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A
lzheimer's disease (AD) is the most
common form of senile dementia
affecting more than 35 million peo-

ple worldwide. This neurodegenerative dis-
order, clinically characterized by a progres-
sive loss of memory and other cognitive
abilities, can be identified by different phys-
iopathological hallmarks such as neuronal
loss, glial proliferation, extracellular amyloid
plaque deposition mainly composed of
amyloid-beta peptide (Aβ), and intracellular
neurofibrillary tangles of hyperphosphory-
lated τ-protein.1 AD is likely the result of a
multifactorial process in which genetic and
environmental factors are involved. The
etiology of the disease is still under debate.2

AD treatment constitutes a major challenge
in medicine as all current therapies are
restricted to AD symptom alleviation.
Progressive production, accumulation,

and aggregation of Aβ peptide leads to
the formation of amyloid plaques in the
brain.3,4 Aβ peptide is produced by numer-
ous cells such as neurons from the proteo-
lysis of amyloid precursor protein (APP).
In AD patients, APP is cleaved by β- and
γ-secretases formingAβ fragmentswith vary-
ing number of amino acids ranging from 36
to 42.5,6 Although the origin of the Aβpeptide
that accumulates in the brain is still unclear,7

the peptide can leave the brain by crossing
the blood�brain barrier (BBB) with the aid of
transport molecules such as apolipoprotein-
E2/3 (Apo-E2/3) and Apo-E4 through two

effluxpumps, the lipoprotein receptor-related
protein (LRP) and the very low density lipo-
protein receptor (VLDLR).8�10Underpatholog-
ical conditions, the clearance of Aβ peptide
from the body seems dramatically reduced,
which may be related to an age-dependent
decline of peptide degradation enzymes ex-
pression in the brain, thus leading to a progres-
sive peptide accumulation and aggregation in
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ABSTRACT We have demonstrated that the poly-

ethylene glycol (PEG) corona of long-circulating polymeric

nanoparticles (NPs) favors interaction with the amyloid-

beta (Aβ1�42) peptide both in solution and in serum. The

influence of PEGylation of poly(alkyl cyanoacrylate) and

poly(lactic acid) NPs on the interactionwithmonomeric and soluble oligomeric forms of Aβ1�42 peptide

was demonstrated by capillary electrophoresis, surface plasmon resonance, thioflavin T assay, and

confocalmicroscopy, where the binding affected peptide aggregation kinetics. The capture of peptide by

NPs in serum was also evidenced by fluorescence spectroscopy and ELISA. Moreover, in silico and

modeling experiments highlighted the mode of PEG interaction with the Aβ1�42 peptide and its

conformational changes at the nanoparticle surface. Finally, Aβ1�42 peptide binding to NPs affected

neither complement activation in serumnor apolipoprotein-E (Apo-E) adsorption from the serum. These

observations have crucial implications in NP safety and clearance kinetics from the blood. Apo-E

deposition is of prime importance since it can also interact with the Aβ1�42 peptide and increase the

affinity of NPs for the peptide in the blood. Collectively, our results suggest that these engineered long-

circulating NPsmay have the ability to capture the toxic forms of the Aβ1�42 peptide from the systemic

circulation and potentially improve Alzheimer's disease condition through the proposed “sink effect”.
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small oligomers, soluble β-sheet aggregates, fibrils, and
finally plaques.11,12 Among the different species, the Aβ
peptide 1�42 (Aβ1�42) monomer is considered the most
toxic isoform due to its higher tendency to aggregate,13,14

whereas the soluble Aβ1�42 oligomer is toxic to
neurons.15,16 In this context, a great deal of effort has been
devoted to the development of interventions capable of
interacting with Aβ peptide at different steps of its aggre-
gation pathway in order to either (i) favor its elimination,
thereby reaching the equilibriumbetween production and
clearance; or (ii) slow down the aggregation process.17�19

PEGylated long-circulating nanoparticles (NPs) of
poly(alkyl cyanoacrylate) (PACA) and poly(lactic acid)
(PLA) (co)polymers have long been used for targeted
drug delivery due to their favorable pharmacokinetics
and biocompatibility properties.20,21 These NPs are
currently in clinical trials for the treatment of multi-
drug resistance (MDR) hepatocarcinoma (phase III) and
prostate cancer (phase I), respectively.22,23 It has been
shown that the PEG corona of PACA NPs favors selec-
tive adsorption of Apo-E.24,25 Accordingly, they may
serve as promising platforms in binding and capturing
circulating Aβ1�42 peptide from the blood and redi-
recting the peptide to the hepatic macrophages for
destruction.
In this work, we performed in vitro and in silico

experiments to study this possibility and report on
the remarkable properties of these nanoparticles in
Aβ1�42 peptide binding and conformational changes.

RESULTS AND DISCUSSION

The interaction of Aβ1�42 peptide with NPs of dif-
ferent compositions and properties (Table 1) as well as
free PEG molecules was investigated by a range of
state-of-the-art techniques. These included capillary
electrophoresis with fluorescence or UV detector (CE-
LIF/UV), surface plasmon resonance (SPR), thioflavin T
assay, confocal laser scanning microscopy (CLSM), and
molecular modeling.
A PEG chain length of 2000 Da has been selected

as a compromise between copolymer hydrophobicity,
blood opsonin repulsion, and affinity for Aβ1�42 pep-
tide. We noticed a decrease in the zeta-potential value
of PHDCA nanoparticles when they were PEGylated
(Table 1); this feature may be attributed to the

presence of rhodamine moieties in the polymer struc-
ture, which are likely exposed at the nanoparticle
surface.26

Monitoring of NP Interaction with Aβ1�42 Monomers by
Capillary Electrophoresis. Earlier we established the appli-
cation of capillary electrophoresis coupled with laser-
induced fluorescence detection (CE-LIF) to monitor
and quantify the interaction between NPs and the
monomeric form of the Aβ1�42 peptide.27 We have
now extended these studies to investigate the kinetics
of Aβ1�42 “disappearance” in the presence of two
classes of PEGylated polymeric NPs (i.e., PACA and PLA)
and their non-PEGylated counterparts. The peak asso-
ciated with the monomeric form of Aβ1�42 peptide
(expressed as the % of the initial peptide concentra-
tion) was monitored as a function of time (Figure 1).
At a concentration of 5 μM, the peptide maintained
its monomeric state during the whole CE analysis as
no significant changes in the peptide peak were
observable (Figure 1c). Interestingly, in the presence of
poly[methoxypoly(ethylene glycol) cyanoacetate-co-
rhodamine B cyanoacetate-co-hexadecyl cyanoacetate]
(P(MePEGCA-co-RCA-co-HDCA)) NPs, a dramatic decrease
in the peptide peak intensity was observed, whereas the
amount of the free peptide monomer in the analysis
buffer remained unchanged when non-PEGylated poly-
(hexadecyl cyanoacrylate) (PHDCA) NPs were added
(Figure 1a).

