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Abstract: Amyloid-f3 (AB) peptide is the main fibrillar component of plaque deposits found
in brains affected by Alzheimer’s disease (AD) and is related to the pathogenesis of AD.
Passive anti-A} immunotherapy has emerged as a promising approach for the therapy of AD,
based on the administration of specific anti-Af} monoclonal antibodies (aAPmAbs) to delay
AP aggregation in the brain. However, the main disadvantage of this approach is the required
readministration of the aABmAbs at frequent intervals. There are only a few reports describing
in vitro study for the immobilization of aAmAbs to nanoparticles as potential targeting agents
of AP aggregates. In this article, we report the immobilization of the aABmAb clone BAM10 to
near-infrared fluorescent maghemite nanoparticles for the inhibition of A3, fibrillation kinet-
ics and the specific detection of AP, fibrils. The BAM10-conjugated iron oxide nanoparticles
were well-characterized, including their immunogold labeling and cytotoxic effect on PC-12
(pheochromocytoma cell line). Indeed, these antibody-conjugated nanoparticles significantly
inhibit the AP, fibrillation kinetics compared with the same concentration, or even five times
higher, of the free BAM10. This inhibitory effect was confirmed by different assays such as
the photo-induced crosslinking of unmodified proteins combined with sodium dodecyl sulfate—
polyacrylamide gel electrophoresis. A cell viability assay also confirmed that these antibody-
conjugated nanoparticles significantly reduced the AR, -induced cytotoxicity to PC-12 cells.
Furthermore, the selective labeling of the AR, fibrils with the BAM10-conjugated near-infrared
fluorescent iron oxide nanoparticles enabled specific detection of AP, fibrils ex vivo by both
magnetic resonance imaging and fluorescence imaging. This study highlights the immobilization
of the aAPmAb to dual-modal nanoparticles as a potential approach for aAfmAb delivery,
eliminating the issue of readministration, and contributes to the development of multifunctional
agents for diagnosis and therapy of AD.

Keywords: near-infrared fluorescent y-Fe,O, nanoparticles, protein folding, amyloid- peptide,
passive immunotherapy, neurodegenerative diseases

Introduction

The formation of amyloid aggregates is associated with the pathogenesis of many neu-
rodegenerative diseases, including Parkinson’s, Huntington’s, prion, and Alzheimer’s
disease (AD).'* The amyloid-related diseases are implicated in the conformational
changes of proteins from the normally soluble form into amyloid fibrils, organized
mainly into cross B-sheets.*> AD is the most common cause of dementia, character-
ized by the extracellular deposits of fibrils of a small peptide with 39—43 amino
acids, the amyloid-B (AP) peptide.® It is generally accepted that the AP peptides
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can self-assemble to form neurological toxic aggregates
with various morphologies, such as soluble oligomers and
insoluble protofibrils and fibrils.>* Recent studies have shown
that the soluble AP oligomers are the most toxic species that
cause neuritic dystrophy and neuronal death.” At this time,
amyloid-related diseases are incurable, and treatment options
are extremely limited.'®!" Inhibition of AP aggregation has
been considered an attractive therapeutic and preventive
strategy for AD treatment.'>!3

At this time, there is an urgent need for in vivo imaging
agents, which are valuable as specific biomarkers to demon-
strate the location and density of amyloid plaques in the living
human brain.'"*'* Materials exhibiting fluorescence in the
near-infrared (NIR) region (700—1,000 nm) are of great inter-
est as imaging agents, as they result in a lower background
signal and deeper tissue penetration.'” Among the various
NIR fluorescent dyes, NIR cyanine dyes have been used
in a wide range of biological and chemical applications.'®
NIR cyanine dyes are well-known for their water solubility,
stability, high sensitivity, and sharp fluorescence bands.'®
Nanoparticle-based NIR probes have been shown to have
significant advantages over free organic NIR dyes such as
enhanced photostability and biocompatibility, improved
fluorescent signal (a large number of dye molecules per nano-
particle), and easy conjugation of biomolecules to functional
groups on the nanoparticle surface.!*?

Engineered biocompatible nanoparticles offer advantages
as therapeutic and diagnostic agents for amyloid-related
diseases, as they allow modification of surface properties
and, hence, control over the interaction and adsorption
processes.’'"** Moreover, in vitro and in vivo studies have
shown that nanoparticles are capable of overcoming the dif-
ficulty of crossing the blood—brain barrier and have greater
in vivo stability.?*?” Among the various nanoparticles used
in amyloid-related disease research, magnetic iron oxide
nanoparticles are particularly promising because of their
high biocompatibility, unique magnetic properties, relative
nontoxicity, biodegradability, and capacity for use as multi-
modal contrast agents.?$3!

The surface areas, compositions, and functionalities
of nanoparticles play a significant role in controlling the
self-assembling mechanism of amyloid peptides.?’?* Only
a few studies have been reported on the inhibitory effect
of nanoparticles on the AP fibrillation process. Very
recently, Cabaleiro-Lago et al reported the inhibition of
the AP, fibril formation by copolymer nanoparticles of
variable hydrophobicity*> and also demonstrated the dual
effect of commercial polystyrene nanoparticles with amino

modification toward the AR, and AB,, fibril formation.*
Yoo et al have shown the inhibition effect of CdTe quan-
tum dots on AP, fibrillation.** Fluorinated nanoparticles,*
negatively charged gold nanoparticles,*® and sulfonated and
sulfated polystyrene nanoparticles also have been reported as
potential candidates for the inhibition of AP fibril formation.’’
Our previous studies showed that the Leu-Pro-Phe-Phe-Asp
peptide conjugated iron oxide nanoparticles®' and the amino
acid—based polymer nanoparticles containing hydrophobic
dipeptides in the polymer side chains slightly inhibit the A,
fibrillation process.*®

