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Abstract

The accumulation and formation of g-amyloid (Ag) plaques in the brain are distinctive
pathological hallmarks of Alzheimer’s disease (AD). Designing nanoparticle (NP) contrast agents
capable of binding with Ag highly selectively can potentially facilitate early detection of AD.
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However, a significant obstacle is the blood brain barrier (BBB), which can preclude the entrance
of NPs into the brain for Agbinding. In this work, bovine serum albumin (BSA) coated NPs are
decorated with sialic acid (NP-BSA ,-Sia) to overcome the challenges in Agimaging in vivo. The
NP-BSA ,-Sia is biocompatible with high magnetic relaxivities, suggesting that they are suitable
contrast agents for magnetic resonance imaging (MRI). The NP-BSA ,-Sia binds with Agin a
sialic acid dependent manner with high selectivities toward AS deposited on brains and cross the
BBB in an in vitro model. The abilities of these NPs to detect A in vivo in human AD transgenic
mice by MRI are evaluated without the need to coinject mannitol to increase BBB permeability.
T>*-weighted MRI shows that AB plaques in mouse brains can be detected as aided by NPBSA -
Sia, which is confirmed by histological analysis. Thus, NP-BSA,-Sia is a promising new tool for
noninvasive in vivo detection of Ag plaques.
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1. Introduction

Alzheimer’s disease (AD) is the most common type of dementia. Studies by the Alzheimer’s
Disease International Institute indicate that in 2016, about 47 million people worldwide lived
with dementia and this number is expected to rise to 132 million in 2050.[%:2] The economic
impact of AD is estimated to be $818 billion in 2016. These staggering humbers suggest that
new methods for diagnosis and treatment of AD are urgently needed, and early detection of
AD can potentially improve the prognosis for AD patients.[34]

The accumulation and deposition of g-amyloid (AS) peptides in brain tissues are one of the
most distinctive hallmarks of AD.[3! Strong correlations have been found between Ag
deposition and the beginning of atrophy at early stage of AD.[6] As a result, Ap has been an
attractive target for the development of noninvasive methods for AD detection. Positron
emission tomography (PET) has been used clinically for AD brain imaging.[] Pittsburgh
compound-B[89 is a 11C containing PET tracer that can selectively bind with B-sheeted Ag
aggregates, which has been approved by the Food and Drug Administration (FDA) for
imaging Ag plaques in brains. However, PET has inherent low spatial resolution and utilizes
ionizing radiation. An appealing alternative for Agimaging is magnetic resonance imaging
(MRI) due to its noninvasive nature and high spatial resolution. Advanced Ag plagues can
be detected directly via MRI due to the accumulation of iron ions in plaque tissues, leading
to contrast changes from the surrounding tissues.[10-13] For early plaque detection, the
inherent contrast associated with the plaques is not sufficient. Thus, contrast agents are
needed to enable plaque imaging by MRI, which are most commonly delivered by
nanoparticles (NPs).[14-19]

One significant challenge in Agimaging using NP contrast agents is the blood brain barrier
(BBB), which has tight junctions between endothelial cells lining the blood vessels in the
brain[20-21] and severely limits entries of macromolecules such as NPs into brains.[20.22] |n
order to overcome this, a common approach is to add mannitol into the NP formulation,
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which transiently opens up the BBB, allowing particles to diffuse into brain tissues.[23.24]
However, it is challenging to apply this approach to humans due to the concern for possible
brain infections with the opened BBB. NPs that are able to penetrate the BBB without the
need for mannitol are desirable for Ag imaging.

To facilitate selective binding of NPs to Ag plagues, AS targeting agents are needed to
functionalize the NPs. The most extensively utilized ones are either full length or fragments
Ap as these peptides can aggregate with AgB plaques, thus enriching contrast agents in
plaque sites.[14.17.18.24.25] \Wadghiri et al. pioneered A coated magnetic NPs to image ASin
mouse models of AD.[17I A potential drawback using AB-based targeting vectors is the
concern that they can possibly lead to further growth of plaques. Alternatively, Ag binding
monoclonal antibodies (mAbs) have been explored as targeting agents.[26] However, besides
their high costs and potential immunogenicities, the use of mAbs has side effects.[27] For
instance, the administration of anti-AS mAbs Bapineuzumab and Gantenerumab increased
the risk of amyloid related imaging abnormalities of brains, including chronic brain
hemorrhages and swelling of brains.[28:2%] Small molecules such as curcumin[3% and Congo
red[3] have been tested as Af targeting agents. NPs bearing these ligands require mannitol
to facilitate their entries into brain tissues.

