form. Many studies have proven that the
aggregation of Af into amyloid fibrils containing characteristic
cross-f-sheet structure in the brain of AD patients is tightly
linked to the pathogenesis of AD.* Moreover, it is generally
accepted that soluble Af oligomers or protofibrils are the most
toxic species, responsible for neuron dysfunction and death.
Therefore, inhibition of Af aggregation at the very early stage
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could be a promising treatment for preventing or delaying the
onset of AD.

Significant efforts and progress have been made to develop
different amyloid inhibitors, including small organic com-
pounds,®'° peptides and peptide mimetics,'* antibodies,'* and
nanoparticles (NPs)."> They were found to be capable of
binding to Af, preventing Af polymerization into fibrils, and/
or reducing cell toxicity in vitro.'* Among them, some peptides
and peptide derivatives were found to inhibit AS aggregation,
and most peptide-based inhibitors were derived from the Af
sequence, particularly from the central hydrophobic sequence
AB16—20 (KLVFF)" and C-terminal fragment Af39—42
(VVIA).'® Due to highly homologous sequences between Af
and its fragments, it is not surprising that Af fragmental
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inhibitors could interact with a similar sequence or structure of
Ap to interfere with Af aggregation.

NPs have attracted substantial attention in the therapeutics
of AD due to their unique structural superiority, high stability,
ease of surface functionalization and modification, and ready
ability to cross the blood—brain barrier (BBB).'”'® Several
NPs, including PEGylated NPs," polymeric NPs,**~** Fe,0,
NPs,* gold NPs,>*8 and fullerene NPs,* have been identified
for their inhibitory ability to prevent amyloid fibrillation. The
inhibition performance of NPs is largely controlled by their
intrinsic structural and surface properties (i.e., size and shape,
net charge and its distribution, and surface hydrophobicity),
which in turn control the interactions between Af and NPs to
regulate Af3 aggregation.’*** Liao et al.*® have reported that
the negatively charged gold NPs inhibited Af fibrillation and
reduced ApP40-induced cell toxicity. Moreover, some anti-
amyloid molecules such as curcumin,®** EGCG,* and
peptides,*® were conjugated with NPs to further enhance the
inhibitory performance of NPs. These NPs functionalized by
anti-amyloid molecules can generally help to improve binding
affinity and specificity between anti-amyloid inhibitors and
AB,*' penetration ability to cross the BBB,* and solubility.”’
These advantages offer more feasibility and flexibility to
develop effective NP-based inhibitors for AD treatment.

Poly(lactic-co-glycolic acid) (PLGA) NP is a US FDA-
approved NP for drug delivery, owing to its excellent
biocompatibility and biodegradability.** In this study, peptide-
functionalized PLGA-NPs were developed as an Af} aggregation
inhibitor. First, a novel heptapeptide, Ac-LVFFARK-NH,
(LK7), was rationally designed and its anti-amyloid capacity
was examined. Despite enhanced anti-amyloid capacity as
compared to its precursor peptide LVFFA, the strong self-
aggregation character and the corresponding toxicity would
hinder its further practical applications. In order to overcome
the above limits, LK7 peptides were conjugated to the surface
of PLGA-NPs to obtain a nanosized inhibitor, LK7@PLGA-
NPs. Then, the inhibitory effects of LK7 @PLGA-NPs on Af42
aggregation and cytotoxicity were extensively examined by
using thioflavin-T (ThT), transmission electron microscopy
(TEM), dynamic light scattering (DLS), circular dichroism
(CD), and cell viability assay. Finally, we explored the
molecular mechanisms of the inhibitory effects of LK7 and
LK7@PLGA-NPs on Af42 aggregation.

2. EXPERIMENTAL SECTION

2.1. Materials. PLGA (lactide:glycolide 50/50, M,, ~17 000 Da),
poly(vinyl alcohol) (PVA, M,, 9000—10000 Da, 80% hydrolyzed),
dimethyl sulfoxide (DMSO), hexafluoro-2-propanol (HFIP), and ThT
were purchased from Sigma-Aldrich (St. Louis, MO). Both Af42 and
heptapeptide LK7 (>95% purity) were purchased from GL Biochem
(Shanghai, China). Dulbecco’s modified Eagle’s medium (DMEM)
and fetal bovine serum were obtained from Gibco Invitrogen (Grand
Island, NY). All other chemicals were the highest purity available from
local sources.

2.2. Ap42 Preparation. Ap42 was prepared as described in the
literature.*® AB42 was first dissolved in HFIP solutions to a final
concentration of 1.0 mg/mL. The solution was in quiescence at least 2
h and then sonicated for 30 min to destroy the pre-existing Af
aggregates. Thereafter, the solution was centrifuged for 30 min at
15000g and 4 °C to remove the existing Af aggregates. About the top
75% of supernatant was collected and the solvent was removed by
vacuum freeze-drying overnight. Before use, A was dissolved in 10.0
mM NaOH, centrifuged for 20 min at 16 000g and 4 °C to remove the
aggregates, and then diluted with 10.0 mM phosphate buffer solution
(PBS) (100 mM NaCl, pH 7.4) to a final concentration of 40 uM.
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2.3. Synthesis and Characterization of PLGA-NPs. PLGA-NPs
were produced using an emulsion solvent evaporation method.**
Briefly, 100 mg of PLGA was dissolved in 10.0 mL of acetonitrile.
Then, the solution was added dropwise to 20.0 mL of PVA solution
(2% w/v) and kept stirring at 800 rpm for 3 h. After evaporation of
acetonitrile, PLGA-NPs were collected by centrifugation at 12 000g for
4S min. Then, PLGA-NPs were washed three times using deionized
water. Finally, PLGA-NPs were suspended in PBS buffer solutions for
further use. The structural properties (e.g., morphology, size, and {-
potential) of PLGA-NPs were determined by TEM and dynamic light
scattering (DLS) experiments.