Passive anti-AP immunotherapy has emerged as a
promising and effective approach for the treatment of AD
and has already advanced to ongoing clinical trials.** This
approach involves the direct intraperitoneal injection of
anti-AP monoclonal antibodies (aAPmAbs) into the body to
increase the rate of clearance and prevent aggregation of the
AP peptide in the brain.3** Specifically designed aAPmAbs
have been reported to induce reduction in levels of soluble
AP oligomers and plaques, restoration of neuritic architec-
ture, and cognitive function in transgenic mouse models of
AD. 4% For example, BAM 10, a representative aAfmAb
recognizing the N terminus of AP, significantly reduced AP
plaque burden and reversed memory impairment in different
transgenic mouse models of AD.**° The main disadvantage
of passive immunotherapy is the frequent direct injections
of the aAPmAD required to maintain its bioavailability nec-
essary for AP clearance from the brain. However, repeated
administration may lead to undesirable systematic effects and
toxicity as a result of nonspecific distribution and accumula-
tion of the aABmADb throughout the body.

Only a few studies have been reported on the immobiliza-
tion of aABmAbs on the surface of nanoparticles (ie, gold,*
cerium oxide,” magnetite,”® and nanoliposomes®!). The
purpose of these studies was to increase the in vitro binding
affinity of the aAPmAb-conjugated nanoparticles to AP
oligomers and fibrils as a potential strategy for the diagno-
sis of AD. Very recently, Sillerud et al reported the use of
polyclonal anti-A protein precursor conjugated to iron oxide
nanoparticles for in vivo magnetic resonance imaging (MRI)
detection of AP plaques in the transgenic mouse model of
AD.» However, to the best of our knowledge, there is no
report on the immobilization of aABmAbs on the surface of
nanoparticles to control the AP fibrillation process.

The current article describes the newly designed BAM10-
conjugated NIR fluorescent maghemite (y-Fe,O,) nanoparticles
that induce significant inhibition of A, fibril formation and
specific detection of AP, fibrils. These antibody-conjugated
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nanoparticles are well-characterized, including their
immunogold labeling and cytotoxic effect on the PC-12
pheochromocytoma cell line. The effect of the immobiliza-
tion of BAMIO to the fluorescent y-Fe,O, nanoparticles on
the kinetics of the AP, fibrillation process compared with
the nonconjugated fluorescent nanoparticles and different
concentrations of the free BAMI10 is illustrated. The effect
of the BAM10-conjugated nanoparticles on the toxicity of the
AR, aggregates to PC-12 cells is also examined. The use of
the BAM10-conjugated nanoparticles for specific tracing of
the AB,, fibrils in an ex vivo rat brain model by using both
MRI and fluorescence imaging is also discussed.

Materials

The following analytical-grade chemicals were purchased
from commercial sources and used without further
purification. These include ferrous chloride tetrahydrate;
hydrochloric acid (1 M); sodium hydroxide (1 M standard
solution); sodium chloride; sodium nitrite; gelatin from por-
cine skin; human serum albumin (HSA); amyloid-[3 protein
fragment 140 (A[540); trifluoroacetic acid (TFA); 1, 1, 1,
3, 3, 3-hexafluoro-2-propanol (HFIP); anhydrous dimethyl
sulfoxide (DMSO); thioflavin T (ThT); monoclonal mouse
immunoglobulin G (IgG) anti-AP clone BAM10; ammonium
persulfate; and tris(2,2’-bipyridyl)dichlororuthenium(II)
hexahydrate (RuBpy,) from Sigma-Aldrich (St Louis, MO,
USA); as well as succinimidyl polyethylene glycol suc-
cinimidyl ester (NHS-PEG-NHS) MW 3400 from Nanocs
(New York, NY, USA); Cy7-NHS ester from Lumiprobe
(Hallandale Beach, FL, USA); mouse IgG enzyme-linked
immunosorbent assay (ELISA) kit (Almog Diagnostic Ltd,
Shoham, Israel); Midi MACS magnetic columns from Milte-
nyi Biotec GmbH (Bergisch Gladbach, Germany); Seeblue
plus2 prestained standard from Rhenium (Modi’in, Israel);
and bicarbonate buffer (0.1 M at pH 8.4), phosphate-buffered
saline (PBS free of Ca*? and Mg*, 0.1 M, at pH 7.4), Roswell
Park Memorial Institute medium, fetal calf serum, L-glu-
tamine, penicillin, streptomycin, and 2,3-bis-(2-methoxy-4-
nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT)
cell viability assay kit from Biological-Industries (Kibbutz
Beit-Haemek, Isracl). Water was purified by passing deion-
ized water through an Elgastat Spectrum reverse osmosis
system (Elga, High Wycombe, UK). The cell line PC-12 was
purchased from American Type Culture Collection (ATCC,;
Manassas, VA, USA). The culture medium used in this study
was composed of 90% Roswell Park Memorial Institute, 10%
fetal calf serum, 2 mM L-glutamine, 50 U/mL penicillin, and
50 ug/mL streptomycin.

Synthesis of the NIR fluorescent

v-Fe,O, nanoparticles

Cy7-y-Fe,0, nanoparticles 15.0 £ 1.3 nm in diameter were
prepared by a procedure similar to that described in our previ-
ous publication for the preparation of nonfluorescent y-Fe,O,
nanoparticles,* substituting the gelatin for Cy7-conjugated
gelatin. Briefly, Cy7-NHS ester was covalently conjugated
to gelatin by adding 0.5 mL anhydrous DMSO containing
5 mg Cy7-NHS ester to 20 mL aqueous solution containing
1% (weight/volume) gelatin at pH 8.4 (the pH was raised
by carefully adding NaOH aqueous solution 1 N). Then the
solution was shaken for 1 hour at 60°C. The volume of the
solution was then adjusted to 80 mL by adding water.

