1

Q1

Q2

16

17
18
19
20
21
22
23
24
25

26

27
28
29
30
31
32
33
34
35

Q3

NANO-01876; No of Pages 9

Nanomedicine: Nanotechnology, Biology, and Medicine n a n 0 m ed i C i n e

XX (XXXX) XXX~XXX Nanatechnology, Biology, and Medicine

ELSEVIE Orlgmal Article nanomedjournal.com

Cationic carrier peptide enhances cerebrovascular targeting
of nanoparticles in Alzheimer's disease brain
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Abstract

Accumulation of amyloid beta (Ap) peptides in the cerebral vasculature, referred to as cerebral amyloid angiopathy (CAA), is widely
observed in Alzheimer's disease (AD) brain and was shown to accelerate cognitive decline. There is no effective method for detecting
cerebrovascular amyloid (CVA) and treat CAA. The targeted nanoparticles developed in this study effectively migrated from the blood flow
to the vascular endothelium as determined by using quartz crystal microbalance with dissipation monitoring (QCM-D) technology. We also
improved the stability, permeability, and blood—brain barrier (BBB) transcytosis of targeted nanoparticles by coating them with a cationic
BBB penetrating peptide (K16ApoE). The K16ApoE-Targeted nanoparticles demonstrated specific targeting of vasculotropic DutchAp40
peptide accumulated in the cerebral vasculature. Moreover, K16 ApoE-Targeted nanoparticles demonstrated significantly greater uptake into
brain and provided specific MRI contrast to detect brain amyloid plaques.

© 2018 Elsevier Inc. All rights reserved.

Key words: Targeted nanoparticles; BBB permeating peptide; Cerebrovascular amyloid; Alzheimer's disease (AD); Magnetic resonance imaging (MRI)

Alzheimer's disease (AD) is one of the top 10 leading causes
of death in the United States, and AD-associated deaths have
almost doubled since 2000." Hence, early diagnostic and treatment
strategies for the AD are the need of the hour. Alzheimer's disease
(AD) brain manifests cerebrovascular amyloid (CVA) deposits,
constituting of amyloid beta (Af) proteins, as well as parenchymal
amyloid plaques and intraneuronal tangles. Approximately, 90%
of AD patients and 30% of individuals over 60 years of age

have CVA.? AD subjects with CVA show more rapid decline in 36
cognitive test performance than those devoid of CVA.' 37

Currently, there are no diagnostic agents for detecting 38
cerebrovascular amyloid in AD brain; in fact, the diagnosis is 39
only confirmed post-mortem. Treatment is limited to palliative 40
measures, and preventive measures are unavailable, which presents 41
a poor prognosis for the millions of people at risk. Diagnostic 42
agents, such as Florbetapir F18, can detect the presence of amyloid 43
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but are non-selective to cerebrovascular amyloid. Our previous
studies have shown that the nanoparticle targeted with human
anti-amyloid antibody IgG4.1, aided in the detection of cerebro-
vascular amyloid.”™ These studies have demonstrated that the
recognition and high-affinity binding of IgG4.1 to cerebrovascular
amyloid (CVA) facilitates the early detection of CVA in the
AD brain. However, this goal is achieved effectively only when
the nanoparticles are internalized by the BBB endothelium after
evading peripheral clearance processes and subsequently retained
in the cerebral vasculature. Previously, chitosan was shown to
enhance the circulatory lifetime of poly lactic-co-glycolic acid
(PLGA) nanoparticles and provide targeting to CVA deposits.”
This positively charged polymer also improved the uptake of
nanoparticles by the brain endothelial cells, but transcytosis across
BBB endothelial cells remained limited.

To surmount this limitation and deliver sufficient payload for
therapy, nanoparticles should be designed to exploit the transcel-
lular transport processes in the BBB endothelial cells. Permeability
at the BBB endothelium can be improved by increasing cationic
charge density on the nanoparticle. It has been shown that a
positively charged polyamine modified anti-amyloid antibody
fragment conjugated to the nanoparticle surface can improve the
BBB permeability of nanoparticles.” Similarly, cationic carrier
peptides can also be conjugated to the surface to achieve a similar
effect.° However, both systems typically require an additional
conjugation step, which may interfere with the integrity of IgG4.1.
However, K16ApoE, a cationic carrier peptide composed of 16
lysine residues and amino acids 151-170 of the low-density
lipoprotein receptor (LDLR)-binding segment of the apolipopro-
tein E (ApoE) peptide, is a “mix-and-go” system and does not
require any conjugation to the nanoparticle surface. The K16 ApoE
was shown to increase the brain uptake of cisplatin by 34-fold” and
that of non-specific IgG/IgM antibodies by 5-fold.® In this study,
we employed K16ApoE to improve the permeability of nanopar-
ticles across the BBB.