In the case of PEGylated and non-PEGylated PLA
NPs, a decrease in the peptide monomer peak was
recorded (Figure 1b). In contrast to PHDCA NPs, PLA
NPs were able to bind the peptidemonomer. However,
nanoparticle PEGylation clearly favored interaction
with the Aβ1�42 peptide. Even PEG (Mn = 2 kDa,
Figure 1c) in free form showed tendency to interact
with Aβ1�42 peptide, resulting in aggregate formation.
Notably, within the first 3 h, the monomer peptide
peak remained unchanged, thus suggesting a lag
phase before initiation of peptide aggregation.

All tested samples, with the exception of PHDCA
NPs, showed affinity for the monomeric Aβ1�42 pep-
tide but with different kinetics. The following binding
order of P(MePEGCA-co-RCA-co-HDCA) NPs > PEG-b-
PLA NPs > free PEG > PLA NPs highlights the impor-
tance of the surface-projected PEG chains on peptide

TABLE 1. Physico-Chemical Properties of the Nanoparticles Used in Experiments

PHDCAa P(MePEGCA-co-RCA-co-HDCA)a P(MePEGCA-co-HDCA)a PLAa PLA-b-PEGa

mean diameterb (nm) 163 ( 3 98 ( 3 91 ( 3 105 ( 1 110 ( 3
polydispersity indexb 0.11 0.23 0.14 0.22 0.21
zeta-potential (mV) �26 ( 7 �35 ( 3 �30 ( 5 �10 ( 4 �15 ( 5
PEG distancec (nm) 1.21 1.21 0.91

a PACA family: PHDCA, poly(hexadecyl cyanoacrylate); P(MePEGCA-co-RCA-co-HDCA), poly[(hexadecyl cyanoacrylate)-co-rhodamine B cyanoacrylate-co-methoxypoly(ethylene
glycol)2000 cyanoacrylate]; P(MePEGCA-co-HDCA), poly[(hexadecyl cyanoacrylate)-co-methoxypoly(ethylene glycol)2000 cyanoacrylate]. PLA family: PLA, poly(lactic acid); PLA-
b-PEG, poly(lactic acid)-b-poly(ethylene glycol)2000.

b Determined by dynamic light scattering. c Theoretical distance between adjacent PEG chains measured as described in the
Materials and Experiments section.
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immobilization. The faster peptide binding kinetics
observed with PEGylated NPs compared with free
PEG molecules (used at the same concentration as
for the copolymers) could be indicative of a multistep
process. In the first step, multiple and cooperative
interactions between the peptide monomer and the
immobilized PEG chains could dramatically increase
the localized peptide concentration at the NP surface,
thereby triggering its aggregation. Accordingly, this
may explain the fast binding step without any lag
phase, indicating that PEGylated NPs are superior than
free PEG molecules for capturing and eliminating this
peptide. Previous experiments have highlighted that
the size, the surface charge, and the nature of the
surfactant used for NP preparation can have a strong
influence on their affinity for the Aβ1�42 peptide
monomer.28 The present study shows that NP core
and shell both contribute to Aβ1�42 peptide binding.
However, the adsorption of Aβ1�42 peptide on PEGy-
lated NPs is predominantly PEG-based. Finally, among
the tested NPs, P(MePEGCA-co-RCA-co-HDCA) species
appeared to be the most promising entities for poten-
tial treatment of AD pathology due to their high
propensity to capture the peptide monomer (80% of
monomers have disappeared after 6 h) as well as their
established prolonged circulation times in the blood.
This is of significance since earlier studies have shown
that at 6 h post-intravenous injection, 0.3 and 30% of
the dose of PHDCA and P(MePEGCA-co-HDCA) NPs
remains in the blood, respectively.29 Because a PEGy-
lated NP concentration of 0.5 mM could be achieved in
plasma at this time, our in vitro experiments performed
at a NP concentration of 20 μM could correspond to
preclinical doses. So P(MePEGCA-co-HDCA) NPs appear
to be well-suited for potential AD therapy.

Monitoring of NP-Aβ1�42 Peptide Monomer Interaction by
SPR. To further investigate the affinity of P(MePEGCA-
co-HDCA) NPs for Aβ1�42 peptide, the binding properties

of PEGylated and non-PEGylated PACA NPs with Aβ1�42

monomerswere then evaluatedby SPR experiments. The
results confirm the affinity of flowing P(MePEGCA-co-
HDCA) NPs at concentrations greater than 3 μM for
immobilized peptidemonomers (Figure 2a). The binding
of PEGylated PACA NPs was increasing with their con-
centration and was specific for Aβ1�42 since no binding
was observed in parallel on an empty surface or on a
surface immobilizing BSA (Figure S1 in Supporting
Information). In contrast, no binding was observed be-
tween PHDCA NPs and the peptide even at higher NP
concentrations (20 μM, Figure 2b).

Through SPR experiments (Figure S2), we further
established a kd value of 161 μM (based on NP
concentration) for Aβ1�42 monomers and rhodamine
B-tagged fluorescent P(MePEGCA-co-RCA-co-HDCA)
NPs, thus confirming the affinity of PEGylated NPs for
the monomeric form of the peptide. The SPR-derived
kd value was higher than that obtained by CE-LIF
experiments (0.55 μM).27 This may be assigned to the
intrinsic differences between the two techniques. Pep-
tide immobilization can presumably reduce the num-
ber of available binding sites to the flowing NPs.
Accordingly, the SPR may underestimate the kd value.
In addition in CE-LIF experiments, the peptide em-
ployed bears a covalently attached fluorophore that
may slightly influence the kd.