HSA coating onto the Cy7-y-Fe,O, nanoparticles was
performed by the precipitation method, as described in our
previous publication.’! PEG-derivatized Cy7-y-Fe,0,/HSA
nanoparticles were prepared by binding excess NHS-PEG-
NHS to the HSA coating of the NIR fluorescent iron oxide
nanoparticles, according to our previous publication.’!

Covalent immobilization

of the BAMIO0 to the PEG-derivatized
Cy7-y-Fe,O,/HSA nanoparticles

BAM10 was covalently conjugated to the terminal-activated
NHS groups of the PEG-derivatized Cy7-y-Fe,O,/HSA core/
shell nanoparticles by adding 50 uL of a BAM10 PBS solu-
tion (1 mg/mL at pH 7.4) to 1 mL of the PEG-derivatized
Cy7-y-Fe,0,/HSA nanoparticles dispersed in PBS (2 mg/mL
at pH 8.4) at a [Nanoparticles]/[BAM10] weight ratio of 40.
The reaction mixture was then shaken at 4°C for 20 minutes.
Residual NHS groups were then blocked by the addition of
glycine (1% weight/volume in PBS). The mixture was then
shaken for an additional 30 minutes. The obtained Cy7-y-
Fe,O,/HSA-PEG-BAM10 nanoparticles were then washed
from nonmagnetic waste with PBS, using the hydrophobic
grid membrane filter (HGMF) technique. The concentra-
tion of the BAM10 conjugated to the fluorescent core/shell
maghemite nanoparticles (7 £ 0.1 pug/mg nanoparticles)
was determined using a mouse IgG ELISA kit (Innovative
Research). The reported value is an average of at least three
measurements.

BAMI0 leakage extent

The leakage of BAM10, conjugated covalently to the PEG-
derivatized Cy7-y-Fe,O,/HSA nanoparticles, into PBS
containing 4% HSA was evaluated using the following
procedure: Cy7-y-Fe,0,/HSA-PEG-BAMI10 nanoparticles
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dispersed in PBS containing 4% HSA (2 mg/mL at pH 7.4)
were shaken at room temperature for 24 hours. Then the
BAM10-conjugated nanoparticles were removed from the
supernatant, using the HGMF technique, and the concentra-
tion of BAMI10 in the filtrate was measured by the mouse
IgG ELISA kit.

Immunogold labeling

The Cy7-y-Fe,O,/HSA-PEG-BAMI10 nanoparticles were
labeled with gold nanoparticles by adding 50 uL goat
anti-mouse IgG-conjugated gold nanoparticles of 6 nm
(Jackson ImmunoResearch Laboratories, Inc, West Grove,
PA, USA) dispersed in 0.01 M sodium borate—sodium
phosphate buffer (1 mg/mL at pH 8.5) to 1 mL of the
Cy7-y-Fe,0,/HSA-PEG-BAM10 nanoparticles dispersed
in PBS (1 mg/mL at pH 7.4). The reaction mixture was
then shaken at 4°C for 3 hours. The obtained Cy7-y-Fe,O./
HSA-PEG-BAMI10, labeled with gold nanoparticles, was
then washed from nonmagnetic waste with PBS, using the
HGMF technique. Control experiments were performed
similarly, substituting the Cy7-y-Fe,O,/HSA-PEG-BAM10
nanoparticles for the nonconjugated Cy7-y-Fe,O,/HSA-
PEG nanoparticles.

Preparation of the AP, fibrils in the
absence and presence of free BAMIO,
BAMI0-conjugated nanoparticles,

or nonconjugated nanoparticles
Lyophilized AB,,
immediately on arrival. To obtain a homogeneous solution

synthesized by Sigma, was stored at —20°C

free of aggregates, a variant of Zagorski’s protocol®” was
followed, as discussed in our previous publication.’! Briefly,
0.5 mg of the AP, was first dissolved in TFA, followed by
TFA evaporation with N.. This process was then repeated
another two times. To remove TFA thoroughly, HFIP was
added and then evaporated with N.. This HFIP treatment was
also repeated another two times. The dry aliquot was com-
pletely resuspended in a solution containing 0.5 M DMSO
and 0.1 M PBS (pH 7.4), to a final volume of 2.88 mL, to
reach a final AR, concentration of 40 uM.

Before use, all solutions were filtered through 0.20-pum-
pore-size filters. For initiating the AR, fibrillation process,
samples of the A, solutions (40 uM) were incubated in
1.5-mL Eppendorf tubes in a bath heater at 37°C with gentle
shaking. To monitor the appearance and growth of fibrils,
aliquots from the tubes were taken at different times and
added to a black 96-well plate, and the ThT fluorescence

(20 uM ThT added to each well) was measured at 485 nm
with excitation at 435 nm in a plate reader.>®

A similar process to that described earlier was also
performed in the presence of different concentrations of the
nonconjugated or BAM10-conjugated nanoparticles and the
free BAM10 (eg, the same concentration as the conjugated
one and a concentration five times higher). Briefly, differ-
ent volumes (0.6-14.5 uL, 2-50% [w/w ABd0
dispersion of nanoparticles (3 mg/mL) or 3—-15 uL of BAM10
PBS solution (100 pg/mL) were added to 0.5 mL of 40 uM
AB,, PBS solution, as described earlier. The formation of the

1) of an aqueous

fibrils was then initiated by quickly raising the temperature
of the aqueous mixture from room temperature to 37°C for
different intervals.