Materials and methods
Materials

Acid terminated poly lactic-co-glycolic acid (PLGA) containing
lactic acid and glycolic acids in 50:50 ratio (MW 153,000) was
generously provided by Corbin (Gorinchem, Netherlands). The
IgG4.1, a monoclonal antibody raised against human fibrillary
AP42, was developed at the Mayo Clinic (Rochester, MN), whereas
DutchAp40, fluorescein-labeled DutchAB40 (F-DutchAp40) and
K16ApoE were synthesized by the Mayo Clinic Proteomic Core
Facility. Bicinchoninic acid (BCA), protein assay kit, was procured
from Thermo Fisher Scientific (Waltham, MA). All cell culture
reagents were obtained from Mediatech, Inc. (Manassa, VA). The
human cerebral microvascular endothelial cell line (\CMEC/D3)
was donated by P-O Couraud, Institut (Cochin, France). All other
chemicals were purchased from Sigma-Aldrich (St. Louis, MO).

Animals

Eight-week-old wild-type (WT, B6/SJL) mice were obtained
from Jackson Laboratories (Bar Harbor, ME). The APP transgenic

mice (Tg2576) were purchased from Taconic (Germantown, NY)
and housed under standard conditions in the non-barrier facility
and provided access to food and water ad libitum. Twelve wild-
type mice and four Tg2576 mice were used for these studies.
All studies were conducted in accordance with National Institutes
of Health Guide for the Care, and Use of Laboratory Animals and
the protocols were approved by Mayo Clinic Institutional Animal
Care and Use Committee.

Cell culture

Madin Darby Canine Kidney (MDCK) cells were cultured in
media composed of 90% DMEM, 10% fetal bovine serum and 1%
penicillin—streptomycin. Human brain microvascular endothelial
cells (h\CMEC/D3) were cultured as described elsewhere.” The
hCMEC/D3 cells were seed on 12 mm Transwells® (Costar,
Cambridge, MA) pre-coated with 0.1% type 1 rat-tail collagen.
The Transwells® were cultured for 7 days under 5% CO, at 37 °C
and were used for the experiments when the monolayer exhibited
a transendothelial electrical resistance (TEER) value greater than
75 Qlem®.

Preparation of curcumin-loaded PLGA nanocore

The PLGA nanocore was prepared using a modified emulsion
technique described in our earlier publication. 2 Briefly, the organic
phase consisting of 20 mg/mL PLGA and 1 mg/mL curcumin was
dissolved in methylene chloride and slowly added under constant
stirring at 1500 rpm to an aqueous phase consisting of 1% polyvinyl
alcohol in distilled water with constant stirring at 1500 rpm.'*!!
After the formation of a stable emulsion, an equal volume of water
was added, and the excess methylene chloride was evaporated in a
water bath maintained at 45 °C. Large particles were removed
from the PLGA nanocore suspension by centrifugation at 5000 rpm
for 10 min.

Modification of PLGA-nanocore surface

Preparation of gadolinium-diethylene triamine pentaacetic acid
([Gd]DTPA) conjugated chitosan

The [Gd]DTPA, a magnetic resonance imaging (MRI) contrast
agent, was conjugated to medium molecular weight chitosan
(MW = 190,000-310,000 Da) by carbodiimide reaction.”'*"?
The [Gd]DTPA-chitosan was dialyzed against 1 L of distilled
water using a Spectrapor 7 dialysis membrane (MW cut-off of
50,000 Da) to remove unconjugated /Gd]DTPA. Then the /Gd]
DTPA-chitosan was lyophilized and stored at 4 °C.

Conjugation of chitosan to the nanoparticle surface

A solution containing 500 pg/mL [Gd]DTPA-chitosan
and 1.5 mg/mL of low molecular weight chitosan (MW =
50,000-190,000 Da) were covalently conjugated to 5 mL of
freshly prepared curcumin-loaded PLGA nanocore via carbo-
diimide method. The nanoparticles thus formed were centri-
fuged at 12,000 rpm for 10 min to remove free chitosan and
curcumin. *

Radioiodination of IgG4.1
IgG4.1 was labeled with Na'®I using the chloramine-T
procedure described, previously.'>'® Free '*°I was removed from
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the labeled IgG4.1 by dialysis in 0.01 M phosphate-buftered saline
(PBS) at pH 7.4.