Monitoring of NP and Aβ1�42 Interaction by Thioflavin T
Assay and Microscopy. An established thioflavin T (ThT)
assay was also used to monitor NP-induced Aβ1�42

peptide aggregation through the β-sheet formation
pathway. The peptide/NP molar ratio was tuned from
1/2 to 1/4, and the fluorescence intensity, arising from
ThT affinity for the β-sheets in Aβ peptide aggregates,
was measured at different incubation times (Figure 3).
ThT experiments were performed at higher peptide
concentration (i.e., 50 μM) than for CE experiments in
order to favor the formation of β-sheet. Time-dependent

Figure 1. Evolution of the Aβ1�42 peptide monomer peak intensity as a function of time at 37 �C monitored by CE-LIF
experiments. (a) Represents 5 μM Hilyte Fluor Aβ1�42 in the presence of 20 μM rhodamine-labeled P(MePEGCA-co-RCA-co-
HDCA) (2) or PHDCAnanoparticle suspension (b); (b) kinetic profile of 5 μMHilyte Fluor Aβ1�42 in the presence of 20 μMPEG-
PLA (2) or PLA (b) nanoparticle suspension; and (c) profile of 5μMHilyte FluorAβ1�42 solution alone (b) and in the presenceof
20 μM free 2 kDa MePEG (2).
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aggregationwasobservedwith thepeptidealone through
an increase of the fluorescence intensity (Figure 3). After
incubation with NPs and regardless of the Aβ1�42/NP
molar ratio (Figure3), PHDCANPshadnoeffectonpeptide
aggregation kinetics, whereas P(MePEGCA-co-HDCA) NPs
strongly increased β-sheet formation, thus supporting a
role for PEG in peptide aggregation.

The interaction between Aβ1�42 peptide (10 μM)
and NPs (20 μM) was further evaluated by confocal
microscopy (Figure S3). The results confirmed the ability
of PEGylated NPs to sequester the peptide and favor its
aggregation. Therefore, it is likely that the peptide ag-
gregation, which was observed with both techniques, is
initiated or increased after capture by the outer PEG shell
of the NPs acting as an aggregation initiator.

NP Influence on Aβ1�42 Aggregation by Capillary Electro-
phoresis. In order to have an in-depth insight of the
influence of PEGylated NPs on the peptide aggrega-
tion, a new CE protocol was developed. An aggregated
solution (50 μM) of nonlabeled Aβ1�42, obtained by
adapting a protocol previously described,30 was mixed
with thioflavin, and the sample was analyzed by CE-LIF
as a function of incubation time at 37 �C. Prior to the
analysis in the presence of NPs, ThT analysis was
employed to confirm the formation of β-sheet in
solution. The fluorescence measurements confirmed
the formation of typical amyloid soluble oligomers
(Figure S4). Then, NPs were added to a solution
of aggregating Aβ1�42 peptide, and the formation/
disappearance of Aβ1�42 monomer and soluble oligo-
mers wasmonitored and quantified by CE coupled to a
UV detector. A freshly prepared stock solution of
peptide was employed as the control experiment.
The analysis of this control showed a reduction of
monomeric forms, concomitantly, with an increase of
oligomeric form over the time and in good agreement
with the peptide aggregation mechanism (Figure 4a).
However, when the aggregating solution of peptide
was incubated with NPs, three main differences were
observed when compared with the peptide alone: (i) a
faster decrease of the monomer peak, (ii) a sharp
decrease (almost entirely eliminated) of the oligomer

species (7.8 and 9.25 min) present at the onset of the
kinetics, and (iii) the appearance of “spike-shape”peaks
likely due to the formation of bigger aggregates net-
worked with NPs via Aβ oligomeric bridges (Figure 4b).

These results clearly demonstrated the ability of the
PEGylated NPs not only to capture the peptide mono-
mer and its soluble oligomers in solution but also to
inhibit the formation of new soluble peptide oligomers
(i.e., disappearance of the peak at 9.25 min). Indeed,
75% of the pre-existing soluble oligomers were no
longer detectable in the solution after 28 h of incuba-
tion, whereas in the absence of NPs, 80% increase of
peptide oligomers was observed after 28 h (Figure 5).

Molecular Modeling Experiments. In order to investigate
the nature of the interactions between the PEG chains
and the Aβ1�42 monomer, as well as their conse-
quences on the conformation of the peptide, molecu-
lar modeling experiments were performed (Figures 6
and 7). For comparison, the dynamics of the polyethy-
lene (PE) chain, which is exclusively hydrophobic, was
also computed in the presence of the peptide.

The docking calculations were performed (i) to
build a starting geometry of the model nanoparti-
cle�peptide complexes and (ii) to analyze interactions
between PEG (or PE) units and amino acid residues of

Figure 2. Surface plasmon resonance sensorgrams of (a) P(MePEGCA-co-HDCA) NPs and (b) PHDCA NP interaction with
Aβ1�42 monomers immobilized on the sensor chip.

Figure 3. ThT assay for monitoring Aβ1�42 peptide aggre-
gation. Aβ1�42 (50 μM) was incubated in the presence of
P(MePEGCA-co-HDCA) or PHDCA NPs at different peptide/
NP molar ratios for 24 h at 37 �C. At the indicated time
points, aliquots were taken to analyze the β-sheet content
by the ThT assay. The bars represent the absolute change in
fluorescence for different time slots. The graph shows the
mean ( SD (n = 3) of three independent experiments.
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the peptide. The structural analysis of docked poses of
the PEG chain at Aβ1�42 indicated that the polymeric
fragment was capable of binding the peptide in a
nonspecific manner (Figure 6a). It wound around the
helix (1�25) of the peptide, preferably to the sequence
between the His13 and Gly25 residues. In Figure 6b, 50
poses of the docked PEG chain with the best docking
score were visualized. Interestingly, PEG preferably
wound around the helix (1�25) and interacted partially
with the helix (26�42) at the turn between the helices.
The interaction was mediated by the oxygen atoms
either with the polar (or basic) side chains of His13,
Lys28, Lys16, or Gln15 (hydrogen bonds) or with
the hydrophobic chains of Phe19, Phe20 (π-stack
interactions), and Val24, Ile31, Leu34, or Met35 (van
der Waals interactions). To evaluate the role of PEG
oxygen atoms on peptide binding, the alkyl PE chain
was also docked to the peptide (Figure 6c) for compar-
ison. The alkyl chain did not wind around the helix
(1�25) and interacted only with terminal parts of both
helices (1�25) and (26�42). The measured weak bind-
ing of the alkyl chain to the peptidewas also supported
by a docking score, which was in the range of (�1.51)
to (þ0.98) kcal mol�1 starting from the best pose to the

50th pose of the ligand. For comparison, the docking
score of the PEG chain ranged from (�3.68) to (�0.24)
kcal mol�1. This clearly indicated the importance of the
oxygen atoms of PEG in Aβ1�42 peptide�NP interac-
tion.