Photo-induced crosslinking

of unmodified proteins, followed

by tris-tricine-SDS-PAGE

Photo-induced crosslinking of unmodified proteins
(PICUP) was performed according to Bitan’s protocol.*
Briefly, 18 uL of different samples of AB, (40 uM), in
apao) Of the BAMI10-
conjugated nanoparticles, were taken at different times in

the absence and presence of 50% (w/w

the fibrillation process and added to 0.1-mL Eppendorf
tubes. Each tested sample was mixed with 1 uL. ammonium
persulfate (20 mM in 0.1 M PBS solution) and 1 UL RuBpy,
(1 mM in 0.1 M PBS solution). The mixture was then
irradiated for 30 seconds, using a 150-W lamp positioned
15 cm from the bottom of the reaction tube. Then, 10 uL
of sample buffer containing 5% [B-mercaptoethanol was
immediately added to quench the crosslinking reactions.
Each tested sample was separated by electrophoresis at
100 V for 100 minutes at room temperature by using
16% tris-tricine—sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE).> The gels were then
developed by the silver stain method.*

Cytotoxicity assay

PC-12 cells were seeded in a 96-well plate at a density of
1 x 10* cells/well in 100 pL culture medium and grown in
a humidified 5% CO, atmosphere at 37°C. After 18 hours
at 37°C, 15 pL of preincubated AP, solutions (40 uM)
in the absence and presence of 10% or 50% (w/w AB40) of
the BAM10-conjugated nanoparticles, 70 and 200 hours
after the initiation of the fibrillation process, were added
to the cells. After incubation for 24 hours at 37°C, 50 uL
XTT solution was added to each well, according to the kit
manufacturer’s instructions. Absorbance was read at 480 nm,

submit your manuscript

4066

Dove

International Journal of Nanomedicine 2013:8


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

Iron oxide nanoparticles, antiamyloidgenic activity, and amyloid-f3 fibrils

and the absorbance of corresponding concentrations of the
nanoparticles was subtracted from the reading. Cell viability
was determined as a percentage of the negative control
(cultured cells in medium without A, and nanoparticles).

Ex vivo MRI experiments

All the experiments were carried out under the Animal Care
and Use Committee, which is recognized by the Israeli
authorities for animal experimentation. Male naive Sprague
Dawley rats (Harlan, Jerusalem, Israel), aged 2 days, were
killed, and their brains were harvested. The extracted brains
were fixed in 4% formalin in a PBS solution for 72 hours
at 4°C and then washed three times with PBS. The fixed
brains were placed in 24-well plate, and 2 mL of preincu-
bated AB,, (40 uM) for 70 hours at 37°C was added to each
well. The brains were then incubated for 24 hours at 37°C
and washed three times with PBS. Subsequently, 10 uL
of the BAM10-conjugated nanoparticles (3 mg/mL) was
added to each well, and the brains were incubated at 37°C
for an additional 24 hours. After incubation, the brains
were washed four times with PBS and placed in a six-well
plate. A similar control experiment was performed in the
presence of the anti-rabbit IgG-conjugated nanoparticles.
The anti-rabbit IgG-conjugated nanoparticles were pre-
pared by a similar procedure to that described earlier for
the BAM10-conjugated nanoparticles, substituting the
BAMI0 for the donkey anti-rabbit IgG (Jackson Immu-
noResearch Laboratories). Additional control experiments
were also performed for rat brains incubated with only
APB,, or BAM10-conjugated nanoparticles. The treated
brains were scanned by MRI, using a 3-T MRI machine
(GE Medical Systems, Waukesha, WI, USA) and a clinical
phased array knee coil. Fast spin-echo T2-weighted MR
images were acquired with a 512 X 512 matrix, a field of
view of 8 X 6 cm?, a repetition time of 3,050 milliseconds,
an echo time of 82 milliseconds, a bandwidth of 15.63 kHz,
4 repetitions, and 1 mm-thick slices.

Statistical analysis

Statistical analysis was performed by the Student’s #-test. The
results are expressed as a mean = standard deviation (SD),
and P<<0.05 was considered to be statistically significant.

Characterization

Low-resolution transmission electron microscopy (TEM)
pictures were obtained with a FEI Tecnai C2 BioTwin electron
microscope (FEI, Hillsboro, OR, USA) with 120-kV acceler-
ating voltage. High-resolution TEM (HRTEM) pictures were

obtained by employing a JEOL-2100 (JEOL, Peabody, MA,
USA) device with a 200-kV accelerating voltage. Elemental
analysis was obtained by the thermo Noran energy dispersive
spectroscopy system. Samples for TEM and HRTEM were
prepared by placing a drop of diluted sample on a 400-mesh
carbon-coated copper grid or carbon-coated copper lacy grid,
respectively. The average size and size distribution of the dry
nanoparticles were determined by measuring the diameter
of more than 200 particles with the image analysis software
AnalySIS Auto (Soft Imaging System GmbH, Munster,
Germany). Hydrodynamic diameter and size distribution
of the nanoparticles dispersed in an aqueous phase were
measured using a particle analyzer, model NANOPHOX
(Sympatec GmbH, Clausthal-Zellerfeld, Germany). Fluo-
rescence intensity and absorbance at room temperature
were measured using a multiplate reader Synergy 4, using
Gen 5 software. Electrokinetic properties ({-potential) as a
function of pH were determined by Zetasizer (Zetasizer 2000,
Malvern Instruments, Malvern, UK). Fluorescence images
were acquired using a Maestro II in vivo fluorescence imag-
ing system (Cambridge Research and Instrumentation Inc,
Woburn, MA, USA). A NIR excitation/emission filter set was
used for our experiments (A_: 700-760 nm, A >790 nm).
The liquid crystal tunable filter was programmed to acquire
image cubes from A =790-860 nm with an increment of
10 nm per image.