Conjugation of anti-amyloid antibody to the nanoparticle surface

The IgG4.1 or '*°I- IgG4.1 was conjugated to the nanoparticle
surface by the carbodiimide reaction at pH 5, with constant stirring
at 200 rpm in an ice bath. Targeted nanoparticles thus formed will
be separated from the unconjugated IgG4.1 by centrifugation at
12,000 rpm for 10 min."* The amount of IgG4.1 retained on the
targeted nanoparticle surface was quantified by a BCA protein kit.

Physical absorption of K16ApoE to targeted nanoparticle

Immediately before each experiment, 300 pg of K16ApoE
was incubated with 5 mL of targeted nanoparticle suspension at
room temperature for 60 min.”*

Nanoparticle characterization

Particle size and zeta potential

Particle size (hydrodynamic diameter) of nanoparticles
(without IgG4.1) and targeted nanoparticles (with I1gG4.1) was
measured using BI-200SM laser light scattering instrument,
whereas the zeta potential was measured with Zeta Plus instrument
(Brookhaven Instruments, Holtsville, New York). The K16ApoE-
targeted nanoparticle morphology was characterized using an
atomic force microscope (AFM) equipped with MultiMode
Scanning Probe (Veeco Metrology Inc., Plainview, NY).?

Encapsulation efficiency and release of curcumin from the
targeted nanoparticles

The encapsulation efficiency of curcumin was determined by
measuring the fluorescence intensities of the pellet (encapsulated)
and supernatant (free) after centrifugation.” To quantify the amount
of curcumin released from the targeted nanoparticles, 25 mg of
freshly prepared targeted nanoparticle were suspended in 3 mL
distilled water, placed in a dialysis bag (MWCO = 50,000),
immersed in 500 mL of PBS at 25 °C, and constantly stirred at
300 rpm. The external medium was sampled at predetermined
time points up to 90 hr., and an equal amount of PBS was added
to maintain a constant volume of the external medium. The
curcumin fluorescence in the samples was measured at excitation
and emission wavelengths of 488 and 535 nm, respectively.

Assessing the stability of ! 251—[gG4.] conjugated to the targeted
nanoparticles

A 100 pCi aliquot of freshly prepared targeted nanoparticle
suspension was added to 3 mL of distilled water. Then, 200 uL
samples were collected at various time points, centrifuged at 12,000
rpm and the radioactivity was assayed in the pellet as well as the
supernatant. The higher density of the PLGA polymer (~1.3 g/cm3 )
allowed for the easy separation of free '*I-IgG4.1 from the targeted
nanoparticles.

Targeted nanoparticles bind to DutchA (340

Binding of targeted nanoparticles to DutchAp40 was determined
using enzyme-linked immunosorbent assay (ELISA).'” The
DutchAp40 (10 pg/mL) was added to wells of a high protein
binding plate and incubated overnight. Then the contents were
aspirated, the plate was washed, bovine serum albumin was added to
the plate and incubated for 1 hr. to block non-specific binding.
Nanoparticles or targeted nanoparticles with and without K16ApoE

were added and incubated for 3 h at 37 °C. A secondary antibody,
IgG anti-mouse alkaline phosphatase, was used to detect the amount
of IgG4.1 bound to DutchAp40.

Targeted nanoparticle characterization

Migration of targeted nanoparticles

Quartz crystal microbalance-dissipation (QCM-D) method was
used to estimate the migration of targeted nanoparticles towards the
biosensor. To construct the biosensor, quartz crystals equipped
with gold electrodes were seeded with 5000 MDCK cells.® After
reaching confluence, which usually took 5 days, the biosensors
were placed in the QCM-D chamber, and 0.1% bovine serum
albumin (BSA) in Hank's balanced salt solution (HBSS) was
introduced at a flow rate of 0.1 mL/min for 5 min at 37 °C. Excess
BSA was removed from the biosensor by passing HBSS-HEPES at
the rate of 0.1 mL/min for 3 min. The biosensors were then primed
with either 500 pul HBSS (control) or 12.5 ug of DutchAp40 in

203
204
205

206

207
208
209
210
211
212
213
214
215
216
217
218

500 uLL HBSS (treatment) and then washed by passing 400 ul of 219

HBSS-HEPES at 100 uL/min. Targeted nanoparticles (15 mg/mL)
were immediately introduced at a continuous rate of 0.1 mL/min.
The mass adsorbed per unit area (m) of the crystal surface was
calculated using the following equation:

AFx C
n

Am =

(1)

where AF is the change in frequency, C = mass sensitivity constant
7.7 ng-cm_2-Hz_l) and n = overtone number, which was 5.