2.4. Conjugation of LK7 to PLGA-NPs. Before use, PLGA-NPs
were suspended in deionized water at a concentration of 5 mg/mL.
The NPs were activated in the presence of 0.4 M N-(3-
(dimethylamino)propyl)-N'-ethylcarbodiimide hydrochloride and 0.1
M N-hydroxysuccinimide at 25 °C for 1 h with gently stirring. Then,
LK7 was added to a final concentration of 0.5 mg/mL, and the mixture
was mixed well and incubated for 4 h at room temperature with gentle
stirring. To remove excess reactants and precipitates, the resulting
PLGA-NPs were dialyzed for 3 d and collected successively by 10 kDa
ultrafiltration membrane and 0.45 M filtration membrane. The
obtained LK7@PLGA-NPs were resuspended in PBS buffer solution
and deionized water, respectively. LK7@PLGA-NPs were dissolved in
50% DMSO-dg and 50% CDCly, and their chemical structure was
validated by 'H NMR.

2.5. Thioflavin T (ThT) Fluorescence Assay. Af42 was dissolved
in DMSO and centrifuged at 16 000g for 20 min to remove the
aggregates. Then, the obtained Af42 solution was immediately diluted
to 40 uM with 10 mM PBS buffer solution (pH 7.4, NaCl 100 mM).
Thereafter, Af42 solutions were incubated at 37 °C with various
concentrations of inhibitors, and continuous shaking at 150 rpm was
employed. Aliquots of incubation solutions at different time points
were then diluted 20 times into ThT solution (25 uM ThT in 25 mM
PB buffer, pH 6.0). ThT fluorescence was measured by a fluorescence
spectrophotometer (LS-5S, PerkinElmer) at 25 °C. The slit width was
S nm. ThT emission was monitored at 480 nm with the excitation at
440 nm. The fluorescence intensity of solution without AS42 was
subtracted as background from each read with Ap42. Three
measurements were performed and the data were averaged.

2.6. Transmission Electron Microscopy. The morphology of
Ap42 aggregates with or without inhibitors was studied using TEM.
The incubation solutions were diluted to appropriate concentrations,
dropped onto Formvar carbon-coated copper grids (400-mesh), and
air-dried for 2 min. Then the samples were stained with 2%
phosphotungstic acid for S min, and excess solution was removed by
filter paper. Finally, the stained samples were examined and
photographed using a JEM-100CXII TEM system (JEOL Inc,
Tokyo, Japan) with an accelerating voltage of 100 kV.

2.7. Dynamic Light Scattering. The size distribution of NPs and
NP—Af42 aggregates were measured using a Malvern Nanosizer 2000.
The NP solutions and the incubation solutions of A#42 with NPs were
diluted to the appropriate concentrations, transferred into a clear
disposable zeta cell, and measured at 25 °C. Three measurements of
each sample were employed at a single backscatter angle of 173°.

2.8. Circular Dichroism (CD) Spectroscopy. The CD spectra of
40 uM Ap42 monomer solution in the absence and presence of
inhibitors were recorded using a J-810 circular dichroism spectropo-
larimeter (JASCO). A quartz cell with 1 mm path length was used for
far-UV (190—260 nm) measurements with 1 nm bandwidth at a scan
speed of 100 nm/min. The background signal of solution without
Ap42 was subtracted from the sample spectra. All CD spectra were the
average of three consecutive scans for each sample.

2.9. Cytotoxicity Assay. In vitro cytotoxicity assays were
performed using two neuronal cell lines (ie, SH-SYSY and PCI2)
which have been commonly used as in vitro cellular models for AD.
Two different kinds of cytotoxicity test methods [ie, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and
lactate dehydrogenase (LDH) leakage assays] were used to determine
the cell viability.*® The MTT method is a colorimetric assay for
assessing cell viability.*® Instead, the LDH leakage assay, a well-known
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indicator of cell membrane integrity and cell viability, is based on the
measurement of lactate dehydrogenase released in the extracellular
medium upon cell death and lysis.*” SH-SYSY cells were cultured in
DMEM/F-12 medium supplemented with 20% fetal bovine serum
(FBS) and 2 mM L-glutamine. PC12 cells were cultured in DMEM
supplemented with 10% FBS. In MTT assay, the cells were plated at a
density of 5000 cells/well in 96-well plates with 90 uL of fresh
medium. After incubation for 24 h, the aged Af aggregates with
different concentrations of inhibitors (10 L each well) were added
into the plates, and the cells were incubated for another 48 h. After
that, 10 uL of MTT solutions (6.0 mg/L) was added into each well,
and the plates were incubated for another 4 h. The culture medium
was removed by centrifugation, and the precipitated cells were lysed
using DMSO. After the purple crystals were dissolved completely, the
cell viability was calculated from the absorbance signals measured by a
plate reader (Tecan) at 570 nm wavelength. The wells containing
medium only were subtracted as the background from each reading.
The cell viability data were normalized as a percentage of the control
group without A$42 and inhibitors.

In the LDH leakage assay, cell death was quantitatively assessed by
measuring the release of LDH. Briefly, after 24 h seeding, the culture
medium was replaced with FBS-free medium, and then Af42 and
inhibitors-modified Af42 (inhibitors were coincubated with Af42
monomers at 37 °C for 24 h) were added into the cells. After
treatment for 48 h, the LDH leakage assay was performed. Prior to
assay, the cells were incubated with 1% (v/v) Triton X-100 in FBS-free
medium at 37 °C for 1 h to obtain a representative maximal LDH
release as the positive control with 100% cytotoxicity. Extracellular
LDH leakage was evaluated using an assay kit (Roche Diagnostics)
according to the manufacturer’s instructions. Briefly, cells in 96-well
plates were centrifuged at 250g for 10 min, 50 uL of culture
supernatant was collected from each well, and 50 L of reaction buffer
supplied in the kit was then added. The leakage of LDH was assessed
at a test wavelength of 490 nm with 630 nm as the reference
wavelength after mixing for 30 min at room temperature. The
cytotoxicity and LDH release data, representative of at least three
independent experiments carried out with different cell culture
preparations, are presented as mean + SEM. Analysis of variance
was carried out for statistical comparisons using t-test, and p < 0.05 or
less was considered to be statistically significant.