Results and discussion
Characterization of the nonconjugated

and the BAMI0-conjugated NIR

fluorescent iron oxide nanoparticles
Uniform NIR fluorescent core y-Fe,O, nanoparticles of
15.0 = 1.3 nm were prepared by nucleation followed by the
controlled growth of y-Fe, O, thin films onto the gelatin-Cy7-
iron oxide nuclei.’"** These Cy7-y-Fe,O, nanoparticles were
then coated with HSA via a precipitation process.>' Covalent
conjugation of the spacer arm NHS-PEG-NHS to the HSA
coating of the Cy7-y-Fe,O, nanoparticles was then accom-
plished by interacting the primary amine groups of the HSA
coating with excess NHS-PEG-NHS molecules. Covalent
conjugation of the BAM10 onto the surface of the former
fluorescent nanoparticles was then performed by interact-
ing the terminal activated NHS groups of the PEG deriva-
tized Cy7-y-Fe,O,/HSA nanoparticles with primary amino
groups of the antibody. Leakage of the covalently bound
BAMI10 into PBS containing 4% HSA was not detected by
the mouse IgG ELISA kit.3!
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Figure | Transmission electron microscopy image (A) and size histogram (B) of the
Cy7-maghemite/human serum albumin-polyethylene glycol-BAMI0 nanoparticles.

Figure 1 presents the dry (A) and hydrodynamic (B)
diameter and size distribution of the Cy7-y-Fe,O,/HSA-PEG-
BAM10 nanoparticles, as measured by TEM images and light
scattering, respectively. The dry diameter is 28 + 2.3 nm,
whereas the hydrodynamic diameter is 129 £ 16 nm. The dif-
ference in the diameter measured by TEM and light scattering
is a result of the fact that the second method also takes into
account the surface-adsorbed solvent (water) molecules. The
measured dry and hydrodynamic average diameters of the non-
conjugated Cy7-y-Fe,0,/HSA-PEG nanoparticles were slightly
lower than those of the BAM10-conjugated nanoparticles (eg,
25+ 1.9 and 118 + 17 nm, respectively, for the Cy7-y-Fe O,/
HSA-PEG nanoparticles). Both the nonconjugated and the
BAMI10-conjugated nanoparticles possess a single population
of narrow size distribution, as shown in Figure 1. To learn about
the stability of the BAM10-conjugated nanoparticles in aque-
ous medium, {-potential measurements can be employed as
an indirect indicator of their surface charge. The {-potentials
obtained at pH 7.4 for the Cy7-y-Fe,O,/HSA-PEG and Cy7-y-
Fe,0,/HSA-PEG-BAM10 were -9.5+2.5and~15.2£2.7mV,
respectively. The increase in the absolute surface charge of
the BAM10-conjugated nanoparticles compared with the
nonconjugated ones is a strong indication of the effectiveness
of the surface modification with BAM10.

HRTEM images of the Cy7-y-Fe,O,/HSA-PEG
(Figure 2A) and Cy7-y-Fe,0,/HSA-PEG-BAM10
(Figure 2B1 and B2) nanoparticles obtained after the immu-
nogold labeling process with the anti-mouse IgG-conjugated
gold nanoparticles of 6 nm are shown in Figure 2. The

perfect arrangement of the atomic layers of the iron oxide
and the amorphous HSA-PEG shell on the surface of the
crystalline Cy7-y-Fe,O, core nanoparticles. The HRTEM
images of the Cy7-y-Fe,0,/HSA-PEG-BAM10 nanoparticles
(Figure 2B) also demonstrate the perfect arrangement of
the atomic layers of the gold nanoparticle of 6 nm on the
surface of the crystalline Cy7-y-Fe,O, core nanoparticles.
The corresponding energy dispersive spectroscopy spectra
reveal the presence of the elemental Au derived from the
Cy7-y-Fe,0,/HSA-PEG-BAMI10 nanoparticles labeled with
the gold nanoparticles (Figure 2D) and its complete absence
for the nonlabeled Cy7-y-Fe,0,/HSA-PEG nanoparticles
(Figure 2C). These figures clearly exhibit the specific bind-
ing of the anti-mouse IgG-conjugated gold nanoparticles to
the BAM10-conjugated nanoparticles via antigen—antibody
interactions (as illustrated in Figure 2E), which was not
observed for the non-BAM10-conjugated nanoparticles.
This observation confirms the presence of the immobilized
BAMI10 molecules on the surface of the Cy7-y-Fe, O ,/HSA-
PEG-BAMI10 nanoparticles.

Influence of the BAMI0
immobilization on the kinetics

of the AR, fibrillation process

Kinetics of the AB,, fibril formation in PBS at 37°C, moni-
tored by the temporal development of ThT binding,”” in
the absence (Figure 3A) and presence of 50% (w/w A[m)
of the nonconjugated (Figure 3B) or BAM10-conjugated
nanoparticles (Figure 3C) and free BAM10 of increasing
concentrations (Figure 3D and E) are shown in Figure 3.
In the absence of the nanoparticles (Figure 3A), the main
growth of the AR, fibrils, corresponding to the end of the
lag time, occurred approximately 60 hours after initiating
the fibrillation process and was completed after approxi-
mately 120 hours. It is important to note that this behavior
AB 1) of the
non BAM10-conjugated nanoparticles (Figure 3B). In con-

was also observed in the presence of 50% (w/w

trast, the kinetics of the A, fibril growth in the presence
of 50% (w/wA[340
(Figure 3C) was significantly delayed, being initiated

) of the BAM10-conjugated nanoparticles

only after 340 hours. These observations indicate that the
BAM10-conjugated nanoparticles substantially increase
the fibrillation lag time and thereby inhibit the kinetics of
the nucleation and oligomer formation before the formation
of the AR, fibrils. This inhibitory effect might be explained
by the presence of the surface-immobilized BAM10, which
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Figure 2 HRTEM images of the Cy7-maghemite/HSA-PEG (A) and Cy7-maghemite/HSA-PEG-BAMI0 nanoparticles (Bl and B2) obtained after the immunogold labeling
with the anti-mouse IgG-conjugated gold nanoparticles of 6 nm, and their corresponding EDS spectra (C and D, respectively). (E) Scheme illustrating the BAM|0-conjugated
nanoparticles labeled with the immunoglobulin G—conjugated gold nanoparticles, as shown in (B2).