Next, the molecular dynamics simulations were
performed to evaluate whether permanent interac-
tions between the PEG chain and Aβ1�42 could occur
and to analyze conformational changes of the bound
peptide. The starting geometry of Aβ1�42 taken from
the crystal structure was characterized by twoR-helical
regions (sequences 15�25 and 31�39) connected by a
flexible link. During the simulation with the PEG chain,
these helices were partially disrupted and then again
partially restored into shorter sequences (19�22 and
31�34) (Figure 7a). In contrast, in the presence of
the hydrophobic PE chain, the region of the R-helix
(15�25) was maintained in its initial conformation
(Figure 7b). The other R-helix (31�39) was disrupted
at the beginning of the simulation but restored at the
end. It seemed that in the presence of the hydrophobic
PE chain, the peptidemaintainedmore easily its helical
character and was more resistant to conformational
changes because the helical structures of the peptide
were transformed into smaller helical fragments sepa-
rated by turns and coils. The most intensive conforma-
tional changes of Aβ1�42 in the presence of the
PEG chain were evident from the calculated root-
mean-square deviation (rmsd) of the CR carbons
of the backbone of Aβ1�42 during the simulations
(Figure S5). The rmsd for the system with the PEG
chain was higher compared to that with the PE chain.
Conformational changes of Aβ1�42 produced the con-
version of the starting L-like shape structure of the
peptide to V-like, U-like shapes, or even more complex
conformations. Themain feature of the conformational
interconversion of Aβ1�42 was a permanent interaction
with the PEG chain. The permanent interaction of the
peptidewith the polymeric chainwas also observed for
the systemwith the PE chain. However, this interaction
slowed down conformational changes and stabilized

Figure 4. CE-UV monitoring of peptide Aβ1�42 aggregation. Evolution of the peak intensity of peptide monomers and
oligomers as a function of time at 37 �C of a 50 μM Aβ1�42 solution alone (a) and in the presence of a 20 μM P(MePEGCA-co-
HDCA) NP suspension (b).

Figure 5. Quantification of oligomer peak (migration time =
9.25 min; see Figure 4) as function of time at 37 �C of 50 μM
Aβ1�42 solution alone and in the presence of 20 μM P-
(MePEGCA-co-HDCA) NP suspension.
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the peptide in itsR-helical conformation. Both PEG and
PE chains showed high flexibility during the simula-
tions, changing their shapes from several linear con-
formations wound around Aβ1�42 into partially packed
structures of different shapes inside the U-like or more
complex shapes of Aβ1�42.

In summary, the molecular modeling experi-
ments highlighted the mode of interactions (forces,
residues, and conformational changes) between
the PEG shell of nanoparticles and the Aβ1�42 mono-
mer and supported the conformation change of the
peptide (bound at the surface of the NPs) observed
during ThT assay and confocal microscopy experi-
ments.

Complement Activation by Selected NPs. Complement
activation and fixation is a fundamental process con-
tributing to macrophage clearance of intravenously
injectedNPs. Accordingly, complement activation studies
in human serum were performed with P(MePEGCA-co-
HDCA) NPs before and after Aβ1�42 peptide binding.
Surface peptide deposition had no significant effect on
the level of complement activation products C4d, Bb,
C5a, and SC5b-9 (Figure 8). With both systems, only a
slight level of complement activation was observable
compared with positive controls (aggregated IgG and
Zymosan). On the basis of these results, we anticipate
that Aβ1�42 peptide-bound nanoparticles may exhibit
blood clearance kinetic profiles similar to that of native
nanoparticles, thus aiding peptide localization to the
macrophages of the reticuloendothelial system for de-
struction and further processing.

Aβ1�42 Peptide�NP Interaction in Serum. We further
evaluated whether the PEGylated NPs could capture
and eliminate Aβ1�42 peptides from serum. For this
purpose, PEGylated and nonstealth NPs were incu-
bated in fetal bovine serum (FBS) in the presence of
either fluorescently labeled or nonlabeled peptide at
37 �C. At 7 h post-incubation, NPs were removed by
centrifugation and the remaining peptide in the super-
natant was quantified either by fluorescence spectros-
copy or by ELISA.

Both the fluorescence analysis and the ELISA assay
confirmed the ability of PEGylated NPs to capture
the peptide from serum. For instance, fluorescence

spectroscopy showed that P(MePEGCA-co-HDCA) NP
treatment could significantly decrease the amount of
soluble peptide in serum comparatively to the control
NPs (Figure 9a). The reduction in serum levels of Aβ1�42

peptide was shown to be 15% of total peptide bound to
PEGylated NPs (Figure 9b).

Apo-E Adsorption on Selected NPs in the Presence of Aβ1�42

Peptide. Previous experiments using 2D-PAGE analysis
and Western blots have demonstrated the adsorption
of Apo-E onto the surface of P(MePEGCA-co-HDCA)
NPs from serum.24 Accordingly, we monitored Apo-E
adsorption to NPs in serum supplemented with Aβ1�42

peptide (Figure 10). The results confirmed Apo-E
adsorption, thus suggesting that the binding of Aβ
peptide has no significant effect on further protein

Figure 6. In silico modeling of PEG-Aβ1�42 interaction modes. (a) PEG chain (vdW) docked to Aβ1�42 (surfaces). The chain
interactswithboth hydrophobic aswell as hydrophilic residuesof thepeptide and forms a spiral structure. (b) Best 50poses of
the PEG chain (purple) docked to Aβ1�42 (orange), and (c) alkyl PE chain (purple) docking on Aβ1�42 (orange).

Figure 7. Moleculardynamicsimulationexperiments.Changes
of the secondary structure of Aβ1�42 for the complexes (a) PEG/
Aβ1�42 and (b) PE/Aβ1�42 during 20 ns of simulation. PEG and
PE chains are visualized in purple and Aβ1�42 in orange.
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binding. Since Apo-E is known to interact with the
Aβ1�42 peptide in vivo, its adsorption on NPs could
further increase the peptide affinity for NPs and hence
its elimination from the circulation. Therefore, it is
reasonable to hypothesize that these engineered NPs
could act as “LDL-like” structures which can increase
in vivo the clearance of Aβ peptide from the biological
fluids by capturing its soluble forms redirecting the
peptide to the hepatic macrophages for destruction.
Taking into consideration a recent study that evi-
denced the crucial role of blood peptide clearance in
the decrease of the peptide toxicity in the brain (the so-
called “sink effect”),7 this capture could prevent the
amyloid-beta aggregation process and its subsequent
toxic effects on neuronal cells. In this context, these
PEGylated NPs, which probably act toward the amyloid
peptide through this sink effect mechanism, appear as

very promising NPs to be tested in vivo on the AD
model.