3. RESULTS AND DISCUSSION

3.1. Design of Heptapeptide LK7 and Examination of
Its Inhibitory Effect on Af42 Fibrillation. Some fragments
of full-length AB40/42 (i.e., KLVFF and LVFFA) were found
to bind to Af and are often used as a basic element for
designing new peptide inhibitors against Af aggregation.***’
The pentapeptide LVFFA can bind to the similar #-sheet region
of Ap via hydrophobic interactions and hydrogen bonds, thus
preventing Af fibrillation (Figure 1) ;°° however, LVFFA is a
weak inhibitor. Soto et al.>" found that when incubating 1 ug/
uL AP42 with a 10-fold molar excess of LVFFA, ~92% fibrils
were still formed. In wild-type A sequence, two negatively
charged residues, E and D, are next to LVFFA (i.e., LVFFAED)
near the N-terminal f-sheet region. To improve potential
binding affinity between LVFFA-based inhibitor and Af, two
positively charged residues, R and K, were purposely
incorporated into LVFFA, yielding a new heptapeptide
inhibitor, LVFFARK (LK7). We expect that not only the
high sequence similarity of LK7 would promote its binding with
the corresponding region of the target Af but also the RK in
LK?7 would bind more strongly to the target ED residues in AS
via enhanced electrostatic interactions. Both effects will lead to
a better peptide inhibitor against A3 aggregation.

As a proof-of-concept, the inhibitory effect of LK7 on Af42
aggregation was first examined using ThT fluorescence and
TEM (Figure 2). Figure 2a showed the aggregation kinetics of
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Figure 1. Rational design of peptide inhibitor LK7 and its interaction
with the fibril form of Af42. The amino acids of LK7 and Af42 are
signified by single-letter code. Red, dashed arrows represent
hydrophobic interactions between hydrophobic residues, while yellow,
dashed arrows represent the electrostatic interactions between charged
residues.

amyloid fibril formation at different molar ratios of LK7:Af42
using the time-dependent ThT fluorescence. When incubating
40 uM ApP42 alone at 37 °C for 72 h, the ThT fluorescence
profile showed an almost negligible lag phase, a fast growth
phase within 12 h, and a steady equilibrium phase after 12 h.
TEM images taken from the same samples of ThT assays also
confirmed that pure Af formed short fibrils at 24 h and long-
branched, thick fibrils at 72 h (Figure 2b). To evaluate LK7
inhibitory activity against A aggregation, we used the
maximum intensity of ThT fluorescence obtained from pure
Af—measured for a total of formation of amyloid fibrils—to
normalize other ThT profiles. Overall, upon incubation of LK7
with freshly prepared AB42 solution (40 uM) at different molar
ratios of LK7:Af (0.2:1, 0.5:1, 1:1, 2:1, and S:1), ThT profiles
showed that LK7 inhibited Af aggregation at substochiometric
concentrations in a dose-dependent manner. At the low
concentration of LK7 (8 uM), LK7 did not exhibit any
inhibitory effect on Af (40 uM) aggregation, as evidenced by
the almost identical ThT curve of LK7/Af compared to that of
pure Af. When LK7 concentration increased to 20 uM (i,
LK7:Af = 0.5:1), the ThT intensity of the LK7/Af mixture was
decreased by ~29% at 24 h and 48% at 72 h, relative to that of
pure A. When the LK7:Ap ratio was further increased to 1:1, a
stronger inhibition on Ap fibrillation formation was observed,
with the final ThT intensity being reduced by ~69%. TEM
images of the samples prepared with the equimolar LK7 only
showed a few amorphous aggregates at 24 h (Figure 2b). When
incubation time was extended to 72 h, small amorphous
aggregates still remained and they did not convert into any
amyloid-like fibrils (Figure 2b). As compared to LK?7, the
coincubation of equimolar LVFFA/AS mixture only reduced
the final ThT intensity by 5% under the same conditions
(Figure S1, Supporting Information), suggesting that LK7 has
much stronger ability to inhibit A amyloid formation than its
precursor LVFFA.

It is interesting to observe that as LK7 concentrations further
increased to 80 and 200 uM, the final ThT intensities of
LK7:Af mixtures at 2:1 and 5:1 molar ratios achieved 42% and
51% relative to that of pure Af, respectively, both of which
were higher than the 31% ThT intensity at LK7:Af of 1:1.
Increased ThT intensities indicated that more Af fibrils were
formed, consistent with TEM images showing a large amount
of fibrils (Figure S2, Supporting Information). We should note
that in all tested LK7:Af mixtures containing the same amount
of Af (40 uM), any increase in final ThT intensity may result
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Figure 2. Inhibition effects of LK7 on Af42 fibrillation. (a) Time-dependent ThT fluorescence changes for Af42 incubated with different
concentrations of LK7. ThT fluorescence of Af42 aggregates without LK7 was defined as 100%. (b) TEM images of the morphologies of Af42
aggregates when coincubating without and with equimolar concentration of LK7 after 24 and 72 h of incubation. AB42 concentration was 40 M.
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Figure 3. Inhibitory effect of LK7 on Af42-induced cytotoxicity using (a) MTT assay and (b) LDH leakage assay. Af} concentration was 40 M. In
the MTT assay, cell viability for treatment with PBS buffer alone was set to 100%. In the LDH leakage assay, the cells were incubated with 1% (v/v)
Triton X-100 in FBS-free medium at 37 °C for 1 h to obtain a representative maximal LDH release as the positive control with 100% cytotoxicity.
#4%p < 0.001, compared to control groups. *p < 0.05, #p < 0.01, #p < 0.001, compared to the AB42-treated group (LK7:Af = 0).
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Figure 4. Cytotoxicity of SH-SYSY induced by LK7 aggregates using (a) MTT assay and (b) LDH leakage assay. In the MTT assay, the cell viability
treated with PBS buffer alone was set to 100%. In the LDH leakage assay, the cells were incubated with 1% (v/v) Triton X-100 in FBS-free medium
at 37 °C for 1 h to obtain a representative maximal LDH release as the positive control with 100% cytotoxicity. *p < 0.05, ***p < 0.001, compared to
control groups.