Note: Image (B2) represents higher magnification of the circled region shown in (B1).

Abbreviations: HRTEM, high-resolution transmission electron microscopy; HSA, human serum albumin; PEG, polyethylene glycol; EDS, energy dispersive spectroscopy.

is known for its high affinity to AR, prefibril aggregates
of monomers and oligomers.**° This high-binding affin-
ity disturbs the monomer-critical nuclei equilibrium by
trapping the monomers and/or blocking the growing oli-
gomers ends on the surface of the nanoparticles, thereby
decreasing their solution concentration and interfering
with their elongation to form fibrils. However, the ability
to distinguish whether these nanoparticles adsorbed the
monomers or oligomers, or both, remains to be investigated.
The effect of the BAM10 immobilization to the nanopar-

ticles on the kinetics of A, fibrillation process compared
with that with the free antibody at the same concentration
(free x1) and five times higher (free x5) are shown in Fig-
ure 3D and E. These typical sigmoidal curves clearly show
that the inhibitory effect observed in the presence of the con-
jugated BAM10 was substantially higher than that observed
for the free x1, or even free x5. For example, in the presence
of 50% (w/w AB o) BAM10-conjugated nanoparticles, the
fibrillation process was initiated after 340 hours (Figure 3C),
whereas in the presence of the free X1 (Figure 3D) or free x5
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Figure 3 Kinetics of the AR,/ fibrils formation in PBS at 37°C in the absence (A) and presence of 50% (w/wAm) of the nonconjugated (B) or the BAMI|0-conjugated
nanoparticles (C) and free BAMIO0 of different concentrations; that is, the same concentration of the conjugated one (D), and five times higher (E).
Notes: The kinetics of the AB, fibrils formation were measured using ThT binding assay, as described in the experimental part. The reported values are the average of five

measurements of each triplicate tested sample. The error bars indicate the SD.

Abbreviations: AB,, amyloid-$ 40; PBS, phosphate-buffered saline; SD, standard deviation; ThT, thioflavin T.

BAMI10 (Figure 3E), the fibrillation process was initiated
after 94 and 213 hours, respectively. This observation may
be a result of the fact that the immobilization of BAM10 to
the nanoparticles increases its stability during the A3, fibril-
lation process, and thus prolongs its activity compared with
that of the free antibody. A similar stabilization effect was
reported previously by us for thrombin,® glial cell-derived
neurotrophic factor,! basic fibroblast growth factor,* tumor
necrosis factor-related apoptosis-inducing ligand (TRAIL),%
factor VIla,** and methotrexate® conjugated to y-Fe,O,
nanoparticles. Long-term stability of thrombin, TRAIL,
and methotrexate conjugated to the y-Fe,O, nanoparticles
compared with the free ones was also previously demon-
strated.®“%¢> On the basis of the present in vitro kinetics
results, an in vivo study is planned for near future, hopefully
to demonstrate the elimination of BAM10 readministration
by its conjugation to the iron oxide nanoparticles.

To assess the achieved inhibitory effect on the AB, fibril
formation in the presence of the BAM10-conjugated nano-
particles compared with the free x 5 BAM10, TEM images
were obtained to detect morphological changes in A,
solution, as shown in Figure 4. In the case of control AP,
solution (Figure 4A), massive networks of entangled fibrils
with microsized lengths were observed after 120 hours of
the fibrillation process. In contrast, when A, solution was

incubated in the presence of the free x5 BAM10 (Figure 4B),
the formed fibrils after 120 hours of the fibrillation pro-
cess were less massive and shorter than those observed
in the control AR, solution. Still, when A, solution was

incubated in the presence of 50% (w/w,,, ) of the BAM10-

AB40

Figure 4 TEM images of the A, in the absence (A) and presence (B) of free BAM10
at a concentration five times higher than the conjugated BAMIO (B) 120 hours
after initiation of the fibrillation process or in the presence of 50% (w/w,,, ) of the
BAM|0-conjugated nanoparticles dispersed in PBS, 384 (C) and 450 (D) hours after
initiation of the fibrillation process.

Abbreviations: TEM, transmission electron microscopy; AB,, amyloid- 40;
PBS, phosphate-buffered saline.
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conjugated nanoparticles (Figure 4C), even shorter fibrils
were observed only after 384 hours of the fibrillation process.
It is further interesting to note the selective marking of
the fibrils with the BAM10-conjugated nanoparticles after
450 hours of the fibrillation process (Figure 4D).