CONCLUSIONS

In summary, we have demonstrated that PEGylation
of NPs can dramatically increase their affinity for
Aβ1�42 peptidemonomers and soluble oligomers both

Figure 8. Complement activation. Quantification of complement activation products, (a) C4d, (b) Bb, (c) C5a, and (d) SC5b-9,
in healthy human serum after incubation of P(MePEGCA-co-HDCA) nanoparticles with or without Aβ1�42 peptide preadsorp-
tion step. Background and positive control (aggregated IgG or Zymosan) are presented for each product.

Figure 9. Qualitative and quantitative determination of the Aβ1�42 peptide capture by P(MePEGCA-co-HDCA) and PHDCA
NPs from serum. (a) Fluorescence spectroscopy was used to monitor peptide disappearance from serum (controls
corresponded to peptide alone (Aβ1�42) and to serum), and (b) ELISA was used to quantify peptide binding to NPs (n = 3).
Statistical difference is expressed by * (p < 0.05).

Figure 10. Western blot analysis of Apo-E binding to
P(MePEGCA-co-HDCA) NPs in control rat serum (a) or serum
supplemented with Aβ1�42 peptide (b). The antibody used
specifically recognizes rat Apo-E.24
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in solution and in the presence of serum proteins. As a
result of collaborative hydrophilic and hydrophobic
interactions between the PEG shell and Aβ1�42 pep-
tide, the latter could adsorb and aggregate at the
surface of P(MePEGCA-co-HDCA) NPs. Moreover, fol-
lowing Apo-E adsorption from serum at the surface of
these NPs, the peptide affinity is expected to be
increased in vivo. Aβ1�42 peptide binding to these
nanoparticles did not affect complement activation

further, and this could have important implications in
both NP pharmacokinetic and anaphylactic reactions.
We can speculate that these particles may act as a
peptide sequester in the bloodstream, carrying the
peptide to the liver where it could be enzymatically
cleaved and degraded. With this in mind, the PEGyla-
tion could have a double-edged role: (i) drastically
increase the blood half-life of the particles and (ii)
increase the peptide adsorption onto the surface.

MATERIALS AND EXPERIMENTS
Materials. Fetal bovine serum (FBS) was purchased from

LonzaBioWhittaker (Verviers, Belgium). Poly[(hexadecyl cyano-
acrylate)-co-rhodamine B cyanoacrylate-co-methoxypoly(ethylene
glycol)2000 cyanoacrylate] P(MePEGCA-co-RCA-co-HDCA) copoly-
mers, poly[hexadecyl cyanoacrylate-co-methoxypoly(ethylene
glycol)2000 cyanoacrylate] P(MePEGCA-co-HDCA) copolymers,
poly[(hexadecyl cyanoacrylate)-co-(rhodamine B cyanoacrylate)]
P(HDCA-co-RCA), and poly(hexadecyl cyanoacrylate) (PHDCA)
homopolymers were obtained following previously reported
procedures.26 NaH2PO4 (>99%) was purchased from Merck & Co.
(Fontenay Sous Bois, France). Na2HPO4 (>98%) was obtained from
Prolabo (Strasbourg, France), and thioflavin (99%), ammonium
hydroxide (NH4OH) 28.1% (m/V), Pluronic F-68 (99%), 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP) (99.8%), dimethyl sulfoxide (99.5%),
sodium dodecyl sulfate (SDS, 99%), acetic acid (99%), sodium
acetate (99%), bovine serum albumin (BSA, 99%), and ethanol-
amine (99%) were purchased from Sigma-Aldrich (St. Quentin
Fallavier, France). Sodium hydroxide (NaOH, 1 M) was obtained
from VWR (Fontenay Sous Bois, France). Goat polyclonal anti-rat
Apo-E (R-20) and mouse anti-goat-HRP antibodies were purchased
from Santa-Cruz Biotechnology Inc. Anti-Aβ antibody 6E10 was
from Covance (Princeton, New Jersey). Invitrogen human Aβ1�42

ultrasensitive ELISA kit was purchased from Fisher Scientific (Illkirch
Cedex, France). Acetone was purchased at the highest grade from
Carlo Erba (Val de Reuil, France).

Nanoparticle Preparation. Fluorescent and nonfluorescent
PACA nanoparticles were prepared using P(MePEGCA-co-RCA-
co-HDCA), P(MePEGCA-co-HDCA) copolymers, P(HDCA-co-RCA),
and PHDCA homopolymer according to protocols recently
published by our group.26 The (co)polymer (10 mg) was dis-
solved in acetone (2 mL), and this solution was added dropwise
to an aqueous solution 0.5% (w/v) of Pluronic F-68 (4 mL) under
vigorous mechanical stirring. A milky suspension was observed
almost instantaneously. Acetone was then evaporated under
reduced pressure, and nanoparticles were purified by ultracen-
trifugation (150 000g, 1 h, 4 �C, Beckman Coulter, Inc.) in order to
eliminate free polymer and the quasi-totality of Pluronic F-68.
The supernatant was discarded, and the pellet was resuspend-
ed in the appropriate volume of deionized water to yield a
2.5 mg mL�1 nanoparticle suspension.

PLA homopolymer and PLA-b-PEG block copolymers were
synthesized by ring-opening polymerization.28 D,L-Lactide (2.43
g, 16.9 mmol) and Sn(Oct)2 (5.4 μL, 16.5 μmol) were added to a
solution of methoxypoly(ethylene glycol) (Mn = 2000 g 3mol�1,
500 mg, 0.24 mmol) in 5.2 mL of anhydrous toluene. The
reaction mixture was degassed by bubbling nitrogen for
30 min and then stirred in a preheated oil bath at 115 �C for
5.5 h. The toluene was removed under reduced pressure, and
the obtained product was dissolved into a minimum amount of
THF and further precipitated twice in water and subsequently
freeze-dried overnight to yield a white powder (conversion =
93%, m = 1.7 g, Mn,NMR = 12 200 g 3mol�1, Mn,SEC = 12 400
g 3mol�1; Mw/Mn = 1.12).

PLA and PLA-b-PEG nanoparticles were prepared as follows:
10 mg of polymer powder was dissolved in 4 mL of dichlor-
omethane and added to 10mL of an aqueous solution 1% (w/v)
of Pluronic F-68. The resulting samplewas physicallymixed for 1
min and sonicated with a sonicator probe for 10 min (300 W).

