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A critical problem in the treatment of neurodegenerative disorders and diseases, such as Alzheimer's and
Parkinson's, is the incapability to overcome the restrictive mechanism of the blood—brain barrier (BBB)
and to deliver important therapeutic agents to the brain. During the last decade, nanoparticles have
gained attention as promising drug delivery agents that can transport across the BBB and increase the
uptake of appropriate drugs in the brain. In this study we have developed insulin-targeted gold
nanoparticles (INS-GNPs) and investigated quantitatively the amount of INS-GNPs that cross the BBB by
the receptor-mediated endocytosis process. For this purpose, INS-GNPs and control GNPs were
injected into the tail vein of male BALB/c mice. Major organs were then extracted and a blood sample
was taken from the mice, and thereafter analyzed for gold content by flame atomic absorption
spectroscopy. Results show that two hours post-intravenous injection, the amount of INS-GNPs found in
mouse brains is over 5 times greater than that of the control, untargeted GNPs. Results of further
experimentation on a rat model show that INS-GNPs can also serve as CT contrast agents to highlight
specific brain regions in which they accumulate. Due to the fact that they can overcome the restrictive
mechanism of the BBB, this approach could be a potentially valuable tool, helping to confront the great
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Introduction

A critical problem in the treatment of neurodegenerative
disorders and diseases, such as Alzheimer's and Parkinson's, is
the incapability to overcome the restrictive mechanism of the
blood-brain barrier (BBB) and to deliver important therapeutic
agents to the brain.” The BBB is the major interface between
the blood and the brain, protecting it from harmful blood-borne
substances, microorganisms, hormones and neurotransmit-
ters, and maintaining central nervous system (CNS) homeo-
stasis. Although specific and selective transporters located on
the BBB supply the CNS with glucose, free fatty acids, amino
acids, vitamins, minerals, and electrolytes,* nearly all high
molecular weight drugs and more than 98% of low molecular
weight drugs cannot cross the BBB.

During the last decade, nanoparticles have gained attention
as promising drug delivery agents that can transport across the
BBB and increase the uptake of appropriate drugs in the
brain.**® The important advantages of nanoparticle-drug
complexes over the NP-free drug are due mainly to prolonged
blood circulation, controlled biodistribution and specific
molecular targeting capabilities.'*™* In contrast to the delivery of
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treatment of neurodegenerative disorders and diseases.

nanoparticles to tumors that usually occurs through the “leaky”
tumor vasculature,'*** which is known as the enhanced perme-
ability and retention (EPR) effect, the delivery of the nano-
particles to the brain is mainly based on the prolonged blood
circulation time. Increasing the duration of drug circulation in
the blood facilitates the drug’'s ability ability to interact with
specific transporters and/or receptors expressed on the luminal
side of BBB endothelial cells, and consequently to cross the BBB.
Among the few possible BBB penetration routes, receptor-
mediated endocytosis has been shown to be the most efficient
transport mechanism, especially for large molecules, proteins
and nanoparticles.>** Such receptor-mediated transport employs
the vesicular trafficking system of the brain endothelium to
transport substances such as insulin, transferrin, low density
lipoprotein, lactoferrin and other peptides across the BBB.'***
Receptor-mediated endocytosis takes place at the luminal
(blood) side, after which the compound moves through the
cytoplasm of the endothelial cell, and is finally exocytosed into
the brain capillary endothelium'** (Fig. 1). Previous studies
have demonstrated efficient drug transport across the BBB by
covalent attachment of apolipoprotein A1, B, or E, transferrin or
antitransferrin antibodies to the nanoparticles.?*>*

Recently, Ulbrich et al. qualitatively demonstrated that tar-
geting the insulin receptor is an attractive strategy for efficient
drug delivery into the brain because insulin receptors have been
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Fig. 1 Schematic presentation of targeted delivery of INS-GNPs
across the BBB via receptor-mediated endocytosis. Cerebral blood
vessel contains GNPs (yellow) that are covalently coated with insulin
(small knobs, dark yellow), and insulin receptors (green) that expressed
on the luminal side of BBB endothelial cells. The INS-GNPs are
coupled to the insulin receptors and cross the BBB via receptor-
mediated endocytosis (shown in the small circle).