Typical sigmoidal curves in Figure 5 exhibit the kinet-
ics of AP, fibrillation process in the presence of increasing
concentrations of the BAM10-conjugated nanoparticles
(Figure SA—C). As expected, with increased loading of the
BAM10-conjugated nanoparticles, the AB, fibrillation pro-
cess becomes much slower. For example, instead of initiating
the fibrillation process in the absence of the nanoparticles after
60 hours, as described earlier, increasing the concentration of
the conjugated BAM10 to 2% (Figure 5A), 10% (Figure 5B),
and 50% (Figure 5C) (w/w AB 40) leads to fibril formation only
after 68, 135, and 340 hours, respectively. It should be noted
that at concentrations higher than 50% (w/w Apto)> 1O further
significant inhibition effect was observed. These results imply
that the conjugated BAM 10 induces a significant increase in
the lag time of the fibrillation process, although it does not
prevent the fibril formation. Recent studies have revealed that
the soluble oligomers are significantly more toxic to neuronal
cells than the monomers and the formed fibrils.”° Therefore,
there is great interest in developing nanoparticles that are
able to disturb the monomer-critical nuclei equilibrium by
trapping active monomers and prefibril intermediates on the

nanoparticle surface, thereby delaying further growth and
reducing their toxicity in solution.

To further confirm the achieved inhibitory effect on
AR, oligomer distribution during the fibrillation process in
the presence of the BAM10-conjugated nanoparticles, the
PICUP method, followed by tris-tricine-SDS-PAGE, was
performed, as shown in Figure 6. Because the AR, oligomers
exist under conditions of dynamic equilibrium, the PICUP
method was used to stabilize these species by covalent
crosslinking and determine their oligomerization state by
tris-tricine-SDS-PAGE. In the case of control A3, solution,
before the initiation of the fibrillation process, the distribution
of the PICUP-derived species of AP, revealed the presence
of a strong monomer band and less intense dimer and trimer
bands, indicating the monomers as the species with the high-
est amount. Following the fibrillation process for 96 hours,
the monomer band became less intense, accompanied by the
appearance of oligomer bands, indicating the time-dependent
decrease in the amount of AR, monomers, which aggregated
into high-order oligomers and fibrils. In contrast, when A3,
AB40) of
the BAM10-conjugated nanoparticles, the monomer band

solution was incubated in the presence of 50% (w/w

appeared to be strong even after 288 hours of the fibrillation
process, indicating that the appearance of the oligomeric
species was significantly delayed. These observations indi-
cate that these bioactive-conjugated iron oxide core-shell
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Figure 5 Kinetics of the A, fibrils formation in PBS at 37°C in the presence of 2% (A), 10% (B), and 50% (C) (w/w.

Aﬁ‘m) of the BAM|0-conjugated nanoparticles.

Notes: The kinetics of the AB,  fibrils formation were measured using ThT binding assay, as described in the experimental part. The reported values are the average of five

measurements of each triplicate tested sample. The error bars indicate the SD.

Abbreviations: Aﬁw, amyloid-f 40; PBS, phosphate-buffered saline; ThT, thioflavin T; SD, standard deviation.
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Figure 6 Tris-tricine-SDS-PAGE.

Notes: Tris-tricine-SDS-PAGE illustrating the inhibition effect of the BAM10-conjugated nanoparticles on the AR, fibrillation kinetics. Lanes (from left to right) indicating the
electrophoretic migration of the AB, in the absence of the nanoparticles before and 72, 96, and 216 hours after the initiation of the fibrillation process; in the presence of the
50% (w/wAM) of the BAMI0-conjugated nanoparticles 72, 216, 288, and 384 hours after the initiation of the fibrillation process; and of the BAM0-conjugated nanoparticles

only. All tested samples were introduced to PICUP and then were analyzed by 16% tris-tricine-SDS-PAGE, followed by silver staining, as described in the experimental part.
The gel is representative of four independent experiments.

Abbreviations: AR, , amyloid-B 40; PICUP, photo-induced crosslinking of unmodified proteins; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

nanoparticles are capable of disturbing the monomer-critical ~ using XTT cell viability assay, as shown in Figure 7.
nuclei equilibrium by trapping the monomers, thereby delay-  This figure shows the cell viability percentage after

ing their further growth into oligomers. incubation for 24 hours, without and with preincubated fresh

. AR, aqueous solution in the absence and presence of 10%
Effect of the BAMI| O-conjugated or 50% (w/w AB 4) of the BAM10-conjugated nanoparticles
nanOPal’tideS on the AB40'induced and the presence of free x1 BAM10, 70 and 200 hours
C)’tOtOXiCit)’ after initiation of the fibrillation process. After a 24-hour

The effect of the BAM10-conjugated nanoparticles on the  exposure of the PC-12 cells to AP, aggregates formed 70
toxicity of AP,  aggregates to PC-12 cells was examined  and 200 hours after initiation of the fibrillation process,
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Figure 7 Viability of the PC-12 cells exposed to preincubated fresh AB,; aqueous solution in the absence and presence of 10% or 50% (w/wwo) of the BAMI0-conjugated
nanoparticles and presence of the free x| BAMIO (at the same concentration as the 50% [w/wA[m] of the conjugated), 70 and 200 hours after initiation of the fibrillation
process, and 50% (w/wAM) of the nanoparticles only under similar conditions, as determined by the XTT assay described in the experimental part.

Notes: The reported values are the average of measurements performed on at least eight wells for each tested sample of two independent experiments, expressed as a
percentage of the negative control (cultured cells in medium without AR, and nanoparticles). The error bars indicate the standard error of the mean. The statistical analysis
was determined using Student’s t-test. This analysis illustrating significant difference between the A, group to the conjugated BAMI0 group of 50% (w/wAw) *P<0.05.
Abbreviations: AB,;, amyloid-f 40; PC-12, pheochromocytoma cell line; XTT, 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide; h, hours.
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Figure 8 T2-weighted magnetic resonance images of rat brains incubated with AR, only (Al and A2), BAMI0-conjugated nanoparticles only (Bl and B2), AR, followed by
anti-rabbit IgG-conjugated nanoparticles (CI and C€2), and AR, followed by BAMI0-conjugated nanoparticles (D1 and D2), as described in the experimental part.

Note: This experiment was repeated twice with similar results.