Sialic acid is an interesting ligand for Ag binding studies.[3?] Sialic acid is a monosaccharide
with a nine-carbon backbone, which is mostly found at terminal ends of saccharide chains
such as gangliosides rich in the nervous system.[33] Located on neuronal membranes,
monosialotetrahexosy! ganglioside (GM1) is the most abundant ganglioside in the brain.
Studies have shown that residues His13 to Leul7 located at the A-terminal of the A peptide
are important for their interactions with GM1 and His13 is responsible for specific
interaction with the sialic acid moiety of GM1.[34-37] By binding with Ag, exogenous GM1
can inhibit Ag induced cytokine release and inflammatory responses by neuronal cells.[38]
The intrinsic ability of sialic acid to bind with Ag fibrils and its biocompatibility make it
suitable for Ag studies, especially when multiple copies of it can be placed on a
nanostructure, resulting in enhanced avidities.[32] Sialic acid conjugated second generation
polyamidoamine (PAMAM) dendrimers were found to decrease Ag toxicity toward SH-
SY5Y neuroblastoma cells.[3940] While increasing the multivalency of these dendrimers
improved Ag binding, third and fourth generation PAMAM dendrimers caused cell death
due to their inherent cellular toxicities, limiting their utility in vivo. Other sialic acid bearing
NP platforms investigated for Ag studies include gold nanoshells deposited on carbon
electrode,[#] chitosan polysaccharides,[42] and magnetic NPs.[43] No in vivo studies have
been reported using these constructs presumably due to either the inherent toxicity of the
carrier or the limited abilities to pass the BBB.[39:42:44]

Herein, we report the synthesis of sialic-acid-functionalized bovine serum albumin (BSA)
coated magnetic NPs (NP-BSA ,-Sia). As crossing BBB is a significant barrier for brain
imaging, NP-BSA ,-Sia can overcome this roadblock, pass through BBB, and bind with Ag
peptide with high selectivities. Furthermore, administration of this probe to AD mice enables
in vivo detection of AD plaques through MRI without the need for mannitol to open the
BBB. This is the first time that sialic acid NPs have been utilized to image Agin vivo. The
high biocompatibility, magnetic relaxivity, and Ag selectivity coupled with its ability to
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cross the BBB render NP-BSA ,-Sia a promising contrast agent for noninvasive imaging of

AB.

2.1. Synthesis and Characterization of NP-BSA-Sia

The synthesis of NP-BSA ,-Sia started from the preparation of iron oxide NPs through the
thermal decomposition method.[4] Heating a mixture of Fe(acac), and hexadecanediol in
the presence of oleic acid and oleylamine from 200 to 300 °C in benzyl ether formed
magnetite NPs (Figure 1). The hydrophobic particles were rendered water soluble through
ligand exchange with tetramethylammonium hydroxide (TMAOH) followed by incubation
with BSA,[46] which can noncovalently absorb on the surface of the NPs providing a protein
layer for further functionalization. The resulting NPs were incubated with 2,2"-
(ethylenedioxy)bis(ethylamine) 1 and ethyl-(3,3-dimethylaminopropyl) carbodiimide
hydrochloride (EDCI), which could covalently crosslink the carboxylic acids of immobilized
BSA through amide bond formation, leading to NP-BSA,. Sialic acid was then introduced
onto the NPs through EDCI mediated amide bond formation with sialic acid derivative 2,143
followed by subsequent ester hydrolysis generating the NP-BSA ,-Sia. The prepared NPs
were further labeled when needed with the fluorophore fluorescein isothiocyanate (FITC) by
presumably reacting with residual amines on NP-BSA ,-Sia to form NP-BSA ,-Sia-FITC,
enabling their tracking by fluorescence for cellular experiments.

The NPs were characterized with a variety of methods. The average core diameters of the
NPs were 5 nm as determined by transmission electron microscopy (TEM) (Figure 1) with
an average hydrodynamic diameter of 87 nm in phosphate buffered saline (PBS) buffer
analyzed by dynamic light scattering. The cationization of BSA through amination is
important to facilitate BBB crossing.[46:47] Zeta potential (¢) surface charge measurements
was a convenient method to monitor the amination process. The BSA coated magnetic NPs
as synthesized had a negative zeta potential of —6.6 mV in PBS buffer. Upon reaction with
diamine 1, ¢ values increased to +11.2 mV, suggesting the successful introduction of amines
onto the NPs. The number of 2,2’ -(ethylenedioxy)bis(ethylamine) that reacted with BSA
was analyzed by mass spectrometry of BSA functionalized in solution under the identical
reaction condition as NP modification. Based on the molecular weight difference of BSA
before and after functionalization, the average number of diamine 1 introduced was
estimated to be 33 per BSA molecule (Figure Sla, Supporting Information). Amidation of
NP-BSA  with sialic acid lowered the ¢ value to +5.2 mV, indicating the conversion of some
of the positively charged amines to neutral amides. The total organic content was determined
by thermogravimetric analysis to be 74% of the weight of the NP-BSA ,-Sia (Figure S1b,
Supporting Information). The amount of sialic acid on NP-BSA ,-Sia was quantified by
thiobarbituric acid assay[48] following mild acid treatment of the NPs to cleave off the sialic
acid. The amount of sialic acid accounted for 7% of the weight of NPs with an average of
118 sialic acid molecules per NP-BSA ,-Sia. The NP-BSA ,-Sia has high magnetic
relaxivities with an r>*value of 220 L mmol~1 s™1 (7 Tesla), suggesting that these particles
are good 7,*-based MRI contrast agents (Figure S1c, Supporting Information). The NPs are
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colloidally stable as there were little changes in their hydrodynamic sizes or surface charges
when kept in solution for more than three weeks (Figure S1d, Supporting Information).