Uptake of targeted nanoparticles by hCMEC/D3 cells

An in vitro BBB model was prepared by seeding hCMEC/D3
cells on collagen-coated Transwells® (12 mm, Costar, Cambridge,
MA). The polarized monolayer of hCMEC/D3 cells thus
formed was pretreated with 25 ug/mL of DutchAB40 protein for
30 min.>* Then 30 mg/mL of targeted nanoparticles, conjugated
with AlexaFluor 647 labeled IgG4.1, were added and incubated
at 37 °C under 5% CO, for 60 min. Then the Transwells®
were thoroughly washed and fixed with 4% paraformaldehyde,
stained with Hoechst, mounted, and imaged with Zeiss LSM 510
(Carl Zeiss Inc., Thornwood, New York). The filters used for
imaging were: 350/470 nm-Hoechst; 488/520 nm-fluorescein; and
652/668- Alexa Fluor647.

In vivo characterization

Biodistribution of 1%’ I-targeted nanoparticles

The brain and peripheral organ distribution of '*I-targeted
nanoparticles and K16ApoE- 125I—targeted nanoparticles was
evaluated in WT mice anesthetized with 1.5% isoflurane in
4 L/min O,. An IV bolus dose of DutchAB40 protein (1 mg in
100 pL; treatment) or normal saline (100 uL; control) was
administered via the femoral vein as described previously.>* At
15 min after the injection, an IV bolus dose of '*’I-targeted
nanoparticles (100 pCi in 100 pL) was administered by the
femoral vein. Blood samples (20 uL) were collected from the
femoral artery at various time points up to 60 min. Plasma was
recovered from the blood samples and assayed for radioactivity
using a two-channel gamma counter (Cobra II; Amersham
Biosciences Inc., Piscataway, NJ). Plasma area under the curve
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Table 1

The average particle size and zeta potential of nanoparticles (without IgG4.1),
targeted-nanoparticles (with IgG4.1), and targeted-nanoparticles with
K16ApoE at pH 7.0.

Formulation Particle size (nm) Zeta Potential (mV)
Nanoparticles (without IgG4.1) 220 £ 9 7.45 +0.32
Targeted nanoparticles 223 + 16 1.99 + 0.08
K16ApoE-Targeted Nanoparticles 235 + 10 4.88 £ 0.08

Data presented as mean + standard error of the mean (SEM). The particle
size measurements of various nanoparticles are not significantly different
(n =3). P<0.001 (n = 3): zeta potential values of targeted nanoparticles
versus K16ApoE-targeted nanoparticles.

(AUC) of radioactivity was determined using the trapezoidal
rule. At 60 min, the mice were transcardially perfused with PBS;
brain and peripheral clearance organs, such as liver and kidneys,
were removed and weighed; and immediately assayed for
radioactivity.

Molecular imaging

A 200 pL aliquot of targeted nanoparticles or K16ApoE-targeted
nanoparticles (75 pg/uL) was injected into the femoral vein of two-
year-old APP transgenic (Tg2576) mice. After 3 h, the mice were
subjected to transcardial perfusion with PBS followed by 4%
paraformaldehyde. Brains were removed, immediately immersed in
4% paraformaldehyde and stored at 4 °C. Before MR imaging,
the brain samples were washed in PBS for 24 hr. and placed in a
10-mm NMR tube (Wilmad GlasLab, Buena, NJ) containing
fluorinert (3 M, St. Paul MN), a perfluorinated liquid that has no '"H
MRI background signal.'®'® All brains were imaged with 21.1 T
(900 MHz) magnet at the National High Magnetic Field Laboratory
(NHMFL, Tallahassee, FL).?>' This magnet is equipped with a
Bruker Avance III console and Paravision 5.1 (Bruker Biospin,
Billerica, MA). Both the samples were imaged in unison using a
33-mm birdcage coil together with a 63-mm (inner diameter)
gradient capable of producing a peak gradient strength of 600 mT/m
(Resonance Research Inc. Billerca MA). High-resolution T,
weighted images were obtained by a 3D gradient recalled echo
sequence (GRE). The matrix was set to achieve a 50-um isotropic
resolution. The echo (TE) and repetition (TR) times were 5 and
150 ms, respectively, and the scan time was 10 hr. The data set was
processed with AMIRA 5.3.3 (Visage Imaging, CA) software
using a Gaussian filter. This software was also used to present the
3D data set and to show the regions of interest.