The organic solvent is then evaporated at room pressure and
temperature under magnetic stirring, and nanoparticles were
purified by ultracentrifugation (20 000g, 20 min) at 4 �C. The
supernatant was discarded, and the pellet was resuspended
in the appropriate volume of deionized water to yield a
2.5 mg 3mL�1 nanoparticle suspension. The same Pluronic
F-68 concentration was used to prepare all nanoparticles in
order to abolish the possible effect of Pluronic and to emphasize
the role of covalently linked PEG on nanoparticle affinity to Aβ.
In this text, P(PHDCA) and PLA nanoparticles will be referred to
as non-PEGylated.

Nanoparticle Characterization. The nanoparticle diameter (Dz)
was measured by dynamic light scattering (DLS) with a Nano ZS
from Malvern (173� scattering angle) at 25 �C. The nanoparticle
stability as a function of time usingDLSmeasurements has been
verified during their incubation at 37 �C in the buffer employed
for capillary electrophoresis experiments. The nanoparticle sur-
face charge was investigated by ζ-potential measurement at
25 �C after dilution with 1 mM NaCl solution applying the
Smoluchowski equation and using the same apparatus. The
PEG chain density at the surface of PLA and PACA nanoparticles
was obtained by a previous paper.28 All of the values are
presented in the Table 1. The distance between PEG chains
was calculated as previously described.31,32

Capillary Electrophoresis Experiments. CE was performed on PA
800 instrument (Beckman Coulter, Roissy, France) using un-
coated silica capillaries (Phymep, Paris) with an internal di-
ameter of 50 μm and 50 cm total length (40 cm effective length
was employed for the separation). All buffers were prepared
with deionized water and were filtered through a 0.22 μm
membrane (VWR) before use. Before analysis, the capillaries
were preconditioned by the following rinsing sequence: 0.1 M
NaOH for 5 min, 1 M NaOH for 5 min, and then deionized water
for 5 min. The in-between-runs rinsing cycles were carried out
by pumping sequentially through the capillary: water for 5 min,
50 mM SDS for 2 min (to inhibit the aggregation and subse-
quent peptide adsorption on the capillary wall),33 and 0.1 M
NaOH for 5 min. The samples were introduced into the capillary
by hydrodynamic injection under 3.4 kPa. The capillary was
thermostatted at 25 �C, and the samples were maintained at
37 �C by the storage sample module of the PA 800 apparatus.
The separations were carried out at 16 kV with positive polarity
at the inlet using 80 mM phosphate buffer (NaH2PO4/Na2HPO4)
pH 7.4. The electrolyte was renewed after each run. The pep-
tides were detected by a laser-induced fluorescence (LIF)
detection system equipped with 3.5 mW argon ion laser with
a wavelength excitation of 488 nm, the emission being col-
lected through a 520 nm band-pass filter or by diode-array
detector (DAD) at 190 nm. Peak areas were estimated using the
32 Karat software (Beckman Coulter).

Lyophilized Aβ1�42 andHiLyte Fluor-labeled Aβ1�42 peptide
(ANASPEC, Le Perray en Yvelines, France) were dissolved in
0.16% (m/V) ammonium hydroxide aqueous solution to reach a
concentration of 0.5 and 2 mg 3mL�1, respectively. The fluo-
rescent and nonlabeled peptide solutions were then divided
into aliquots individually stored at �20 �C, which were freshly
defrosted prior to analysis.

To evaluate the interaction between themonomeric form of
the Aβ1�42 peptide and the nanoparticles, HiLyte Fluor-labeled
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Aβ1�42 peptide stock solutionwere diluted in 20mMphosphate
buffer (NaH2PO4) at pH 7.4 containing a 20 μM PEG solution or
P(MePEGCA-co-RCA-co-HDCA), P(PHDCA), PEG-PLA, or PLA na-
noparticle suspension to obtain final peptide concentrations of
5 μM. The samples were then incubated at 37 �C and analyzed
by capillary electrophoresis several times as a function of time.
The same protocol was followed with Aβ1�42 peptide solution
alone as a control.

A protocol to study the influence of polymeric NPs to the
peptide aggregation kinetic was developed. An aggregating
peptide solution was obtained as previously described.30

Monomeric peptide was solubilized with a final concentration
of 50 μM in phosphate buffer 20 mM (NaH2PO4), freeze-dried,
and centrifuged 6000g for 20 min at room temperature. To
ensure the aggregating behavior of the solution, ThT was
employed. Under CE-LIF detection conditions, the anisotropic
effect allowed a fluorescence emission from ThT when these
molecules are exclusively linked to β-sheet structures. Accord-
ing to the studies of Kato et al.,34 only the soluble oligomeric
forms of the Aβ1�42 peptide that contain β-sheet structure are
susceptible to interact with ThT and are subsequently detected
with the CE-LIF method. An alkaline buffer (pH 9.5, 0.2 M) of
glycine/NaOH containing 10 μM of ThT was prepared, stored in
the dark at 4 �C, and then used as the migration buffer. The
samples were incubated at 4 �C, and subsequent separations
were performed at 16 kV. The monomer form was not detected
under these conditions.

To study the influence of polymeric NPs on this peptide
aggregation kinetic, the same protocol to have an aggregating
solution was followed. The obtained solution was analyzed by
capillary electrophoresis with DAD detector in 20 mM phos-
phate buffer (NaH2PO4) pH 7.4 in the presence of 20 μM
polymeric P(MePEGCA-co-HDCA) nanoparticles. Control experi-
ments were performed without adding nanoparticles to the
aggregating peptide solution.

These experiments allowed the quantification of the evolu-
tion of monomer or oligomer peak as a function of incubation
time to be determined. Percent monomer or oligomer peaks
was calculated as the ratio between the absolute peak area of
the monomer or oligomer observed at t = 0 and the one
observed at each incubation time.

Surface Plasmon Resonance Experiments. The Aβ1�42 peptide
used for SPR experiments was prepared from a depsi-Aβ1�42

peptide synthesized as previously described.35 This depsi-
peptide is much more soluble than the native peptide and
has also amuch lower propensity to aggregate, thus preventing
the spontaneous formation of “seeds” in solution.35 The native
Aβ1�42 peptide was then obtained from the depsi-peptide by a
“switching” procedure involving a change in pH.35 The Aβ1�42

peptide solution obtained immediately after switching was
shown to be free of seed. The Aβ1�42 peptide obtained by this
procedure is therefore in its original state, and for the sake of
simplicity, it will be referred here to as the “monomer”. Further
characterizations, carried out earlier, indicated that the Aβ
“monomer” used for the present study gave no ThT signal
and was unstructured as observed by circular dichroism.36