2.2. NP-BSA,-Sia was Biocompatible and Nontoxic to Cells

For in vivo applications of NPs, it is critical that the particles are biocompatible. Brain
endothelial cells are a critical component of the BBB that controls passages of exogenous
molecules into the brain.[4%] Damages to this barrier can expose the brain to a variety of
harmful compounds that are normally excluded from the brain. To evaluate their
biocompatibilities, NP-BSA ,-Sia and NP-BSA , were incubated with brain endothelial cells
bEnd.3 and their effects on cell viabilities were analyzed using the 3-(4,5-dimethylthiazol-2-
yl)-5-(3-carboxy-methoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium cell viability assay. As
shown in Figure 2, with concentrations examined up to 1 mg mL™1, NP-BSA ,-Sia did not
have any adverse effects on cell viability. In contrast, cells incubated with NP-BSA , above
0.25 mg mL~1 exhibited reduced viability with only 40% alive at 1 mg mL~1 of NP-BSA .
These results indicate that NP-BSA ,-Sia has good biocompatibility and NP-BSA , is not
suitable for in vivo applications due to potential toxicities.

2.3. NP-BSA,-Sia was Taken Up by bEnd.3 Brain Endothelial Cells and Internalized NPs
could be Released from the Cells

The interactions of NP-BSA ,-Sia with brain endothelial cells bEnd.3 were analyzed next
using FITC labeled NP-BSA ,~Sia NPs for fluorescence monitoring. Upon incubation with
bENd.3 cells for 1, 3, and 7 h followed by thorough washes to remove unbound NPs, flow
cytometry analysis of the cells was performed (Figure 3a). Even with 1 h incubation, there
was significant fluorescence associated with the cells. Larger increases of cellular
fluorescence intensities were observed after 3 and 7 h of incubation. The cells were then
imaged with confocal microscopy after FITC-NP incubation, which showed extensive green
fluorescence in the cytoplasm of the cells (Figure 3b—g), suggesting that NP-BSA ,~Sia was
internalized by brain endothelial cells bEnd.3.

After uptake, the fate of intracellular NPs was studied. Cells loaded with the NP-BSA ,-Sia-
FITC were washed to remove any free or surface bound NPs and incubated in fresh media
without any exogenous NPs. The extracellular fluorescence was continuously monitored,
which showed a time dependent increase with a half-life of 5 h (Figure 4a). These results
indicate that NP-BSA ,-Sia taken up by bEnd.3 cells can be released from the cells.

2.4. NP-BSA,-Sia was able to Cross BBB In Vitro as Established in a Transwell Assay

Having demonstrated that NP-BSA ,-Sia can be taken up and subsequently released by bEnd.
3 cells, we envision that combining these processes can potentially facilitate BBB crossing
by the NPs. An in vitro BBB model was established by growing multiple layers of brain
vascular endothelial bEnd.3 cells on the filter of a transwell. Transendothelial electrical
resistance (TEER) measurements showed an average electrical resistance value of 133 Q cm
=2 across the multicellular layers (Figure S2a, Supporting Information), indicating that tight
junctions were formed between the cells mimicking BBB.[50.51] NP-BSA ,-Sia-FITC (0.32
mg mL~1) was added to one side of the chamber and the fluorescence across the multilayer
of cells was continuously monitored. As shown in Figure 4b, significant increase of
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fluorescence intensity was observed, indicating that the NPs can be transported through
multilayers of brain endothelial cells. The NPs did not affect much the tight junctions
between the cells as there were little changes in the electrical resistance across the cell layers
through this experiment (Figure S2b, Supporting Information).

2.5. NP-BSA,-Sia could Bind with Agin a Sialic Acid Dependent Manner

Ap (1-42) is a major component of amyloid peptides in the senile plaques in AD brains and
it is considered the most toxic Ag forms.[52] Due to its importance in AD, its interaction
with NP-BSA ,-Sia was studied. NP-BSA ,-Sia was immobilized on a microtiter plate and
increasing concentrations of Ag fibrils were added to wells containing NP-BSA ,-Sia. After
removal of unbound Ap, dose dependent increase of absorbance was observed upon addition
of an anti-AB mADb followed by horseradish peroxide (HRP) conjugated secondary antibody
(Figure 5a). The apparent dissociation constant between ABand NP-BSA ,-Sia was 3 x 1076
M. In comparison, very little Ag was found in wells not containing NP-BSA ,-Sia. Besides
Apfibrils, Ag can also exist in oligomeric forms, which may be an important contributor to
neurotoxicity.[53-591 NP-BSA ,-Sia can also bind with Ag oligomers as illustrated by
enzyme-linked immunosorbent assay (ELISA) (Figure S3, Supporting Information).