Statistical analysis

One-way analysis of variance (ANOVA) followed by Tukey's
post-tests were employed.

Results

Physical characterization of nanoparticles (without IgG4.1) and
targeted nanoparticles (with 1gG4.1)

Particle size and zeta potential measurements
The average particle size was 220 + 8.9 nm and 223 + 16 nm
for nanoparticles with and without IgG4.1, respectively (Table 1).

Figure 1. The atomic force micrograph of K16ApoE-targeted nanoparticles.
Scale bar, 200 nm.

Upon conjugation of IgG4.1, the zeta potential decreased from
7.45 £ 0.32mV to 1.99 + 0.08 mV (Table 1). Following physical
adsorption of K16ApoE to the surface, the hydrodynamic radius
slightly increased to 235 = 10 nm, and the corresponding zeta
potential also increased to 4.88 + 0.08 mV compared to targeted
nanoparticles without the K16 ApoE peptide. The particle sizes in
various nanoparticle formulations are not significantly different.
The AFM micrograph of the K16ApoE-targeted nanoparticles
showed that the majority of nanoparticles are spherical with
~100 nm in size (Figure 1).

Encapsulation efficiency and release of curcumin

Targeted nanoparticles contained 409 + 1.7 ng/mg of curcumin,
and represented an encapsulation efficiency of 72%. Curcumin
exhibited a slow release from the targeted nanoparticles with less
than 10% of curcumin released in 90 hr. (Figure 2, A). The release
profile appeared sigmoidal without the characteristic burst effect.

Quantification of IgG4.1 on the targeted nanoparticle surface
The amount of IgG4.1 conjugated to targeted nanoparticles was
11.7 = 0.7 ug/mg, as determined by BCA assay (data not shown).
The low amount of ]25I—IgG4.1 released (5% over the course
of 48 h) from the nanoparticle surface (Figure 2, B) indicates that
1251.1gG4.1 was stably conjugated to the targeted nanoparticles.

Binding of various nanoparticles to DutchAB40

As expected, blank nanoparticles without IgG4.1 (control)
did not bind significantly to DutchAp40, whereas targeted
nanoparticles, with and without K16ApoE, showed 5-6 fold
increase in binding to DutchAB40 compared to the blank
nanoparticles (Figure 3).
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Figure 2. (A) The cumulative release of curcumin from the targeted nanoparticles. (Table insert) The amount of encapsulated curcumin in the targeted-
nanoparticles formulation. (B) The cumulative release of '*’I-IgG4.1 from targeted nanoparticles.
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Figure 3. (A) The ability of the nanoparticles (Nanoparticles- without I1gG4.1),
targeted nanoparticles (Targeted NPs- with [gG4.1) and K16ApoE-targeted NPs to
recognize and bind to fibrillary DutchAp40. Data presented as a mean + standard
error of the mean (SEM) (n = 3). One-way ANOVA followed by Tukey's multiple
comparison tests have shown ***P < 0.001: Nanoparticles versus Targeted NPs;
Nanoparticles versus K16ApoE-Targeted NPs.

Migration of targeted nanoparticles towards DutchA(340 treated
biosensors

The blank nanoparticles showed minimal adsorption to HBSS
treated biosensors (gray), which was constructed by growing a
monolayer of MDCK cells on a quartz crystal sensor (Figure 4).
A 6-fold increase in mass per unit area was observed due to
the adsorption of K16ApoE-targeted nanoparticles as compared
to targeted nanoparticle without K16ApoE on HBSS treated
biosensor (Figure 4). Initially, the nanoparticle uptake was linear;
but, the uptake saturated over longer exposure times.” Treatment
of a biosensor with DutchAp40 triggered a 3 to 4-fold increase in
the uptake of targeted-nanoparticles without K16ApoE. However,
K16ApoE-targeted nanoparticles demonstrated the highest ad-
sorption to DutchAP40 treated biosensors and exhibited a further
two-fold increase over that of targeted nanoparticles without
K16ApoE (Figure 4).