from either Af fibrils alone or LK7 fibrils. To test this Ap42 concentration ratio was 2:1 or 5:1, the more LK7 that
hypothesis, when incubating LK7 (40 #M and 200 zM) alone self-assembled into fibrils, the less free LK7 in solution that
at 37 °C for 72 h, we observed that LK7 can aggregate into long could interact with Af42 and, consequently, the more AS42
and thick amyloid-like fibrils with morphologies similar to that fibrils that formed, as evidenced by enhanced ThT intensities.

of typical Af fibrils (Figure S3, Supporting Information). L . )
Interestingly, Figure S4 (Supporting Information) shows that Therefore, the loss of inhibitory ability of LK7 at high

different from A fibrils, which excited significant ThT signals, concentrations could be attributed to its self-assembly ability. It
LK?7 fibrils produced almost negligible ThT signals at all LK7 appears that there exist optimal concentrations of LK7 to
concentrations tested from 8 to 200 yM. When the LK7-to- achieve highly effective inhibition of Af fibrillation.
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In order to determine whether LK7 is able to modulate Af-
induced cell death, two neuronal cell lines of SH-SYSY and
PC12 were used to examine the effect of LK7 on the
cytotoxicity of Af aggregates. Figure 3a shows the inhibitory
effect of LK7 on Ap42-induced cytotoxicity against SH-SYSY
cells using the MTT assay. In the absence of LK7, upon 24 h of
incubation of pure AB42 (40 uM) with SH-SYSY cells, A
caused a significant reduction in cell viability of ~45% relative
to the untreated control (Figure 3a). In the presence of 2 yM
LK7, cell viability increased slightly to ~49%. However, as LK7
concentrations increased from 8 to 20 uM, cell viability
decreased slightly to ~47%. This toxic effect became even more
pronounced at high concentrations of LK7. Upon coincubation
of 80 uM LK7 with Af42 (ie, LK7:Af = 2:1), cell viability
decreased to ~29% (Figure 3a). Especially, as LK7 concen-
trations increased to 200 uM (i.e,, LK7:Af = 5:1), cell viability
was only about 10% (Figure 3a). The LDH assay showed a
trend similar to that of SH-SYSY viability in the MTT assay;
i, cell viability decreased with LK7 concentrations (Figure
3b). Consistently, similar cell toxicity results were obtained
using both assays for PC12 cells (Figure SS, Supporting
Information). A combination of aggregate and toxicity data
appears to suggest that inhibition of Af42 fibrillation by LK7
leads to some amorphous aggregates (Figure 2b), which in turn
induce higher toxicity to cells than pure Af aggregates.

It is also equally important to determine whether LK7
aggregates are toxic to cells. Thus, we conducted cell viability
experiments to test the cytotoxic effect of LK7 aggregates alone.
Figures 4 and S6 (Supporting Information) show the
concentration effect of LK7 aggregates (2—200 uM) on
cytotoxicity of both SH-SYSY and PC12 cells. Clearly, LK7
aggregates were cytotoxic to both cells in a dose-dependent
manner [Figures 4 and S6 (Supporting Information)]. In
Figure 4a, treatment of SH-SYSY cells with 80 uM LK7
reduced cell viability to ~31%, and further increase of LK7
concentration to 200 M led to a significant reduction in cell
viability of ~149%. Similar cell toxicity results were obtained
using LDH leakage assays (Figure 4b). Similar concentration
dependence of LK7 on PC12 cell toxicity was obtained (Figure
S6, Supporting Information), consistent with SH-SYSY results.
Considering the self-aggregation feature of LK7 as discussed
above (Figure S3, Supporting Information), we concluded that
the self-assembly of LK7 not only greatly compromised its
inhibitory ability against Af aggregation but also induced strong
cytotoxicity to cells. Thus, LK7 cannot be directly used as a
candidate inhibitor for AD therapy.