To understand the role of sialic acid in Agbinding, a competitive ELISA was performed.
After introducing a constant amount of Ag fibril to NP-BSA ,-Sia-coated wells, increasing
concentrations of free sialic acid were added to the wells, which reduced the amount of AS
retained in the wells (Figure 5b). This suggests that free sialic acid can compete with NPs
for AB binding, supporting the notion that interactions of Agwith NP-BSA ,-Sia involve
sialic acid.

2.6. NP-BSA-Sia Selectively Bound with Ag Peptide Immobilized on Mouse Brains, which
can be Detected via MRI

To test the feasibility and selectivity of Ag detection by NPBSA,-Sia, an ex vivo model was
established by soaking brains from wild type mice in a suspension of Ag fibrils for 24 h.
After washing off unbound Ag, the AB-adsorbed brains were then incubated with NP-BSA ,-
Sia at 37 °C for 12 h. After removing unbound NPs, 7,* weighted MRI was performed on
the brains. As shown in Figure 6a, significant darkening was observed on the surface of Ag
brains incubated with NP-BSA ,-Sia. The darkening in MR images was attributed to loss of
MR signals due to NP binding. The presence of NP on the brain was confirmed by Prussian
blue staining, which reacted with ferric ions to give intense blue color on the brain (Figure
6e). The binding of NP-BSA ,-Sia to A soaked brain was sialic acid dependent, as addition
of free sialic acid during NP incubation greatly reduced the sizes of areas with signal losses
in MR images of the brains (Figure 6b) as well as the intensities of Prussian blue staining
(Figure 6f).

In contrast to AB soaked brains, incubation of NP-BSA ,-Sia with mouse brains not coated
with Ag did not lead to much darkening of 7,* weighted MR images of the brains (Figure
6¢) or significant blue color after Prussian blue staining (Figure 6g). In addition, AS soaked
mouse brains did not yield any changes in 7,* weighted MR images by themselves (Figure
6d), nor did they give significant Prussian blue staining (Figure 6h). These results
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collectively suggest that NP-BSA ,-Sia bound Agimmobilized on a brain with high
selectivity, with little or no binding of NPs by brain tissues in the absence of AS.

2.7. NP-BSAy-Sia Enabled In Vivo Imaging of Ag Plaques in a Human AD Mouse Model

To test the possibility of Ag detection in vivo, a human AD model utilizing double
transgenic (Tg) mice was established. These mice express a chimeric mouse/human amyloid
precursor protein (Mo/HuAPP695swe) and a mutant human presenilin 1 (PS1-dE9) at
central nervous system neurons. Both mutations are associated with early onset AD. These

mice secrete human A peptides, which are known to form Ag plaques as those in humans.
[60,61]

Tg mice in the age range of 39-42 weeks were used for in vivo AgB plaque detection studies.
When these mice were imaged directly by 7,* weighted MRI using a 3D gradient echo
sequence, no abnormalities could be observed, suggesting that plaques were invisible under
this condition (Figure 7b,d). Following administration of NP-BSA ,-Sia, contrast changes in
brains were continuously monitored by MRI. Distinct dark spots due to loss of signals were
observed in multiple slices of the brain in both cortex and hippocampus regions 1 h after
injection of NP-BSA ,-Sia (Figures S4 and S5d, Supporting Information). The relative
contrast changes reached their maximum values between 1 and 3 h. The signal changes
lasted more than 1 d with the intensities returning to preinjection levels after 72 h (Figure
7a). Multiple slices and locations showed significant signal decreases upon NP-BSA ,-Sia
administration (Figure 7c,e and Figures S4 and S5d (Supporting Information)). The signal
changes were not due to presence of NPs in the blood as the signal intensities from the brain
blood vessels returned to basal levels 2 h after NP administration (Figure 7a and Figure S6
(Supporting Information)).

For control experiments, NP-BSA ,~Sia was injected to age matched wild type mice, which
do not express human Agin the brain. In contrast to Tg mice, no hypointense spots were
observed in 7,* weighted images of the brains of wild type mice (Figure S5a,b, Supporting
Information). To further verify the importance of NP-BSA ,-Sia in ASimaging, Feridex, a
type of commercially available superparamagnetic iron oxide NPs, were injected to Tg mice
at the same dose of Fe (8 mg kg™1) as NP-BSA,-Sia. No dark spots were observed in the
brain in 7,* weighted images of these brains, suggesting that little Feridex particles were
retained in the brains of Tg mice (Figure S7, Supporting Information).