For binding studies, was used the ProteOn XPR36 (Biorad)
apparatus, which has six parallel flow channels that can be used
to uniformly immobilize strips of six ligands on the sensor
surface. Aβ1�42 monomers were immobilized in parallel-flow
channels of a GLC sensor chip (Biorad) using amine-coupling
chemistry.37 Briefly, after surface activation, the peptide solu-
tions (10 μM in acetate buffer pH 4.0) were injected for 5min at a
flow rate of 30 μL 3min�1, and the remaining activated groups
were blocked with ethanolamine, pH 8.0. The final immobiliza-
tion level was about 3000 resonance units (1 RU = 1 pg protein/
mm2) for monomers. Bovine serum albumin (BSA) was immo-
bilized too, in a parallel flow channel, as a reference protein.
Another reference surface was prepared in parallel using the
same immobilization procedure but without addition of the
peptide (naked surface). Before performing experiments with
nanoparticles, we previously checked that Aβ species immobi-
lized were binding with high affinity the anti-Aβ antibody 6E10
(data not shown). PHDCA and P(HDCA-co-MePEGCA) NPs were
then injected at different concentrations (0.3 to 20 μM) and

flowed onto the chip surfaces for 3 min at a flow rate of 30 μL/
min at 30 �C in PBST (phosphate buffer saline þ 0.005% Tween
20, pH 7.4). A second set of experiments (2000 RU) were
performed using P(MePEGCA-co-RCA-co-HDCA) with increased
contact time (10 min) to calculate the affinity constant.

Thioflavin T Aggregation Assay. Aβ1�42 was dissolved in hexa-
fluorisopropanol (HFIP) at a final concentration of 1 mg 3mL�1,
sampled, and allowed to evaporate. For coaggregation experi-
ments, the peptide film was first dissolved in DMSO and
sonicated in a bath sonicator for 10 min. Subsequently,
Aβ1�42 was diluted in phosphate buffer saline (20 mM sodium
phosphate buffer, pH 7.4, containing 137 mM NaCl) to a final
concentration of 50 μM. This mixture was aggregated in the
presence or absence of PHDCA or P(MePEGCA-co-HDCA) NPs
for 24 h at 37 �C. At each point of analysis (0.5, 1, 2, 4, 6, 24 h),
aggregated Aβ1�42 was diluted to a final concentration of 5 μM
into 50 mM glycine buffer at pH 7.4 containing 10 μM ThT.
Fluorescence was measured in 96-well nonbinding plates
(Greiner Bio One, Frickenhausen, Germany) using a Fluostar
Omega microplate reader at an excitation wavelength of
450 nm and emission at 485 nm.

Confocal Laser Scanning Microscopy Experiments. Observations
were made by sequential acquisition with a Zeiss LSM-510
confocal scanning laser microscope equipped with a 30 mW
argon laser and 1 mW helium neon laser, using a Plan-Apoc-
hromat 63� objective lens (NA 1.40, oil immersion). Red
fluorescence was observed with a long-pass 560 nm emission
filter and under a 543 nm laser illumination. Green fluorescence
was observed with a band-pass 505 and 550 nm emission filter
and under a 488 nm laser illumination. The pinhole diameter
was set at 61 μm, giving an optical section thickness of 0.6 μm.
Stacks of images were collected every 0.3 μm along the z axis.
Twelve bit numerical images were acquired with LSM 510
software version 3.2.

The interaction between the polymeric nanoparticles and
the Aβ1�42 peptide was investigated by confocal laser scanning
microscopy (CLSM) using HiLyte Fluor-labeled Aβ1�42 peptide
and rhodamine-labeled P(MePEGCA-co-RCA-co-HDCA) and
P(HDCA-co-RCA) NPs. The Aβ1�42 peptide aliquots were de-
frosted, immediately diluted with 20mMphosphate buffer, and
incubated with 20 μM nanoparticle suspension to reach a final
peptide concentration of 10 μM. After 12 h of incubation at
37 �C, a 10 μL deposit of the sample on glass coverslips was
analyzed by CLSM.

Molecular Modeling Experiments. For the docking calculations,
we used a polymeric chain with the 16 PEG (polyethylene
glycol) units (it is the maximum length of the PEG chain
allowable for the flexible docking calculations, i.e., a maximum
50 rotatable bonds) and 24 PE (polyethylene) units as ligands
and a solution structures (PDB ID: 1IYT)11 of the Aβ1�42 peptide
as a receptor. For the docking calculations, default values of
parameters were used by means of the GLIDE program38,39 of
the Schrödinger package.40 The receptor box for the docking
conformational search was centered at the receptor with a size
of 50� 50� 50 Å using partial atomic charges for the receptor
and ligand from the OPLS2005 force field.41,42 The grid maps
were created with no van der Waals radius and charge scaling
for the atoms of the receptor. Flexible docking in standard (SP)
and extra (XP) precision was used for the PEG and PE ligands.
The potential for nonpolar parts of the ligands was softened by
scaling the van der Waals radii by a factor of 1.0 for atoms of the
ligands with partial atomic charges less than specified cutoff of
0.15. The 5000 poses were kept per ligand for the initial docking
stage with scoring window of 100 kcal mol�1 for keeping initial
poses, and the best 400 poses were kept per ligand for energy
minimization. The ligand poses with rms deviations less than
0.5 Å and maximum atomic displacement less than 1.3 Å were
discarded as duplicates. For 50 ligand poses with the best
docking score, post-docking minimizations were performed.
Subsequent structural analyses were done using the MAESTRO
viewer of the Schrödinger package.43

For molecular dynamics simulations, the Aβ1�42-PEG (or PE)
systems were solvated by more than 4800 TIP3P44 water
molecules in a box (82 � 68 � 96 Å) using the LEAP45 program
of the Amber 10 program package.46 The Aβ1�42 peptide was
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treated with the standard AMBER 99 force field with the “Stony
Brook” (SB) modification to ff99 backbone torsions, and for the
PEG and PE chains, the parameters were derived from the GAFF
force field. The ionization states of the ionizing residues of
Aβ1�42 were predicted by the PropKa program,47,48 considering
an in vivo pH of 7. Terminal and side-chain ionizing groups
(amino and carboxyl) of Aβ1�42 were treated in their ionized
configurations (as�NH3þ or�COO�) in all MD simulations. The
Berendsen algorithm49 for the temperature and pressure cou-
pling, with coupling constants of τt = 1.0 ps and τp = 1.0 ps, was
used at a constant temperature (300 K) and pressure (101.325
kPa) employing the PMEMD module. Periodic boundary condi-
tions were used together with the particle-mesh Ewald (PME)46

method for treating long-range electrostatics. A time step of
1.0 fs, with the SHAKE algorithm50 to constrain bonds involving
hydrogens, was used along simulations with a 10 Å nonbonded
cutoff, and the nonbonded pairlist was updated every 20 time
step. The simulations, preceded by initial minimizations (300
steps), were carried out over 20 ns, and coordinates were saved
for analysis every 1 ps. TheMD trajectories were analyzed by the
VMD package51 and the DSSP program.52