3.2. Synthesis and Characterization of LK7-Congu-
gated PLGA-NPs. The aforementioned data have shown that
LK?7 exhibits dose-dependent inhibitory ability to prevent Af
aggregation; however, LK7 also possesses a strong self-assembly
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to form amyloid-like fibrils, which induce strong cytotoxicity to
cells at high concentrations. To remedy the toxicity issue
induced by LK7 aggregates, we proposed to conjugate LK7
onto PLGA-NPs, which would eliminate the self-assembly of
LK7 and thus suppress its self-assembly induced toxicity.
Herein, PLGA-NPs, approved by US FDA, were selected as
the scaffolds to conjugate LK7 to improve its potential
therapeutic efficacy. Figure S7 (Supporting Information)
illustrates the synthesis process for LK7@PLGA-NPs. First,
PLGA-NPs were synthesized using the emulsion evaporation
method as reported in a previous study.”> LK7 was anchored to
PLGA-NPs via the conventional EDC/NHS reaction between
the e-amino group of K residues in LK7 and carboxyl groups on
the surface of PLGA-NPs (Figure S7, Supporting Information).
The conjugation of LK7 onto PLGA-NPs was confirmed by 'H
NMR (Figure S). The 'H NMR spectrum of PLGA-NPs
revealed three typical proton peaks for methyl groups at 1.54
ppm, methylene groups at 4.85 ppm, and methanetriyl groups
at 5.22 ppm, indicated by 1, 2, and 3 in Figure S. For LK7@
PLGA-NPs, the peaks of aromatic protons at 7.00—7.50 ppm
corresponded to FF residues of LK7 (Figure Sb). The peaks of
amide and guanidine protons at 7.80—8.50 ppm corresponded
to all of the residues and the R residue of LK7, respectively.
Comparing the peak area of aromatic groups of LK7 on LK7@
PLGA-NPs with that of PLGA-NPs suggests a grafting rate of
~25% of LK7 on the surface of PLGA-NPs. On the basis of this
grafting ratio, the concentrations of LK7 anchored onto NPs in
20, 100, and 200 pg/mL LK7@PLGA-NPs were estimated to
be 0.29, 1.45, and 2.90 uM, respectively. Moreover, {-potential
is used as a reaction indicator by the comparison between
PLGA-NPs and LK7@PLGA-NPs. We observed that the £-
potential was decreased from —31.07 mV for PLGA-NPs to
—10.04 mV for LK7@PLGA-NPs (Table 1). The reduction of

Table 1. {-Potential and Size Distributions of PLGA-NPs
and LK7@PLGA-NPs

nanoparticle size (nm) PDI {-potential (mV)
PLGA-NPs 150.07 + 0.06 0.04 + 0.02 —31.07 £ 0.25
LK7@PLGA-NPs 161.00 + 1.51 0.21 £+ 0.01 —10.04 + 0.29

{-potential was attributed to the introduction of the positively
charged R and K residues of LK7. Both NMR and {-potential
data confirmed that LK7 was successfully conjugated onto
PLGA-NPs.

IThe structural parameters of PLGA-NPs and LK7@PLGA-
NPs were characterized by DLS and SEM. A SEM image
showed that PLGA-NPs alone had monodispersion and
homogeneous spherical structures, with an average diameter
between 90 and 120 nm (Figure S8, Supporting Information).
DLS data showed an average size of ~150 nm for PLGA-NPs
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(Table 1). The difference in NPs size as measured by SEM and
DLS was because DLS considered the hydration layer of the
NPs, while SEM did not. Upon conjugating LK7 (a small
molecular mass of 0.9 kDa) on the surface of PLGA-NPs, the
average size of LK7@PLGA-NP:s slightly increased to ~161 nm
by DLS (Table 1). Both PLGA-NPs and LK7@PLGA-NPs
showed long stability, retaining their sizes and {-potential in
PBS solution for 7 days.

3.3. Inhibitory Effect of LK7@PLGA-NPs on Ap42
Fibrillation. ThT fluorescence, TEM, and DLS were used to
probe the inhibitory effect of LK7@PLGA-NPs and its control
PLGA-NPs on Ap42 fibrillation. The ThT profiles in Figure 6a
show that PLGA-NPs had almost no inhibitory effect on Af42
aggregation at a low concentration (20 ug/mL), as evidenced
by the almost identical ThT profile compared to that of pure
Ap42. However, when the concentration of PLGA-NPs was
further increased to 100—200 pg/mL, stronger inhibition on
Ap fibril formation was observed, with the final ThT intensities
being decreased by 22%. TEM images in Figure 6b show that
regardless of PLGA-NPs concentrations, PLGA-NPs were able
to capture and adsorb Af42 aggregates, as indicated by the
contrasting dark regions around PLGA-NPs. The presence of
PLGA-NPs of different concentrations showed no obvious
effects on the morphology of Af aggregates, with some short
Ap42 fibrils being observed by TEM.

DLS data showed that pure PLGA-NPs were able to well
maintain their initial hydrodynamic size around 150 nm (Figure
S9a, Supporting Information), with undetectable size change
within 24 h. Upon coincubation of PLGA-NPs (100 pg/mL)
with Ap42 (180 ug/mL), it is apparent from the DLS results
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that the size distribution in Af42 and PLGA-NPs mixtures
increased over time (Figure S9a, Supporting Information). The
initial peak around 150 nm was dramatically decreased at 6 h
and then completely disappeared at 24 h, while simultaneously
producing a new large peak around ~1000 nm. This indicates
that PLGA-NPs can indeed adsorb Af species to form Apf—
PLGA-NPs complexes, consistent with the observation using
TEM in Figure 6b.