2.8. Histological Analysis Confirmed the Presence of NP in Brains of Tg Mice after
Administration of NP-BSAy-Sia

Four hours after injection of NP-BSA ,-Sia to Tg mice, their brains were harvested and
subjected to histological analysis. Thioflavin-s staining on AD brain slices showed punctate
patterns of staining, confirming the presence of Ag plaques in these brains (Figure 8a,b) in
contrast to wild type mice (Figure 8c). Prussian blue staining showed the blue coloration on
slices in hippocampus and cortex (Figure 8d,e), supporting the penetration and retention of
NP-BSA ,-Sia into the brain. In brains of wild type mice after NP administration, Prussian
blue failed to show any blue staining (Figure 8f,g), consistent with MR images observed in
vivo, indicating the absence of NPs in these brains.
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3. Discussion

While the etiology of AD has not been firmly established, AD detection based on biomarker
such as Ap can potentially provide early intervention of the disease to improve patient
prognosis. Samples from the cerebrospinal fluid (CSF) obtained through lumbar puncture
can allow the analysis of fluids surrounding the brain, reflecting key aspects of pathology.
[62] The invasive nature of this approach renders it not ideal for routine evaluation of AD.
Compared to CSF, blood samples are more readily available. However, extensive research
aimed at identifying blood-based biomarkers has not led to satisfactory results.[63-651 with
the possibility of directly imaging AB, MRI-based neuroimaging methods aided by NP
contrast agents provide an attractive alternative for early detection of AD.

One significant hurdle in delivering NPs to the central nervous system is the BBB, due to the
tight junctions between brain endothelial cells lining brain vascular vessels. NPs including
magnetic NPs have been shown to bind Ag in vitro.[3:66.67] However, presumably due to
their poor abilities to penetrate into brains, they are not useful for in vivo brain imaging.
These results are consistent with our observations using the iron oxide magnetic NP Feridex,
as no significant contrast changes have been observed in 7,* weighted images of AD mouse
brains after administration of Feridex and clearance of the particles from blood circulation
(Figure S7, Supporting Information). It is well known that PEGylation can passivate NPs
and improve their tissue penetration.[%8] Polyethylene glycol (PEG) molecules have been
installed on AB(1-42) peptide bearing iron oxide NPs, which enhanced their abilities to cross
the BBB. One drawback is that retention of these NPs has also been observed in brains of
normal mice in 7,* weighted MR images, which can possibly produce false positive
identification.[24]

Receptor mediated transcytosis is another strategy to facilitate BBB penetration, which
immobilizes ligands on NPs to target endocytic receptors expressed on brain endothelial
cells.[89] The efficiency of transport across the BBB using this approach is restricted by the
number of receptors exposed on brain endothelial cell surface. In addition, the ligand for
binding the endocytic receptor may compete against that for Ag binding for the limited
number of conjugation sites on NP surface, lowering targeting efficiency.

Rather than relying on hypotonic mannitol to temporarily open up BBB, PEGylation of NPs,
or receptor mediated transcytosis, we explored cationized BSA coating (Figure 1) to
facilitate NP entries into the brain. The brain endothelial cells are polarized with the luminal
side presenting high net negative charges. As a result, positively charged compounds such as
cationized BSA can cross BBB from blood vessels through an absorptive transcytosis
process by binding with clathrin-coated pits or caveolae for transport across the cells.[7°]
Applying this idea to NP transport,[71-73] the interactions of sialic acid coated cationized
magnetic NPs with brain endothelial cells bEnd.3 were investigated using a variety of
techniques. These NPs could readily bind and be taken up by bEnd.3 cells, as confirmed by
flow cytometry and confocal microscopy (Figure 3). Furthermore, the internalized NPs
could be released from the cells (Figure 4a). The combined endocytosis and exocytosis
processes should enable high cellular penetration of NP-BSA ,-Sia. To demonstrate this,
multiple layers of bEnd.3 cells were grown on a transwell filter, which mimics BBB due to
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the restricted free diffusion of molecules across the cells indicated by the high TEER values.
NP-BSA ,~Sia was found to readily transcytose through the multilayer brain endothelial cells
(Figure 4b), suggesting its potential to enter brains without the need for exogenous agents
such as mannitol to open up BBB.

Biocompatibility is another important parameter for in vivo applications as some biological
probes can cause significant toxicities. For example, cationic nanoparticles can not only
disrupt cell membranes due to their interactions with negatively charged cell surface but also
cause lysosomal and mitochondrial damages.[”4] Glycosylation can be an effective approach
to reduce the toxicities of probes.[”®l In our study, the NP-BSA, showed significant
toxicities to bEnd.3 cells at doses above 0.25 mg NP mL~1 (Figure 2). For in vivo mouse
imaging studies, 8 mg Fe kg~ NP administered was equivalent to a blood concentration of
0.8 mg NP mL™1, suggesting that the NP-BSA , was undesirable due to toxicity concerns.
This difficulty is overcome by sialic acid functionalization of the NPs, which greatly
improved biocompatibility of the NPs (Figure 2), while maintaining the abilities to transport
across BBB.