The uptake of targeted nanoparticles in the in vitro BBB model
The uptake of AF647 tagged targeted nanoparticles by the
hCMEC/D3 monolayers pretreated with F-DutchAp40 was

examined using laser confocal microscopy. The z-stack image
showed intra-endothelial accumulation of AF647 tagged
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& 20001
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Figure 4. The ability of Nanoparticles, targeted nanoparticles (Targeted NPs),
and targeted nanoparticles with K16 ApoE (K16ApoE-Targeted NPs) to migrate
towards DutchAp40-treated (treatment) or HBSS treated (control) biosensors.

targeted nanoparticles as well as F-DutchAP40 (Figure 5).
The uptake of AF647-K16ApoE-targeted nanoparticles was
substantially greater than the AF647-targeted nanoparticles.
Moreover, the co-localization of AF647-K16ApoE-targeted
nanoparticles (red fluorescence) with DutchAp40 (green
fluorescence) was also substantially higher (Figure 5).

In vivo distribution of the targeted nanoparticles

The K16ApoE-targeted nanoparticles showed 8 to 10-fold
higher accumulation in various brain regions of DutchAp40
treated WT mice as compared to the targeted nanoparticles
without K16ApoE (Figure 6, A). Moreover, the plasma counts
of 125I—targeted nanoparticles in DutchAp40 treated mice were
higher than that of K16ApoE-'*I-targeted nanoparticles
(Figure 6, B). The plasma area under the curve (AUC) of 1251
targeted nanoparticles was 3.7 times higher in saline-treated
mice compared to that in DutchAp40 treated mice (Table 2),
whereas the plasma AUC of '*I-targeted nanoparticles was
~23 times higher in DutchAp40 treated mice as compared to
K16ApoE- 125I—targeted nanoparticles (Table 2).

The peripheral clearance organs such as liver and kidney were
also assayed for radioactivity. While the '*I-targeted nanoparticle
accumulation in liver was not significantly different among saline
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Figure 5. (A & a) Localization of AF647-targeted nanoparticles and (B & b) AF647-targeted nanoparticles with K16ApoE in polarized hCMEC/D3 monolayer.
The X-Y image drawn from the middle of the Z-stack demonstrated the internalization of AF647-targeted nanoparticles with K16ApoE by endothelial cells.
Projections in both the X-Z and Y-Z orthogonal planes confirm the transcytosis of AF647-targeted nanoparticles across the hCMEC/D3 monolayer. The AF647-
targeted nanoparticles are shown in red fluorescence, F-DutchAp40 with green fluorescence and blue fluorescence for the cell nucleus.

or DutchAP40 treated mice (Figure 6, C); the accumulation in
kidney was 2-fold higher in saline-treated mice than in DutchAp40
treated mice (Figure 6, C). However, K16ApoE demonstrated no
significant effect on the accumulation of 125I-targeted nanoparti-
cles in either liver or kidney.

The ability of the targeted nanoparticles formulations to detect
amyloid deposits in transgenic mice

High-resolution MRI of Tg2576 transgenic mouse brains
injected with targeted nanoparticles or K16ApoE-targeted nanopar-
ticles, both containing /Gd]DTPA, demonstrated hypointense
contrast in the hippocampus (Figure 7, A4-B) rather than the
characteristic hyperintense (bright) signal produced by /Gd]DTPA.
This is most likely due to the localization of the nanoparticle in
intracellular, vesicular or another confined volume where water
exchange is insufficient, and T, (spin—spin relaxation) becomes the
dominant contrast mechanism. ***%%*

Discussion

For targeting the cerebrovascular amyloid deposits, nanoparticles
must be sufficiently small to cross the BBB, but large enough to be
retained in the cerebral vasculature and not migrate into the brain
parenchyma. The size of the majority of targeted nanoparticles
appear to be closer to 100 nm from the AFM image (Figure 1),
but their hydrodynamic diameter was 200-250 nm (Table 1).
Such increase in hydrodynamic radius is not uncommon with the
nanoparticles that harbor hydrophilic polymeric chains on the
surface. These particles are expected to be retained in the vascular
basement membrane with an estimated pore size of 100-150 nm.
The physical adsorption of KI16ApE to the targeted nanoparticle
surface showed a modest 15 nm increase in the hydrodynamic
diameter (Table 1). This increase was not statistically significant and
indicates that the nanoparticles remain stable and don't aggregate in
the presence of K16ApoE.

Based on our previous studies, the target zeta potential for
optimal endocytosis at the negatively charged endothelial
surface was 5-10 mV.>™ An excessively higher zeta potential
increases the risk of opsonization and subsequent recognition by
the reticuloendothelial system that rapidly clears nanoparticles
from systemic circulation.?* Although IgG4.1 conjugation to
the surface decreased the zeta potential below the target value
(Table 1), K16ApoE adsorption increased the zeta potential and
moved it to the target range.

