
Glyconanoparticle Aided Detection of β‑Amyloid by Magnetic
Resonance Imaging and Attenuation of β‑Amyloid Induced
Cytotoxicity
Hovig Kouyoumdjian,† David C. Zhu,‡ Mohammad H. El-Dakdouki,†,∥ Kelly Lorenz,† Jianjun Chen,§

Wei Li,§ and Xuefei Huang*,†

†Department of Chemistry, 578 S. Shaw Lane, Room 426, Michigan State University, East Lansing, Michigan 48824, United States
‡Departments of Radiology and Psychology, Michigan State University, East Lansing, Michigan 48824, United States
§Department of Pharmaceutical Sciences, College of Pharmacy, University of Tennessee Health Science Center, 847 Monroe Avenue,
Memphis, Tennessee 38163, United States

*S Supporting Information

ABSTRACT: The development of a noninvasive method for
the detection of Alzheimer’s disease is of high current interest,
which can be critical in early diagnosis and in guiding
treatment of the disease. The aggregates of β-amyloid are a
pathological hallmark of Alzheimer’s disease. Carbohydrates
such as gangliosides have been shown to play significant roles
in initiation of amyloid aggregation. Herein, we report a
biomimetic approach using superparamagnetic iron oxide
glyconanoparticles to detect β-amyloid. The bindings of β-
amyloid by the glyconanoparticles were demonstrated through several techniques including enzyme linked immunosorbent assay,
gel electrophoresis, tyrosine fluorescence assay, and transmission electron microscopy. The superparamagnetic nature of the
nanoparticles allowed easy detection of β-amyloid both in vitro and ex vivo by magnetic resonance imaging. Furthermore, the
glyconanoparticles not only were nontoxic to SH-SY5Y neuroblastoma cells but also greatly reduced β-amyloid induced
cytotoxicity to cells, highlighting the potential of these nanoparticles for detection and imaging of β-amyloid.
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Alzheimer’s disease (AD) is a progressive degenerative
disease characterized by the destruction of nerve cells and

neural connections in the cerebral cortex. In 2011, 5.4 million
people in the United States had AD with an estimated cost of
$183 billion in medical care.1 It is forecasted that the number of
AD patients and medical care cost will triple by 2050.2 These
staggering numbers suggest the urgent need to better
understand, diagnose, and treat AD. Traditional diagnostic
approaches toward AD rely on the analysis of cognitive abilities
and behavior of patients, which are nonspecific and prone to
false results. Neuroimaging using magnetic resonance imaging
(MRI),3 single photon emission computed tomography
(SPECT), or positron emission tomography (PET) has
become an important tool to aid in AD detection.4 These
techniques can provide important information on morpho-
logical and functional changes of brain, which are more suitable
toward imaging advanced stages of AD.
For early detection of AD before any clinical manifestation,

biomarker-detection based strategies are gaining momentum.
Although the etiology of AD is not yet well understood, β-
amyloid peptide (Aβ), the major constituent of amyloid
plaques, is one of the most prominent pathological hallmarks
of AD.5 Aβ peptide is produced by proteolytic cleavage of the
amyloid precursor protein in the central nervous system by β-

and γ-secretases. Although Aβ can contain varying numbers of
amino acids ranging from 36 to 42, the most abundant forms
are Aβ(1−40) and Aβ(1−42).6 Aβ is prone to aggregation to
form plaques, and the extra two hydrophobic residues in the C-
terminus of Aβ(1−42) render it aggregate faster than Aβ(1−
40).7

Due to its important role in AD, Aβ imaging has been
actively pursued in vivo using noninvasive techniques including
PET,8 MRI,9 and near IR fluorescence imaging.10 Multiple PET
reagents that can selectively bind with Aβ have been developed
for determination of plaque burden in human patients with
several undergoing late stage clinical trials.8 Although PET can
give high sensitivities, MRI is a complementary approach due to
its high spatial and temporal resolution. Furthermore, MRI
does not require ionizing radiation thus is suitable for
longitudinal studies. To better detect Aβ by MRI, MRI contrast
agents have been developed using full length or fragments of
Aβ as targeting ligands.9a−c As Aβ has the inherent affinity with
amyloid plaques, these targeted agents could selectively bind
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with amyloid plaques, thus enhancing the contrast from
surrounding tissues and enabling plaque visualization by MRI.
In addition to the usage of Aβ peptide, ground breaking 19F-
MRI studies have been performed using a fluorine-containing
Congo red derivative to image amyloid plaques in mice.9e