Sialic acid is an underexplored ligand for Ag binding studies. Sialic acid interacts with Ag
through binding with A-terminal amino acids especially His13.[34] While the binding of a
single sialic acid molecule with Ag is relatively weak, incorporation of multiple copies of
sialic acid onto a NP can significantly enhance the avidity through the multivalent effect.
The NP-BSA ,-Sia on average contains 118 copies of sialic acid per particles, which is
similar to our previous design of NP-Sia for Ag binding.[43] More than 100-fold higher
concentrations of free sialic acid were needed to disrupt the binding of A with NP-BSA -
Sia in competitive ELISA assay (Figure 5b), confirming the enhanced avidity of sialic acid
presented on the NPs. The introduction of sialic acid onto NP-BSA not only reduced the
inherent toxicity of the NPs, but also facilitated NP binding with AB. NP-BSA,-Sia
exhibited excellent selectivities toward Ag binding as demonstrated by the ex vivo staining
of Ap coated brains (Figure 6e-h).

Upon administration of NP-BSA ,-Sia to AD mice, the region of interest-based quantitative
measurement of 7,* values from the in vivo MRI showed significant reduction of 75* values
in both cortex and hippocampus areas of the brain, attributed to NP binding to A plaques
(Figure 7). The contrast changes lasted more than 1 d, which were not due to the presence of
NPs in the blood as the contrast of the blood vessel lumen returned to preinjection levels in
about 2 h (Figure 7a). Histology studies also supported the retention of NPs in AD mouse
brains (Figure 8). In contrast to aforementioned PEGylated NPs, little NPs were found in
normal mouse brains after administering with NP-BSA ,~Sia (Figure S5, Supporting
Information). Presumably in these mice, due to the absence of Ag plagues, the NP-BSA ,-Sia
was not retained in brain tissues after BBB penetration.

4. Conclusion

Sialic acid coated BSA magnetic NPs were synthesized, which bound to Ag deposit in
brains with high selectivity. The NP-BSA ,-Sia could penetrate the BBB and enable
detection of AB plaques using MRI in an AD mouse model without the need for mannitol to
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open up the BBB. This overcomes a significant hurdle in NP aided Ag plaque imaging.
Sialic acid functionalization of the NPs greatly improved the biocompatibility of the probe
with enhanced Ag binding avidity. With further development, such probes can aid in
longitudinal monitoring of AgB plaque development as well as the evaluation of potential
novel therapeutic interventions to reduce Ag plaque loads.

5. Experimental Section

Animal

39-42 weeks old B6C3-Tg (APPswe/PS1dE9) mice and age matched wild type C57BL/6
mice were used for this study. Animals were purchased from Jackson Laboratories and were
kept in the University Laboratory Animal Resources Facility of the Michigan State
University. All the experimental procedures for animal study were performed with approval
of the Institutional Animal Care and Use Committee of the Michigan State University.

Assessment of NP-BSAy-Sia Binding with A Fibril via ELISA

The binding of NP-BSA,-Sia to Ag fibril was determined by an ELISA. In order to prepare
Apfibril, synthetic AS(1-42) (1 mg) was dissolved in 1,1,1,3,3,3 hexafluoro-2-propanol (3
mL) and after sonication, it was lyophilized to remove the solvent. The resulting thin peptide
film was dissolved in an aqueous solution of 10 x 103 M NaOH (0.25 mL). After 10 min of
sonication, the peptides were neutralized with diluted HCI solution to pH = 6, and diluted in
PBS buffer (pH = 7.2) to the desired final concentrations. The Ag fibrils were obtained after
incubation of the monomers at 37 °C for 48 h without stirring. The obtained fibrils along
with NP-BSA ,-Sia were used for ELISA studies. For each well of a 96 well plate (Nunc
MaxiSorp flat-bottom), a NP-BSA ,-Sia solution (0.5 mg mL~2, 50 pL) was added. After
overnight incubation at 37 °C, the NPs adhered to the bottom of the wells. Then, the wells
were washed with PBST (3x%, 300 pL each) and different concentrations of Ag solutions (50
L of 0.09 x 1076, 0.37 x 1076, 1.48 x 1076, 6.0 x 1076, 23.75 x 1076, and 95.0 x 1076 M,
respectively) were added to the NP-BSAx-Sia coated wells, respectively, and incubated at
22 °C for 12 h followed by thorough washing with phosphate buffered saline solution with
Tween® (PBST) (3%). Anti-AB(1-16) Immunoglobulin G (IgG) (6E10) monoclonal
antibody (50 pL per well, 0.137 x 1079 M, 1:24 000 in 1% (w/v) BSA containing PBS) was
added and after 1 h incubation at 22 °C, wells were washed with PBST (3x) and the solution
was discarded. The amount of Ag bound was quantified by the absorbance change of each
well upon incubation with the goat anti-mouse HRP conjugated secondary antibody (50 pL,
1.7 x 1072 M, 1:18 000 in 1% (w/v) BSA in PBS). The solution was discarded and the wells
were washed with PBST (3x). A mixture of H,O, (20 uL) and freshly prepared 3,3",5,5"-
tetramethylbenzidine (TMB) solution (5 mg TMB dissolved in dimethyl sulfoxide (DMSO)
(2 mL) and then diluted with citrate phosphate buffer to 20 mL) was prepared and this
mixture (150 pL) was added to the ELISA wells. The blue color was allowed to develop for
10-20 min, then the reaction was quenched by adding an aqueous solution of H,SO,4 (0.5 M,
50 pL) and the absorbance was measured at 450 nm on an iMark microplate reader. To
further establish the role of sialic acid in Ag binding, a competitive ELISA was performed
when a fixed amount of AB (0.5 x 1078 M, 50 pL) was added to NP-BSA ,-Sia coated plates
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together with increasing concentrations of free sialic acid (50 uL each; 0.00013, 0.00052,
0.0021, 0.0084, 0.033, and 0.135 M, respectively).