shown to be 10 times more effective than transferrin receptors,
in traversing the BBB.”® Intravenous injection of loperamide-
loaded human serum albumin nanoparticles with covalently
bound insulin or 29B4 antibodies induced significant
antinociceptive effects in a tail-flick test in ICR (CD-1) mice,
demonstrating that insulin-targeted nanoparticles are able to
target the insulin receptors on the BBB and to transport a drug
into the brain. This study also proved that the passage of these
nanoparticles is mediated by insulin receptors, as pre-injection
of anti-insulin receptor-antibody totally inhibited the delivery
of loperamide.*

Quantitative investigation of the amount of INS-GNPs that
cross the BBB, the main goal of the present study, is essential
for determining the potential therapeutic effect of this
approach. In addition, beyond the ability of the INS-GNPs to act
as a drug carrier, the delivery of insulin into the brain could
potentially be a new therapy approach for patients with
Alzheimer's disease. Insulin receptors, which are present in
high levels in several regions within the brain, such as the
hypothalamus, hippocampus and cerebral cortex,*>** modulate
the levels of B-amyloid peptides and protect against the harmful
effects of these peptides on the synapses.”

Previous studies revealed a correlation between the amount
of insulin in the brain and Alzheimer's disease.>*?” It has been
demonstrated that individuals with Alzheimer's disease have
reduced brain insulin receptor expression and therefore lower
cerebrospinal fluid insulin levels. Administration of insulin to
these patients improved their memory and performance,
establishing that restoring the insulin in the brain to normal
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levels may provide therapeutic benefit in Alzheimer's
disease.”*”®* However, since delivery of endogenous insulin cau-
ses glucose imbalance, rendering it unfeasible, an alternative
strategy is suggested by conjugating insulin to nanoparticles.
Glucose imbalance does not occur with the use of INS-GNPs
because nanoparticle distribution is limited to organs within the
lymphatic and excretory systems, and to pathologies associated
with increased angiogenic conditions. While high levels of
insulin receptors can be found in other organs, such as the
parenchymal cells in the heart, skeletal muscle and fat tissues,
capillaries that perfuse these organs have continuous endothe-
lial barriers which impede significant entry of nanoparticles
from circulation into the organ interstitium,“*** and thus,
unlike endogenous insulin, insulin-linked nanoparticles cannot
enter these organs. In contrast, insulin receptors found on the
luminal membrane of brain capillary endothelial cells can cause
a receptor-mediated endocytosis process across the BBB. By
delivering a sufficient amount of insulin to the brain without
affecting glucose balance, these nanoparticles can serve as effi-
cient drug delivery carriers.

In this study we show a quantitative investigation on the
amount of INS-GNPs that cross the BBB, as well as their bio-
distribution and pharmacokinetics for 48 hours. In addition to
the potential use of INS-GNPs as a drug treatment (insulin) or as
drug carriers (by conjugating different drugs to the particles),
nanoparticles made out of gold demonstrate their potential as
CT imaging contrast agents.

Experimental

GNPs have been chosen as a model system since they have
several important advantages. They have a high degree of
flexibility in terms of particle size, shape and functional
groups for coating and targeting. Their potential for clinical
implementation has led to substantial research regarding
their in vivo chemical stability,'***** pharmacokinetics,* bio-
distribution®** and bio-toxicity.'****”"* They are well known
for their biosafety and have been shown to have long circula-
tion times.*'**> Most importantly, GNPs can be quantitatively
detected in the brain by atomic absorption methods (ex vivo),
and detected in vivo by CT imaging, as they are ideal CT
contrast agents. Due to its high atomic number, gold induces
strong X-ray attenuation which can differentiate targeted
tissue from surrounding non-targeted tissue.*®

Chemicals

Hydrogen tetrachloroaurate(m) trihydrate (HAuCl4) was
purchased from Strem, USA. Heterofunctional polyethylene
glycol (PEG), methoxy-PEG-SH (mPEG-SH M,, ~ 5.0 kDa) and
carboxylic acid-PEG-SH (SH-PEG-COOH M,, ~ 3.4 kDa) were
purchased from Creative PEGWorks, Winston Salem, NC, USA.
Human Insulin was purchased from Novo Nordisk A/S, Den-
mark. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide HCI
(EDC) and N-hydroxysulfosuccinimide sodium salt (NHS) were
purchased from Thermo Scientific, USA.
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GNP synthesis and conjugation

GNPs were prepared using sodium citrate according to the
known methodology described by Eniistun and Turkevich.*” In
this method 520 pl 50% w/v of HAuCl, mixed with 200 ml
purified water was used. This mixture was heated until boiling,
and then 4.04 ml sodium citrate was added. Ten minutes later,
the solution was removed from the plate and left for refrigera-
tion. The solution was centrifuged until precipitation of nano-
particles and a clear suspension is obtained.