Abbreviations: AB,;, amyloid-$ 40; IgG, immunoglobulin G; MR, magnetic resonance.

the cell viability decreased to 91% and 71%, respectively.
In contrast, after 24 hours of exposure of the PC-12 cells
to preincubated AP, in the presence of increasing concen-
trations of the BAM10-conjugated nanoparticles, the cell
viability significantly increased in a conjugated BAM10
dose-dependent manner. For example, treatment of the
cells with preincubated AR, in presence of 50% (w/w AB )
of the BAM10-conjugated nanoparticles 200 hours after
the initiation of the fibrillation process increased the cell
viability from 71% to 89% (P<<0.05 between the AR,
group to the conjugated BAM10 group of 50% [w/w AB 20l
It should be noted that no toxicity was observed for the
nanoparticles tested alone with the cells under similar
conditions. These observations indicate that the presence
of the BAM10-conjugated nanoparticles during the AB,
fibrillation process contributed to a significant reduction in
neurotoxicity, thereby effectively inhibiting the formation

of toxic AP, species.

Ex vivo detection of AB, by the
dual-modal (MRI and fluorescence)

BAM|0-conjugated nanoparticles

To further test the selective marking of the AB, aggregates
with the BAM10-conjugated nanoparticles, ex vivo detec-
tion of A, by these nanoparticles in rat brains was per-
formed. In typical experiments, brains were incubated in a
dispersion of AP, fibrils to adsorb the fibrils on the surface
of the brains. The unbound AR, was then removed by thor-
ough washing. The AB, -adsorbed brains were then treated

with functional nanoparticles, followed by removal of the
unbound nanoparticles. Figure 8 shows the T2-weighted
MR images of the rat brains incubated with only AP,
(Figure 8A1 and A2) or BAM10-conjugated nanoparticles
(Figure 8B1 and B2), and the rat brains incubated with A, ,
followed by the anti-rabbit IgG-conjugated nanoparticles
(Figure 8C1 and C2) or the BAM10-conjugated nano-
particles (Figure 8D1 and D2). This figure illustrates the
presence of dark peripheral outlines of the A, -adsorbed
brains treated with the BAM10-conjugated nanoparticles
(Figure 8D), which does not appear in any of the control

Figure 9 Light microscope images showing the Prussian blue iron staining of
the rat brains incubated with: AB, only (A), BAMI0-conjugated nanoparticles
only (B), AB,, followed by anti-rabbit IgG-conjugated nanoparticles (C), and
AB,, followed by BAMIO-conjugated nanoparticles (D), as described in the
experimental part.

Note: This experiment was repeated three more times with similar results.
Abbreviations: AR, , amyloid-B 40; IgG, immunoglobulin G.
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Figure 10 Fluorescence imaging of rat brains incubated with AR, only (A1), BAMI0-
conjugated nanoparticles only (BI), AR, followed by anti-rabbit IgG-conjugated
nanoparticles (Cl), and AB,; followed by BAMI0-conjugated nanoparticles (D1),
as described in the experimental part. (A2-D2) are the corresponding bright light
images of the fluorescent images seen in (Al-D1) respectively.

Note: This experiment was repeated three more times with similar results.
Abbreviations: AB,, amyloid-B 40; IgG, immunoglobulin G.

brains (Figure 8A—C). The dark regions in the T2-weighted
MR images reflect the existence of iron oxide nanopar-
ticles. These observations indicate the specific binding of
the BAM10-conjugated nanoparticles to the A3, fibrils in
this ex vivo model, without any nonspecific binding with
other surface brain components, thus enabling the detection
of AB,, by these nanoparticles, using MRI. The selective
tracing of the AR, fibrils with the BAM10-conjugated
nanoparticles in this ex vivo model was also confirmed
by Prussian blue iron staining, as shown in Figure 9. This
figure reveals that only the AP, -adsorbed brains incubated
with the BAM10-conjugated nanoparticles exhibited the
characteristic blue color on the surface of the brain as a
result of the presence of the iron, in agreement with the
MRI results.

Taking advantage of the NIR fluorescent properties of
the BAM10-conjugated nanoparticles, fluorescence imaging
of the treated brains of the ex vivo experiments described
earlier was performed to detect the selective labeling of the
AR, fibrils by these bioactive-conjugated nanoparticles,
as shown in Figure 10. This figure, indeed, clearly exhib-
its that only the AR, -adsorbed brains incubated with the
BAMI10-conjugated nanoparticles are single-stained with
NIR fluorescence belonging to the BAM10-conjugated
nanoparticles.

Conclusion

This article shows that the conjugation of the BAM10 to
the NIR fluorescent iron oxide nanoparticles significantly
inhibits the AR, fibrillation kinetics and specifically marks
these fibrils. The selective labeling of the AR, fibrils with
the BAM10-conjugated nanoparticles enabled specific

detection of AR, fibrils ex vivo by both MRI and fluores-
cence imaging. These bioactive, dual-modal nanoparticles
may therefore be an efficient tool for aAfmAbs delivery
and may be used for the development of both therapeutic
and diagnostic agents for AD. In the future, we wish to
extend this study to transgenic animal models of AD. For
this purpose, we plan to study the effect of the conjugated
BAM10 compared with the free one on the AR, aggregation
of transgenic mice. This will be accomplished, at least at
the beginning, by intracranial injections and not intrave-
nously to overcome the blood—brain barrier. We also plan
to study the ability of the BAM10-conjugated nanoparticles
to specifically detect the AP, plaques in the brains of the
transgenic animals by tracing the nanoparticles and the
AB40’
as well as immunohistochemical staining. The cellular

using MRI and fluorescence imaging simultaneously,

uptake of the BAM10-conjugated nanoparticles will also
be investigated.
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