Assessment of NP-BSA,-Sia Transcytosis through bEnd.3 Endothelial Cells

bENd.3 cells were cultured in a 100 mm cell culture plate at 37 °C and 5% COy, till it
reached 80% confluency. Cells were trypsinized, collected by centrifugation, and
resuspended in 10% fetal bovine albumin-Dulbecco’s modified Eagle medium (DMEM) to
a final concentration of 1.3 x 10° cells mL~1. Serum containing DMEM (1.5 mL) was added
to the wells of a 12-well plate, above which the transwell inserts were placed. The cell
suspension (500 pL) was added to each transwell (6.72 x 10 cells per transwell). The plate
was incubated at 37 °C and 5% CO,, for two weeks. The growth medium was changed every
day. The integrity of the multilayered cell culture was assessed by TEER measurements
using a Millicell-ERS Wolt-Ohm Meter (Millipore). Transendothelial electrical resistance
after the period of two weeks was found to be 133 Q cm?2. After two weeks, the growth
medium was removed and the cell layer was washed with PBS. Serum free DMEM (1.5 mL)
was added to the bottom of the 12-well plate wells. Two transwells received NP-BSA ,-Sia-
FITC in serum-free DMEM (0.5 mL, 0.32 mg mL™1). Aliquots (100 uL) were drawn at
different time points from the lower compartment and the fluorescence was assessed on a
plate reader (excitation wavelength 488 nm; emission wavelength 520 nm). After
measurement, the aliquots were returned to their respective wells. The volume in the bottom
wells was maintained at 1.5 mL.

In Vivo Imaging

NP-BSA ,-Sia was dispersed in PBS (100 uL) and administered to mice via retro-orbital
injection at a dose of 0.14 mmol Fe kg~1 body weight. Isoflurane (2.5% in oxygen) was used
for anesthesia induction for about 5 min and isoflurane (1-1.5% in oxygen) was used to
maintain the anesthesia. A circulatory water bath was used to keep the mouse body
temperature consistent around 35 °C. The breathing rate was monitored during scans and it
was controlled around 20 min~ to minimize motion artifacts. MRI scans were performed on
a Bruker 7 T BioSpec 70/30 USR MRI. Images were acquired with a dedicated mouse brain
coil (four channel array) at 100 pm isotropic resolution using a 3D_FLASH sequence, flip
angle = 15°, echo time = 8 ms, time of repetition = 30 ms, receiver bandwidth = +16 kHz,
field of view = 19.2 x 19.2 x 16 mm, number of averages = 2, and number of excitation = 2.

40 week old female Tg mice were scanned before injection and at different time intervals
(0.5, 1, 1.5, 2, 24, and 72 h) post injections. Images collected were analyzed using NIH
ImageJ software. The signal intensities of spots undergoing changes following NP injection
were measured and they were normalized by dividing the measured intensity by the average
intensity of brain tissues with no dark spots and these normalized values were plotted against
time. As a control for Tg mice model of AD, NP-BSA ,-Sia was injected at the same iron
concentration to wild type mice and images were collected and analyzed as described above.
To further examine the ability of NP-BSA ,-Sia for binding to amyloid plaques,
commercially available dextran coated iron oxide NP (Feridex) was injected to Tg mice and
the images were analyzed in a similar manner.
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Figure 1.
Synthesis of NP-BSA ,-Sia and NP-BSA ,-Sia-FITC. The scale bar for TEM image is 10 nm.
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Figure2.
Viability of bEnd.3 cells following treatment with various concentrations of NP-BSA , and