For insulin receptor targeting, GNPs were coated with a layer
of PEG that composed of a mixture of mPEG-SH (85%) and
SH-PEG-COOH (15%) (Fig. 2a). The PEG layer was covalently
conjugated to insulin (400 pl, insulin human, 100 IU ml~*, Novo
Nordisk A/S, Denmark) by addition of EDC and NHS (200 pl of
each chemical, Thermo Scientific, USA) to the solution. The
solution was left to stir overnight in order to ensure the
conjugation of the PEG layer to the insulin. The INS-GNPs were
purified after the solution was centrifuged until obtaining a
clear suspension. The final concentration of the INS-GNPs was
30 mg ml~". For control nanoparticles, GNPs were coated with
mPEG-SH. The control nanoparticles were purified in the same
manner as the INS-GNPs until reaching a final concentration of
30 mg ml™".

GNP characterization

The size, shape and uniformity of the GNPs were measured
using transmission electron microscopy (TEM) (JEM-1400,
JEOL). Samples were prepared by drop-casting 5 ul of the GNP
solution onto a standard carbon-coated film on a cooper grid.
Samples were left to dry in a vacuum desiccator until the TEM
experiment. The GNPs were further characterized using ultra-
violet-visible spectroscopy (UV-1650 PC; Shimadzu Corporation,
Kyoto Japan) following each level of coating.
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Animal model and in vivo experiments

Male BALB/c mice, each weighing 20-25 g, were divided into two
groups for use in in vivo experiments. The first group was
injected with 200 ul of 30 mg m1~" INS-GNPs into the tail vein.
The mice were anesthetized and sacrificed at 0.5, 2, 24 and 48
hours post-injection (in each experiment, three mice were used
for each time point after the injection). The second group was
injected with 200 ul of 30 mg ml ™" control GNPs into the tail
vein and sacrificed at the same time points as the first group.
Their main organs (including liver, pancreas, brain, spleen,
kidney and blood samples) were taken for analysis by Flame
Atomic Absorption Spectroscopy (FAAS).

Rat experiment: 200 ul (30 mg ml™") of INS-GNPs were
injected directly into the heart of a rat weighing 250 g. Three
hours post-injection the rat was anesthetized and complete
perfusion was performed. Then, the rat was sacrificed and the
brain was extracted for CT scan and FAAS analysis.

Determination of the amount of GNPs across the BBB

Flame Atomic Absorption Spectroscopy (FAAA, SpectrAA 140,
Agilent Technologies) was used to determine the amount of
gold in the investigated samples. Samples were melted with
aqua regia acid (a mixture of nitric acid and hydrochloric acid in
a volume ratio of 1 : 3), filtered and diluted to a final volume of
10 ml. A calibration curve with known gold concentrations was
prepared and the gold concentration was determined according
to absorbance values, compared to calibration curves. All
samples were analyzed by FAAS under the same experimental
conditions.

In vivo CT experiments

Scans were performed using a micro-CT scanner (Skyscan High
Resolution Model 1176), with the following scanning
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Fig. 2 Synthesis, functionalization and characterization of INS-GNPs. (a) Schematic diagram of the synthesis of 30 nm gold nanoparticles and
functionalization with insulin. (b) TEM image of 20 nm GNPs (scale bar 100 nm). (c) Ultraviolet-visible spectroscopy of the bare GNPs, PEG coated

GNPs and INS-GNPs.
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parameters: tube voltage 50 kV,,, tube current 500 pA, 0.5 mm
aluminum (Al) filtering and 18 pm (pixel size).