PLGA nanoparticles can efficiently entrap hydrophobic thera-
peutic agents such as curcumin, '***2® which was previously shown
to have anti-inflammatory and anti-amyloidogenic effects.”’ " The
amount of curcumin encapsulated in the targeted nanoparticles was
approximately 409 + 1.6 ng/mg of nanoparticles (Figure 2, A),
which resulted from a reasonably high entrapment efficiency of
72%. The release of curcumin from the nanoparticles was prolonged
with ~10% of the entrapped curcumin releasing within 4 days.
However, the duration and extent of drug release from PLGA
nanoparticles could be readily modulated by altering the relative
proportions of lactic and glycolic acids used in the PLGA
nanoparticle formulation. '**>-°

The IgG4.1 is most likely conjugated to the amine groups on
chitosan, probably due to the low availability of carboxylic groups
on the PLGA nanocore,®’ most likely due to their conjugation to
amine groups on chitosan. The targeted nanoparticle with or without
K16ApoE exhibited 6-7-fold higher binding to DutchAB40
compared to the control nanoparticles (Figure 3). This data indicates
that K16ApoE does not significantly affect the binding of the
targeted nanoparticle to amyloid proteins.

The ability of the nanoparticle formulations to migrate towards
the BBB endothelium was evaluated in vitro. This was accomplished
by tracking the mass of nanoparticles bound to the biosensor.
The migration of nanoparticles occurs by convection/diffusion
processes and are affected by the size and electrostatic interactions.
The targeted nanoparticles showed a minimal ability to adsorb to the
blank biosensor that was not treated with DutchAp40 (Figure 4).
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Figure 6. (A) The distribution of '*I-targeted nanoparticles, with or without
K16ApoE, in various regions of the brain of wild-type (WT) mice treated with (+) or
without (—) DutchAp40. *** P < 0.001 (n = 4): lzsl—targeted—nanoparticles with
K16ApoE in DutchAp40-treated mice vs '*I-targeted-nanoparticles in DutchAB40
or saline-treated mice in the various brain regions. (B) The plasma kinetics of '>I-
targeted-nanoparticles, with or without K16ApoE, in DutchAB40 treated (treatment)
or saline-treated (control) wild-type mice. (C) The distribution of '*I-targeted
nanoparticles, with and without K16ApoE, in the liver and kidney of DutchAB40 or
saline-treated wild-type mice. ** P < 0.01 (n = 4): ' I-targeted-nanoparticles in
saline versus DutchAP40 treated mice; *** P < 0.001: '*I-targeted-nanoparticles
versus K16ApoE-'>I-targeted-nanoparticles in DutchAB40 treated mice.

Alternatively, when the targeted nanoparticle formulation was
exposed to the biosensor that was pretreated with DutchAp40, a 3- to
4-fold increase in the binding was observed. As the sizes of various
nanoparticles were similar and the differences in zeta potential were
modest, the migration of nanoparticles towards the biosensor is
expected to be similar. Therefore, the observed differences in the
adsorption of various nanoparticles to the biosensor are most likely
due to differences in their binding affinities to the biosensor.

The uptake of AF647 tagged K16ApoE-targeted nanoparticles
by F-DutchAB40 treated hCMEC/D3 endothelial cell monolayers
was substantially higher as compared to the monolayers treated
with the same nanoparticles that lacked K16ApoE (Figure 5).
Moreover, the K16 ApoE-targeted nanoparticles (red fluorescence)
co-localized with F-DutchAB40 (green fluorescence), appreciably.
These results show that K16ApoE plays a major role in the uptake
of the targeted nanoparticles, whereas 1gG4.1 could facilitate
DutchAp40 targeting.

The plasma pharmacokinetics and brain uptake of various
nanoparticles were elucidated in WT mice pre-treated with 500 pg
of DutchAp40. This method provides an extensive and consistent
accumulation of DutchAf40 in the cerebral vasculature. In
DutchAp40 treated mice, the plasma AUC of targeted nanopar-
ticles decreased substantially (Table 2), which could be due
to extensive tissue distribution facilitated by the vasculotropic
DutchAp40. Further, K16ApoE-targeted nanoparticles showed
substantially lower C, (plasma concentration at 0 min) and plasma
AUC than targeted nanoparticles without K16ApoE (Table 2).
Since the plasma elimination rate constant of targeted nanoparticles
is not significantly affected by K16ApoE, the lower plasma AUC
could again be attributed to extensive tissue distribution promoted
by the K16ApoE peptide.