NP-BSA ,-Sia. While NP-BSA, exhibited cytotoxicity above 0.25 mg mL~1, NP-BSA,-Sia
did not cause any toxicities in the concentrations examined.
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Figure 3.
NP-BSA,-Sia-FITC binding and uptake by bEnd.3 cells: a) Time dependent increase of

bEnd.3 cells upon incubation with NP-BSA ,-Sia-FITC as measured by flow cytometry; b—g)
confocal microscopy images of bEnd.3 cells after incubation with NPs, (b) DAPI channel
showing locations of nuclei; (c) Lysotracker channel showing locations of lysosomes; (d)
FITC channel showing locations of NPs; (e) overlay of (b—d), (f) DIC image of the cells; and
(9) overlay of (e) and (f). The scale bar is 10 pm.

Small. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nasr et al. Page 18

a) 200 7 b) 1000 -
) S 800+
< 150 <
] o
° o 600
= (3
® 100 ®
3 g
g ¢ 400 .
S 5o —— NP-BSA,-Sia-FITC ° —— NP-BSA,-Sia-FITC
] 3
=z = 2001
0 T T 1 0 T T T 1
0 20 a0 60 0 10 20 30 40
Time (hours) Time (hours)
Figure4.

a) Time dependent release of NP-BSA ,-Sia-FITC from bEnd.3 cells showed that
internalized NPs can be exocytosed; b) NP-BSA ,-Sia-FITC can penetrate through
multilayers of bEnd.3 cells in a transwell assay.
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Figureb.

a) ELISA showed dose dependent binding AB by immobilized NP-BSA ,-Sia with an
apparent binding constant of 3 um. b) Free sialic acid can reduce Ag binding to immobilized
NP-BSA ,-Sia in a dose dependent manner, suggesting that the binding of Agwith NP-

BSA -Sia is dependent on sialic acid. Wells containing A3 (0.5 x 1076 M) binding to NP-
BSA -Sia with varying concentrations of free sialic acid (circle) and Ag (0.5 x 1076 M)

binding to bare wells (square).
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Figure®6.

7>* weighted MR and Prussian blue staining images of an ex vivo model of AD brains. 7,*
weighted MR images of a) AS mouse brain incubated with NP-BSA ,-Sia; b) A mouse
brain incubated with NP-BSA ,-Sia in the presence of free sialic acid; ¢) normal mouse brain
incubated with NP-BSA ,-Sia; and d) A mouse brain. Prussian blue staining of €) AS
mouse brain incubated with NP-BSA -Sia; f) AB mouse brain incubated with NP-BSA - Sia
in the presence of free sialic acid; g) normal mouse brain incubated with NP-BSA -Sia; and
h) A mouse brain.

Small. Author manuscript; available in PMC 2019 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Nasr et al.

Page 21
p < 0.0001
a) p <0.0001 .
_ns B
Se,1oo , T x
£ N
z \ \
£ 9 \ N\
z \ Y
.§’ § T N\ §§ W Blood Lumen
2 N N N N N N R
3 N N \ N\ \ \ N
® 70 N\ N N N\ N N N
3 \ N\ N\ \ \ \ \
E N NI NI N N N N
N A K KK K R R
N\ N\ N\ \ \ \ N\

Figure?.
7o* weighted MRI signal intensity changes of Tg mouse brain before and after

administration of NP-BSA ,-Sia. Mice were scanned at different time intervals (0.5, 1, 1.5, 2,
24, and 72 h) after NP administration. a) Quantification of relative signal intensity changes
in one region of interest (ROI) versus blood vessel in the brain. The observed signal changes
in the region of interests were presumably due to NP binding with Ag plaques, not from the
blood pool effect as contrast of brain blood vessels returned to basal levels 1 h after NP
administration. The contrast changes in region of interest lasted more than 24 h. Statistical
analysis was performed using Student’s ftest. Selected MR images showing contrast
changes. MR images of mouse brain b) before NP injection; and c) 1.5 h after NP injection.
d) Expansion of the boxed region of (b). e) Expansion of the boxed region of (c). The arrows
indicate the location of contrast change.
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Figure 8.
a,b) Thioflavin-S staining of Tg mouse brain indicated the presence of AS deposition. The

scale bar is 500 um. c) Thioflavin-S staining of wild type mouse brain showed no Ag
plaques. d,e) Prussian blue staining of brain tissue from Tg mice following intravenous NP
administration. Representative areas of Prussian blue staining are highlighted in the circles.
The presence of blue staining confirms the presence of Fe in Tg mouse brain presumably
due to NP accumulation. (d) showed the location of Fe near hippocampus and (e) in the
cortex. f,g) Wild type mouse brain after intravenous NP administration showed no Prussian
blue staining due to the absence of NPs in the brains. Scale bars are 20 pm.
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