Results and discussion
Synthesis, conjugation and characterization of INS-GNPs

Transmission electron microscopy (TEM) showed that the GNPs
were spheres, 20 nm in diameter, and uniformly distributed
(Fig. 2b). INS-GNPs were characterized after each step of
preparation using ultraviolet-visible spectroscopy (UV-1650 PC;
Shimadzu Corporation, Kyoto, Japan). An expanded signal was
observed following each layer of coating (Fig. 2c), confirming
the chemical coating. Control nanoparticles were prepared by
coating GNPs with a layer of mPEG-SH. This layer reduces
nonspecific interactions and increases the blood circulation
time of the nanoparticles, thereby making it an appropriate
control to the INS-GNPs.**** The chemical stability of the
INS-GNP construct has been evaluated up to three months
(using UV-Vis spectroscopy and TEM), and the particles were
found to remain stable.

8% -
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Fig.3 Pharmacokinetics of INS-GNPs vs. control GNPs in the brain up
to 48 h post-1V injection. 2 h post-injection, the amount of specifically
targeted INS-GNPs found in mouse brains is over 5 times higher than
that of the control, untargeted GNPs. Both the INS-GNPs and the
control GNPs gradually cleared from the brain, so that only a negligible
amount of INS-GNPs and no control GNPs were found in the brain 48
hours post-injection. Results are presented as percentage of the
injected dose (%ID), mean + S.D. *P < 0.05 statistical significance.
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INS-GNPs across the BBB in vivo

To examine the quantity of INS-GNPs in the brain, as well as the
whole body biodistribution, INS-GNPs and control GNPs were
intravenously injected into the tail vein of male BALB/c mice. As
demonstrated in Fig. 3, half an hour post-GNP injection, the
quantity of INS-GNPs in the brain was similar to that of control
GNPs. However, two hours post-injection a significant differ-
ence was observed - the amount of the specifically targeted INS-
GNPs increased to 5 times greater than that of the control GNPs,
demonstrating the effectiveness of the proposed method.
Importantly, the pharmacokinetic results demonstrate that
both the INS-GNPs and the control GNPs gradually cleared from
the brain, so that only a negligible amount of INS-GNPs and no
control GNPs were found in the brain 48 hours post-injection.
It is important to note that analysis of the entire brain for
gold content includes the GNPs present in cerebral blood
(which did not cross the BBB), as well as particles that actually
crossed the BBB and accumulated in the brain. Therefore, in
order to accurately calculate how many GNPs (amount of gold)
penetrated the brain, the amount of gold in the cerebral blood
was calculated and deducted from the total amount of gold
found in the brain. The amount of gold in the cerebral blood
was calculated by measuring the concentration of gold in the
blood and multiplying by the cerebral blood volume, which is
about 5.8% of the weight of the brain.*® Fig. 4 compares the
amount of gold found in the brain tissue (without cerebral
blood) with that found in cerebral blood for both the INS-GNPs
(a) and the control GNPs (b). These results clearly indicate that a
significant quantity of INS-GNPs accumulated in the brain two
hours post-injection and that this amount is much greater than
that found in the cerebral blood. We hypothesize that the small
amount of gold found in the brain at 24 and 48 hours post-
injection, both for the INS-GNPs and the control GNPs, does not
represent particles that penetrated the brain, but rather parti-
cles that were lodged in the blood vessels that form the BBB.
Fig. 5 presents the pharmacokinetics and biodistribution of
INS-GNPs (a) and of the control group (b). As demonstrated,
most of the particles accumulated in the liver and pancreas.
Interestingly, results show significantly higher accumulation of
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Fig.4 Quantification of the amount of gold found in the brain tissue (without cerebral blood) and the amount of gold found in cerebral blood for
the INS-GNPs (a) and the control GNPs (b). Results are presented as percentage of the injected dose (%ID), mean + S.D. *P < 0.05 statistical

significance with INS-GNPs in the brain vs. INS-GNPs in the blood.
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(a)
%ID 05h 2h 24h 48h
Brain 1.37+0.82 5178 0.97 £0.32 0.63+0.68
Liver and Pancreas 49.07 £9.71 37.24 £10.26 5226 £12.71 2721 £149
Spleen 5.03+1.36 45309 26707 483219
Kidney 16.97 £3.45 2511 +458 16.97 £2.73 3092 £584
Blood 26.64 £9.62 2756155 2661115 35.73 +16.66

(b)
%ID 05h 2h 24h 48h
Brain 171084 0.53+0.38 0.72x04 0
Liver and Pancreas 15.04 £4.17 1761 £1.95 3342+£533 2315+1261
Spleen 3.13£0.79 3.07+£045 4.88+1.03 3.77+0.08
Kidney 12.59 £3.04 13.56+255 11.38 £4.41 13.24 £1.10
Blood 66.3+6.83 64.22 479 4861 =819 59.47 £12.47

Fig. 5 Biodistribution and pharmacokinetics of INS-GNPs (top) and
control GNPs (bottom) in mice. Results are given as mean + S.D.