The DutchAP40 pre-injected mice showed modestly higher
levels of targeted nanoparticles in the brain relative to those without
the pretreatment, which suggests weakly amyloid responsive uptake
of targeted nanoparticles in the brain. On the other hand, brain
accumulation of K16 ApoE-targeted nanoparticles was 8 to 10 times
higher compared to the targeted nanoparticles without K16ApoE
(Figure 6, A4). The effect was significant in all brain tissues
and demonstrated the effect of K16ApoE on the brain uptake
of K16ApoE-targeted nanoparticles. In comparison, liposomes
modified with the cell-penetrating peptide such as TAT and a novel
protein (T7) capable of recognizing the transferrin receptor, showed
a marginal ~1.6-fold increase in brain uptake as compared to
liposomes without T7 and TAT.®

The MRI results confirm the presence of targeted nanopar-
ticles in the brain (Figure 7, A-B). The dark regions indicated by
the yellow circles reveal the modulation of the proton relaxation
rates due to the presence of the magnetic contrast agent. These
regions appear to be preferentially staining the parenchymal
plaques, which is highly significant. The dominating T, contrast
for this agent appears hypointense (dark), which likely occurs
when the agent is accumulated in intracellular vesicles or other
confined spaces. These voids are likely not due to the blood
residue or clotting, because the contrast is mostly seen in the
brain regions where amyloid deposits are expected to be present.

Moreover, the minimal contrast in mice injected with targeted
nanoparticles (without K16ApoE) provides confidence that the
observed contrast is most likely due to the /Gd]DTPA-labeled,
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Table 2

The plasma pharmacokinetic parameters of '**I-targeted nanoparticles in wild type (WT) mice.

125]_targeted NPs With DutchAp40 P
125]_targeted NPs K16ApoE- '*I-targeted NPs
AUC (min x pCi/ml) 26,887 + 2100 7196 + 2696 314.4 £ 105.9 HEE
K¢ (min~") 0.0025 + 0.0007 0.0026 + 0.0006 0.013 £ 0.006 N.S.
Vs (ml/uCi) 0.94 + 0.09 1.58 £ 0.15 1531 £5.16 *

Data presented as mean + standard error of the mean (SEM). One-way ANOVA followed by Tukey's multiple comparison test have showed: *** P < 0.001
(n = 4), the area under the curve (AUC) of '*I-targeted nanoparticles in saline vs AUC of *I-targeted nanoparticles in DutchAB40 treated mice; *** P < 0.001
(n = 4), the AUC of '*I-targeted nanoparticles versus AUC of K16ApoE-'*I-targeted nanoparticles in DutchAp40 treated mice; * P < 0.05 (n = 4): the
volume of distribution at steady state (Vss) of targeted nanoparticles versus K16ApoE-targeted nanoparticles in DutchAp40 treated mice.

Figure 7. Magnetic resonance imaging of (A) /Gd]DTPA-targeted nanoparticles and (B) /Gd/DTPA-K16ApoE-targeted nanoparticles in APP transgenic mice.
Regions marked with yellow oval shapes indicate enhanced contrast provided by nanoparticles.

K16ApoE-targeted nanoparticles.”**? The advantage the
K16ApoE-targeted nanoparticles have over current FDA approved
diagnostic options, such as Florbetapir F18, is their potential to
detect individual plaques. However, this study does not present
evidence of selective cerebrovascular amyloid targeting of
nanoparticles. Curcumin-conjugated magnetic nanoparticles and
IgG4.1 coated iron oxide nanoparticles were previously claimed
to detect amyloid plaques in AD transgenic mice using MR
imaging.”**® However, these nanoparticles are composed of a
superparamagnetic iron oxide, which may be counter indicative as
iron previously has been shown to accumulate during the
progression of Alzheimer's disease.>* Moreover, high payloads
of therapeutic agents cannot be included in these nanoparticles.

In conclusion, surface conjugation of PLGA nanoparticles
with chitosan and physical absorption of K16ApoE resulted in
significantly greater brain uptake. This is most likely facilitated by
the greater BBB permeability of K16 ApoE-targeted nanoparticles
and their high-affinity binding to amyloid deposits. Imaging agents
and hydrophobic therapeutic agents can be readily added to this
nanoparticle to facilitate the early diagnosis through MR imaging
and treatment of pathological changes resulting from cerebral
amyloidosis.
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