LK7@PLGA-NPs at all concentrations tested significantly
inhibited Af42 fibrillation (Figure 7a). Specifically, the
presence of LK7@PLGA-NPs reduced the ThT intensities by
~40% at 20—200 pg/mL at 12 h, as well as by 39.7% at 20 ug/
mL, 42.1% at 100 pug/mL, and 41.5% at 200 ug/mL at 24 h. It
appeared that LK7@PLGA-NPs were more effective at
inhibiting Ap42 aggregation in the early stage. Particularly,
free LK7 (ie., 0.29 uM) and control PLGA-NPs (ie., 20 ug/
mL) exhibited almost no inhibitory effect, but LK7@PLGA-
NPs at the same concentration indeed showed significant
inhibitory capability against Af fibrillation. So, the enhanced
inhibitory ability of LK7@PLGA-NPs was attributed to the
presence of LK7 exposed at the surface of PLGA-NPs. Similar
to PLGA-NPs, TEM images showed that LK7@PLGA-NPs
could still retain the adsorbed Af42 on their surfaces without
disassociation (Figure 7b). DLS data showed a similar increase
in size distribution for an Af42 and LK7@PLGA-NPs mixture
over time, but the presence of LK7@PLGA-NPs led to a rapid
disappearance of the initial 150 nm peak at 6 h (Figure S9b,
Supporting Information). Different from PLGA-NPs, LK7@
PLGA-NPs induced A to form many small amorphous
aggregates (as indicated by a white arrow in Figure 7b). So,
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conjugation of LK7 onto PLGA-NPs could greatly enhance which made LK7@PLGA-NPs prevent the Af fibrillation and
binding affinity between LK7@PLGA-NPs and Ap species, facilitate the formation of amorphous aggregates.
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3.4. Effect of LK7@PLGA-NPs on the Secondary
Structure of Af42. To gain insight into the effects of NPs
on the conformational transition of A#42 upon aggregation, far-
UV CD spectroscopy was applied to monitor the secondary
structure of Af42 over time (Figure 8). As a control, the initial
secondary structure of Af42 was a random coil with a
representative negative minimum of ~195 nm (Figure 8a).
Upon protein aggregation, this peak diminished gradually. After
24 h, a positive peak and a negative valley appeared at around
195 and 215 nm, respectively (Figure 8a). This indicates that
Ap42 converted from its initial random coil to a p-sheet
structure, consistent with previous studies.>>

The presence of 100 ug/mL PLGA-NPs in Af solution
showed a similar conformational transition of A#42 from initial
random coils to f-sheet structures (Figure 8b). But the final
content of f-structures was less than that of Af alone at 24 h
(Figure 8b). That is, PLGA-NPs can notably delay the onset of
the conformational transition of AB42. Figure 8c shows the CD
spectra of Af incubated in the presence of 100 yg/mL LK7@
PLGA-NPs. It is evidenced that the conformational changes of
Ap42 were partially suppressed, as indicated by two broad
negative minimums around 215 and 225 nm at 24 h (Figure
8c). These two distinct bands corresponded to a mixture of a-
helix and pf-sheet structures.* Figure S10 (Supporting
Information) shows the CD spectra of control PLGA-NPs
and LK7@PLGA-NPs without A42 at 0 and 24 h. It can be
seen that these NPs had almost no effect on the CD spectra. It
is concluded that LK7@PLGA-NPs partially inhibited the
conformational transition of Af42 from random coils to f-
sheets, which indicates the inhibitory effects of LK7@PLGA-
NPs on Af aggregation.
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3.5. Effect of LK7@PLGA-NPs on Ap42-Induced
Cytotoxicity. The concentration effects of LK7@PLGA-NPs
and its control PLGA-NPs on cytotoxicity in the absence and
presence of Af were evaluated using both SH-SYSY and PC12
cell lines (Figure 9). MTT assays showed that without Af42,
bare PLGA-NPs at concentrations from 20 to 200 pg/mL
presented almost no cytotoxicity to both cells, as evidenced by
the ~100% cell viability, the same as the untreated control
[Figures 9a and S1la (Supporting Information)]. Consistently,
the LDH leakage assay showed only ~10% LDH leakage when
both cells were treated by 20—200 pg/mL PLGA-NPs, which
was slightly higher than that in the control group [Figures 9b
and S11b (Supporting Information]. Therefore, PLGA-NPs
demonstrated their noncytotoxicity to cells, consistent with
previous results that PLGA-NPs are biocompatible and
nontoxic materials.’**® When incorporating LK7 to nontoxic
PLGA-NPs, MTT assays also showed that LK7@PLGA-NPs
alone exerted an almost noncytotoxic effect on SH-SYSY cells
at a low concentration of 20 ug/mL (ie, ~99% of cell
viability). However, at high concentrations of LK7@PLGA-NPs
(50—200 pg/mL), the cell survival rate was decreased by ~9%
(Figure 9c), suggesting relatively weak toxicity to SH-SYSY
cells. In parallel, the LDH leakage assay showed that the cell
survival rate was reduced slightly from 88% to 85% at all LK7@
PLGA-NPs concentrations tested, 20—200 ug/mL (Figure 9d).
Similar toxicity results were obtained for PC12 cells (Figures
Sllc,d, Supporting Information). Overall, LK7@PLGA-NPs
were demonstrated to be very weakly cytotoxic to cells.

Next, we examined whether LK7@PLGA-NPs and their
control PLGA-NPs can protect the two neuronal cells from Ap-
induced cytotoxicity using both MTT and LDH assays. When
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mixing Ap42 with PLGA-NPs in the cultured cells, it can be
seen clearly in Figure 10a that PLGA-NPs at all concentrations
tested led to cell viability of ~47%, comparable to 45% cell
viability with Ap42 alone. This indicates that despite of
nontoxic nature of PLGA-NPs, PLGA-NPs also cannot
effectively protect the cells from Ap42-induced cell toxicity at
various concentrations. Similar results were obtained using an
alternative LDH leakage assay (Figure 10b) and PC12 cells
(Figures S12a,b, Supporting Information). In contrast, when
LK7@PLGA-NPs of different concentrations were added to
Ap42 solution, they all protected SH-SYSY cells from ApS-
induced apoptosis to some extent, and the protection effect was
dose-dependent. As compared to an Af-induced cell viability of
45.1%, LK7@PLGA-NPs cell viability rates were improved by
8.7% at 20 pg/mL, 18.4% at 50 ug/mL, 37.5% at 100 pug/mL,
and 31.1% at 200 pg/mL (Figure 10c). Figure 10d shows the
cell viability of SH-SYSY in the presence of Af42 using the
LDH leakage assay. Consistently, cell viability was improved
greatly with the increase of LK7@PLGA-NPs concentrations
from 20 to 100 pug/mL, which is consistent with the MTT
results. Similar inhibitory effects of LK7 @PLGA-NPs on Af42-
induced cytotoxicity were also observed for PC12 cells using
both MTT (Figure S12c, Supporting Information) and LDH
leakage assays (Figure S12d, Supporting Information). Taken
together, these results demonstrate that LK7@PLGA-NPs are
promising and effective inhibitors that can reduce Ap42-
induced cytotoxicity to both SH-SYSY and PC12 cells.