INS-GNPs in the liver and pancreas, in comparison with the
control group at all time points (Fig. 6). This can be explained by
the high expression of insulin receptors on the membrane of
the pancreas and the liver,* which proves the specific interac-
tion between insulin receptors and INS-GNPs, as well as the
stability of the particles in vivo. In general, the nanoparticles
accumulate in the kidney, liver, and spleen according to their
well-described clearance mechanism.”>*

In order to verify the accumulation of INS-GNPs in the brain,
an additional proof-of-principle experiment was performed on a
rat model as described in the Experimental section under
animal model and in vivo experiments. This time, in order to
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Fig. 6 Pharmacokinetics of INS-GNPs vs. control nanoparticles in the
liver and pancreas. At all time points, higher accumulation of INS-GNPs
compared to the control group has been observed. This can be
explained by the high expression of insulin receptors on the
membrane of the pancreas and the liver, which proves the specific
interaction between insulin receptors and INS-GNPs. Results are
presented as percentage of the injected dose (%ID), mean + S.D.
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Fig. 7 A total intensity projection CT image of a rat brain after the
perfusion process: (a) 3 h post-injection of INS-GNPs and (b) a control
brain without GNPs. Specific brain regions with accumulation of
INS-GNPs are marked by white arrows. Scanning parameters for the
micro-CT (Skyscan High Resolution Model 1176) are 50 kVp, 500 pA
and 0.5 mm Al filtering.

eliminate the effect of cerebral intravascular GNPs, cerebral
perfusion was performed. Fig. 7 presents a total intensity
projection CT image of a rat brain after injection of INS-GNPs
(a) and a control brain without GNPs (b). By comparing the two
images, we can clearly identify specific brain regions with
accumulation of INS-GNPs marked by white arrows. These
bright areas can be differentiated from surrounding tissue, as
gold induces stronger X-ray attenuation. A quantitative FAAS
analysis confirmed CT results and found 0.0045 mg of gold in
the rat brain, which is correlated with 0.64% of the injected
dose. This perfusion experiment, which excluded the cerebral
blood effect, provides further evidence that INS-GNPs crossed
the BBB and accumulated in the brain.

The potential applicability of the proposed method strongly
depends on the bio-safety of the GNPs. While almost any
material can be toxic at a high enough dose, the more relevant
question is: how toxic are gold nanoparticles at the potential
relevant clinical concentrations. Throughout this research, the
maximal injected dose was 6 mg per mouse, which has been
proven to be non-toxic in vivo.**** No acute toxicity was detected.
All mice survived the full study period with no decline in well-
being expressed by food intake, weight and normal behavior.

Conclusions

In summary, targeting insulin receptors has been found to be
an effective approach, as the percentage of gold (5% from the
total ID) that crossed the BBB and accumulated in the brain was
found to be higher in comparison with other studies which
investigated the penetration of various nanoparticle types into
the brain (up to 0.5%).°**® This could be explained by the
relatively small size of INS-GNPs, as well as by the effectiveness
of insulin receptors in comparison with other receptors.*® This
study may have important implications in neurodegenerative
diseases, since INS-GNPs could act as targeted drug delivery
vehicles (the drug can be encapsulated by or attached to the
particle) and increase the uptake of appropriate drugs in the

This journal is © The Royal Society of Chemistry 2014
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brain. This study suggests a new theranostic strategy for Alz-
heimer's disease: delivery of insulin to the brain could poten-
tially serve both as an effective therapy to improve memory and
as a diagnostic tool to identify Alzheimer's disease in its early
stages, a tool which will make treatment more effective,
hindering progression of the disease and its symptoms.
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