Complement Activation Analyses. First, P(HDCA-co-MePEGCA)
nanoparticles (64 μg) were incubated with the Aβ1�42 peptide
(4.9 μg) in a total volume of 1 mL of saline for 24 h at 37 �C.
Aβ-bound nanoparticles were pelleted by centrifugation at
100 000g for 1 h at 4 �C. After removing the supernatant, the
pellet was washed with deionized water and concentrated by
centrifugation. Finally, the pellet was resuspended in an appro-
priated volume of physiological saline and used immediately
for complement activation testing. P(HDCA-co-MePEGCA) NP-
containing sample without Aβ peptide was used as control, and
it was processed as above, where the Aβ peptide was replaced
with an equal volume of deionized water.

Blood was drawn from healthy volunteers according to
approved local protocols (Moghimi's group, University of
Copenhagen). Blood was allowed to clot at room temperature,
and serum was prepared, aliquoted, and stored at �80 �C.
Serum samples were thawed and kept at 4 �C before incubation
with test reagents.

To measure complement activation in vitro, we compared
Aβ-bound P(HDCA-co-MePEGCA) NP- and unbound P(HDCA-
co-MePEGCA) NP-induced rise of serum complement activation
products Bb, C4d, C5a, and SC5b-9 using respective Quidel's
ELISA kits according to the manufacturer's protocols, as de-
scribed previously.53�55 The reaction was started by adding the
required amount of Aβ-bound P(HDCA-co-MePEGCA) NPs or
unbound P(HDCA-co-MePEGCA) NPs to undiluted serum (NPs/
serum volume ratio, 1:4) in Eppendorf tubes (in triplicate) in a
shaking water bath at 37 �C for 30 min. The final concentration
of P(HDCA-co-MePEGCA) NPs was 0.4 mg 3mL�1 of serum.
Reactions were terminated by 20-fold dilution with “sample
diluents” provided with assay kit supplemented with 25 mM
EDTA for Bb, C4d, and SC5b-9 detection, whereas a 200-fold
dilution was made prior to C5a measurement. Control serum
incubations contained saline (the same volume as nano-
particles) for assessing background levels of complement acti-
vation products. Zymosan (1mg 3mL�1, final concentration) and
heat-aggregated IgG (5 mg 3mL�1, final concentration) were
used as positive controls for alternative and calcium-sensitive
pathways, respectively. The level of the complement activation
products was then measured by the respective ELISA kits and
compared with control incubations in the absence of nanopar-
ticles. For quantification of complement activation products,
standard curves were constructed using the assigned concen-
tration of each respective standard supplied by the manufac-
turer and validated. The slope, intercept, and correlation
coefficient of the derived best-fit line for Bb, C4d, C5a, and
SC5b-9 standard curveswas within themanufacturer's specified
range. The efficacy of Aβ bound to P(HDCA-co-MePEGCA) NPs
and unbound NPs was established by comparison with baseline
levels using paired t test, and correlations between two vari-
ables were analyzed by linear regression. The result of a typical
experiment from one blood donor is presented.

Aβ1�42 Peptide�NP Interaction in Serum. The ability of the
nanoparticle to interact with the Aβ peptide in a biological

sample was studied in fetal bovine serum (Lonza). NPs and
fluorescently labeled peptide (HiLyte Fluor-labeled Aβ1�42)
were incubated at a final concentration of 100 and 5 μM,
respectively, in 443 μL of serum. The samples were then stored
on an orbital shaking plate at 37 �C. After 7 h, the tubes were
centrifuged inmild conditions (15 000g for 1.5 h at 4 �C) in order
to remove the NPs and the adsorbed entities without desorbing
adsorbed proteins. The resulting supernatant was directly
analyzed with a luminescence spectrometer (LS50 B, Perkin-
Elmer) with λex of 503 nm in a Hellma Analytics quartz cuvette
(104.003F-QS). Samples of peptide alone in serum and serum
alone were employed as controls.

The ability of the PEGylated nanoparticles to interact with
the peptide in biological media was further investigated by
ELISA. NPs and nonfluorescent Aβ1�42 peptide (aliquoted in
NH4Cl 1% w/w) were incubated at a final concentration of 0.1
and 0.05 μM, respectively, in 1.0 mL of FBS. Again, after 7 h, the
tubes were centrifuged at 15 000g for 1.5 h at 4 �C to remove
NPs and the adsorbed entities. The supernatants were analyzed
by ELISA assay (human Aβ1�42 ultrasensitive, Invitrogen). The
absorbance values were normalized with a sample of peptide.
Experiments were performed in triplicate, and the results were
the mean ( SD. Statistical comparisons of peptide levels were
done by Student's tests.

Apo-E Adsorption on the NPs. A total of 350 μL of P(MePEGCA-
co-HDCA) nanoparticle suspension (20 mg 3mL�1) was incu-
bated in 1.75 mL of Sprague�Dawley rat serum (Charles River
Laboratories) for 20min at 37 �Cwith or without Aβ1�42. Plasma
proteins adsorbed onto the nanoparticles were separated from
bulk serum by centrifugation at 15 000g for 1.5 h at 4 �C. The
supernatant serum was discarded, and the pellet was exten-
sively washed with water by centrifugation (15 000g for 1.5 h at
4 �C) to remove the excess serum. After the centrifugation, the
plasma protein adsorbed nanoparticles were resuspended in
100 μL of solution containing 2.5% sodiumdodecyl sulfate (SDS)
and 30 mM 1,4-dithioerythritol (DTE). The suspension was incu-
bated at 50 �C for 2 h to detach the adsorbed proteins from the
nanoparticles.56 After centrifugation at 15000g for 1 h at 4 �C,
Bradford assay was applied to quantify the amount proteins in the
final supernatant. A total of 40 μg of proteins was migrated on a
12% SDS polyacrylamide gel and electrophoretically transferred to
a nitrocellulose membrane. Blots were blocked with BSA 5% (w/v)
in Tris buffer saline. Then the blots were extensively washed and
incubated with an apolipoprotein-specific antibody overnight at
4 �C, followed by a peroxidase-conjugated anti-goat IgG as a sec-
ondary antibody. The immunoreactive bandswere visualizedby an
enhanced chemoluminescence system (Amersham Bioscience).
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