3.6. Mechanistic Models for the Inhibitory Action of
LK7 and LK7@PLGA-NPs. On the basis of our collective data,
we proposed mechanistic models to elucidate the inhibitory
effects of LK7 and LK7@PLGA-NPs on Af42 aggregation
(Figure 11). Af} amyloid formation is a multiple self-assembly
process, involving assembly of unfolded monomers to oligomers
(structured aggregates exhibiting f-sheet structure) to proto-
fibrils (elongated aggregates ~2—5 nm in diameter) to fibrils
(entwined protofilaments up to 10 ym in length and 10 nm in
width),>” as shown in Figure 11a. This self-assembly process
also requires different A species to undergo complex
conformational transition and reorganization between species.
LK7 is likely to interact with its homologous sequence of the
parent A and mediate the aggregation of AS (Figure 11b).
Due to their high sequence similarity and concentration-
dependent self-assembly properties (Figure S3, Supporting
Information), both LK7 and Af} may preserve some common
structural recognition motifs for interacting with each other.
Moreover, the presence of two positively charged residues, R
and K, in LK7 provides additional electrostatic interactions
between LK7 and Ap. All these effects lead to the enhanced
LK7—Af interactions, which competitively reduce Ap—Ap
interactions and thus inhibit Af aggregation. However, the self-
assembling ability of LK7 also causes strong cytotoxicity to SH-
SYSY (Figure 4) and PCI12 cells (Figure S6, Supporting
Information). It is well-known that the peptide inhibitors suffer
from poor proteolytic stability. In order to improve pesptlde
stability, it is often necessary to introduce p-amino acids®® and
N-methyl groups®” " to the sequence of LK7. Moreover, LK7
can be easﬂy transformed into peptldomrmetlcs using “retro—
inverso” peptides®’ and cyclic peptides.”> Another common
strategy to improve peptide stability is to conjugate peptides
with NPs, because the conformational flexibility was constricted
after the peptides were coupled with NPs. Moreover, the
electrical double layer formed on the surface of NPs also helps
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Figure 11. Schematic of AB42 fibrillogenesis influenced by different
inhibitors. (a) Aff42 monomers aggregate into mature fibrils through a
well-known nucleation—polymerization mechanism, responsible for
the cell cytotoxicity caused by Af aggregates. (b) LK7 can inhibit
Ap42 fibrillation, but its inhibitory ability was compromised greatly by
its strong self-assembling capacity. Moreover, LK7 aggregates also
induced strong cytotoxicity to cells. (c) PLGA-NPs enable the capture
and adsorbtion of Af42 species onto their surfaces, which reduces Af
concentrations in solution and thus slightly inhibits Ap42 fibrillation
without changing the cytotoxicity level. (d) LK7@PLGA-NPs enable
effective interaction with Af42 to form less toxic Af-LK7@PLGA-NPs
complexes, which rescues the cells from Af-induced cytotoxicity. The
number of skulls indicates the level of toxic Af aggregates.

to decrease the degradation rate of these immobilized
peptides.®®

To overcome the toxicity and poor stability issues of LK7,
PLGA-NPs were used as the scaffold to conjugate LK7 to form
a nanosized inhibitor, LK7@PLGA-NPs. The inhibitory effects
of LK7@PLGA-NPs and its control PLGA-NPs on Af
aggregation and toxicity were carefully examined. Bare PLGA-
NPs showed weak inhibitory activity toward Af fibril formation
(Figure 6a). The inhibition effect of PLGA-NPs was likely
caused by adsorbing Af species from the solution to the surface
of PLGA-NPs (Figure 1lc), which in turn reduced AfS
concentration and its aggregation in solution. This inhibitory
effect became more pronounced at higher concentrations of
PLGA-NPs, consistent with previous studies.

After LK7 was conjugated onto PLGA-NPs, comparison of
the inhibitory effects of LK7@PLGA-NPs and PLGA-NPs on
Af aggregation revealed some interesting similarities and
differences (Figure 11d). First, both NPs were able to capture
and adsorb Af species, as demonstrated by the TEM results
(Figures 6b and 7b), consistent with the previous results.> In
addition, LK7@PLGA-NPs had a weaker negative charge than
PLGA-NPs, which was attributed to the introduction of
positively charged residues R and K of LK7. Since the net
charges of Af42 are roughly —3 at physiological pH, the affinity
between LK7@PLGA-NPs and Af42 species was further
enhanced greatly, which is important to inhibit Af aggregation
and reduce its related cytotoxicity. Therefore, conjugation of

DOI: 10.1021/acsami.5b00915
ACS Appl. Mater. Interfaces 2015, 7, 5650—5662


http://dx.doi.org/10.1021/acsami.5b00915

ACS Applied Materials & Interfaces

Research Article

LK7 onto PLGA-NPs made LK7@PLGA-NPs display some
different inhibitory behaviors. First, LK7 @PLGA-NPs exhibited
better inhibitory potency than PLGA-NPs for Ap fibril
formation, especially at concentrations lower than 20 pug/mL
(Figure 7a). Conversely, the same low PLGA-NPs concen-
tration of 20 pg/mL had almost no inhibitory effect on Af42
aggregation (Figure 6a). Secondary, the presence of LK7@
PLGA-NPs produced small amorphous Af species (Figure 7b),
while the presence of PLGA-NPs led to some short fibrils
(Figure 6b). Furthermore, LK7@PLGA-NPs partially sup-
pressed the conformational change of Af from random coils to
f-sheet structures, while PLGA-NPs did not (Figure 8). Third,
LK7 located at the surface of PLGA-NPs would have high
affinity for A species (e.g, monomer, oligomer, protofibril and
fibril). It is well-known that amyloid oligomers are the most
toxic species generated at the early stage of amyloid
aggregation.64 Therefore, binding of LK7@PLGA-NPs to Ap
monomers and fibrils could either disrupt aggregation pathways
toward the formation of toxic amyloid species or convert the
existing toxic species into nontoxic ones. Alternatively,
formation of AS-NPs complexes could also interfere with
their interactions with cell membranes and membrane
functions, reducing the membrane disruption effects caused
by ApS. The above three effects made LK7@PLGA-NPs possess
a better inhibitory potency than PLGA-NPs (Figures 6 and 7).
Another major difference is that both LK7@PLGA-NPs and
PLGA-NPs displayed different inhibitory abilities to prevent
Ap-induced cytotoxicity. PLGA-NPs themselves were nontoxic
to cells and they did not have influence on Ap-induced
cytotoxicity [Figures 9 and 10, and S11 and S12 (Supporting
Information)]. However, LK7@PLGA-NPs protected SH-
SYSY and PC12 cells from Ap-induced cytotoxicity in a dose-
dependent manner [Figures 10 and S12 (Supporting
Information)]. Therefore, collective data showed that LK7@
PLGA-NPs could redirect the conformational and aggregation
pathways of AfB by converting Af into unstructured,
amorphous, off-pathway aggregates.

Different NP-based inhibitors have been developed to
prevent A aggregation and toxicity.'>****7® Among them,
gold NPs are the most commonly used NPs to be
functionalized with peptide inhibitors for preventing Ap
aggregation, because gold NPs are readily conju%ated with
peptides via the gold—thiol reaction. LPFFD***® and A
fragmentsé9 were reported to conjugate with gold NPs to
selectively capture Af aggregates due to the highly affinity of
these peptides for Af. However, gold NPs are easily aggregated
into large clusters, which are likely to be accumulated in liver
and spleen and cause adverse immune response.”’ Different
from gold NPs, polymeric NPs, especially PLGA-NPs, possess
super-biocompatibility, low toxicity, and rich functional groups,
allowing conjugation with a wide variety of anti-amyloid
molecules for amyloid inhibition. Song et al.”' proposed
anchoring LPFFD onto poly(N-(2-hydroxypropyl)-methacry-
lamide) (PHPMA) NPs, yielding LPFFD@PHPMA-NPs,
which greatly suppressed Af fibrillogenesis, but the toxicity of
the LPEFD@PHPMA-NPs was not evaluated. Skaat et al.”?
found that when conjugating polyA-ME@NPs with hydro-
phobic dipeptide FF, the polyA-ME@NPs slowed down Af
aggregation but cannot completely prevent Af fibril formation.
However, the use of PLGA-NPs as a scaffold to anchor peptide
inhibitors against A aggregation and toxicity has not been
reported. Herein, we designed LK7 and conjugated it to PLGA-
NPs, obtaining the nanosized inhibitor LK7@PLGA-NPs. We
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found that LK7@PLGA-NPs not only prevented the self-
assembly of peptide inhibitors and the associated cytotoxicity
but also greatly improved the inhibitory efficiency against Af
aggregation and toxicity, especially at lower concentrations. In
order to further enhance the inhibitory effects in vivo, our
LK7@PLGA-NPs can be also functionalized with some
targeted molecules (e.g, Tet-1 peptide®®”®) for achieving
specific and selective recognition of neurons. The specific
targeting capacity of designed amyloid inhibitors is very
important for enhancing inhibitory efliciency and reducing
side effects of NPs-based inhibitors in vivo. Animal models of
AD will be used to validate the inhibitory effect of LK7@
PLGA-NPs in further work.

4. CONCLUSIONS

In this work, a peptide-functionalized nanosized inhibitor was
developed to effectively prevent Ap fibrillogenesis and toxicity.
First, a novel heptapeptide inhibitor of LK7 (Ac-LVFFARK-
NH,) was designed by adding two positive residues, R and K,
into the central hydrophobic fragment LVFFA of Af42. The
newly added RK residues were expected to improve
intermolecular interactions with Af via enhanced electrostatic
interactions and similar conformational recognization. ThT
fluorescence binding assays and TEM results confirmed that
LK?7 prevented Af42 fibrillation in a dose-dependent manner.
However, LK7 was found to self-assemble into amyloid-like
fibrils that led to strong cytotoxicity to cells. To address the
toxicity issue of LK7, LK7 was covalently immobilized on
PLGA-NPs to produce a nanosized inhibitor, LK7@PLGA-
NPs. The conjugation of LK7 onto PLGA-NPs completely
suppressed the self-aggregation of LK7 and thus greatly
reduced the cytotoxicity caused by LK7 aggregates. Unlike
the negligible inhibitory effect of pure LK7 and PLGA-NPs at
the low concentrations, LK7@PLGA-NPs were not only
nontoxic to cells but also greatly inhibited Af fibrillation and
reduced Ap-induced toxicity. Such a strong inhibitory ability of
LK7@PLGA-NPs was likely attributed to several synergetic
effects, including the enhancement of AS-LK7@PLGA-NPs
interactions, the delay and disruption of conformation changes
of A, and the redirection of Ap42 aggregation pathways.
Finally, the working mechanisms of the inhibitory effects of
LK7 and LK7@PLGA-NPs on Af}42 aggregation were
proposed based on experimental observations.
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