Besides these targeted versions of contrast agents, a nonspecific
commercially available gadolinium based agent was explored for
Aβ imaging by intracerebroventricular injection.9d Presumably
due to the hydrophobicity of the Aβ plaques, the hydrophilic
gadolinium agent avoided Aβ plaques while staining the rest of
the brain well, thus enhancing the contrast between Aβ plaques
and surrounding tissues. These innovative studies have revealed
the potential power of MRI for Aβ imaging and continual
development of contrast agents is necessary to realize the full
potential of this technique.
Due to the ubiquitous existence of carbohydrates, they can

influence Aβ aggregation. Glyco-conjugates including ganglio-
sides and anionic glyco-polymers (e.g., glycosaminoglycans and
nucleic acids) have been reported to bind Aβ.11 Gangliosides
such as GM1 (a sialic acid containing glycosphingolipid)12 are
abundant in neuronal plasma membranes and involved in
synaptic signaling and transmission.13 GM1-bound Aβ has been
found in the brains of AD patients,12a with GM1 shown to
serve as nucleation sites on neuronal cell membrane for Aβ
aggregation.12c The negatively charged sialic acid moiety of
GM1 is critical for Aβ interactions14 through hydrogen bonding
with His13, and clustering of sialic acid can significantly
enhance the binding with Aβ.14,15 Based on these findings, we
became interested in exploring whether carbohydrates can be
utilized for Aβ detection and imaging.

Nanotechnology has been introduced to Aβ research with
the majority of the studies focusing on the effects of
nanoparticles on Aβ aggregation.16 The nanoparticle platform
is very useful for our study, as it can display multiple copies of
ligands that can potentially interact with Aβ leading to
enhanced avidity. Herein, we report the development of
magnetic glyconanoparticles, where the magnetic cores of the
nanoparticles are coated with carbohydrates. The glyconano-
particles can selectively bind with Aβ and the magnetic
properties of these nanoparticles enable the Aβ detection in
vitro and ex vivo by MRI. Furthermore, these nanoparticles can
expedite the aggregation of Aβ and mitigate Aβ induced cellular
toxicity.

■ RESULTS AND DISCUSSION
Preparation and Characterization of NP-Sia. Our study

started from the synthesis of magnetic glyconanoparticles with
magnetite (Fe3O4) cores. The superparamagnetic magnetite
nanoparticles (SPIONs) were prepared by coprecipitating ferric
chloride and ferrous sulfate under basic condition in the
presence of the polysaccharide dextran (Figure 1a).17 Dextran
coats the external surface of the nanoparticles forming a stable
colloidal suspension. Dextran coating was cross-linked with epi-
chlorohydrin, which was followed by ammonia treatment to

introduce amine groups (SPION-NH2). Sialic acid methyl ester
derivative 118 was partially deprotected under the Zempleń
condition producing sialic acid 2, which was subsequently
linked to SPION-NH2 via amide coupling mediated by 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) (Figure 1b).
The methyl ester of sialic acid was removed by saponification
leading to sialic acid coated NPs (NP-Sia).
NP-Sia was characterized via a variety of techniques,

including transmission electron microscopy (TEM), high-
resolution magic angle spinning nuclear magnetic resonance
(HRMAS NMR), thermogravimetric analysis (TGA), zeta
potential, dynamic light scattering (DLS), thiobarbituric acid
assay (TBA), and MRI (Figure 1 and Supporting Information
Figure S1). TEM images indicated that the diameters of NP
core were around 5 nm (Figure 1c). Both SPIONs and NP-Sia
have close to neutral zeta potentials in PBS buffer (−1.8 and 2.5
mV, respectively). The total carbohydrate content represented
80% weight of NP-Sia as determined by TGA (Figure S1a). To
analyze the amount of sialic acid on NPs, sialic acid was
selectively cleaved under a mild acidic condition and the
amount of sialic acid was quantified by TBA showing that sialic
acid accounted for 4% weight of the NPs (Figures S1b,
Supporting Information). This suggests on average there are 98
copies of sialic acid on each NP. The presence of dextran and
sialic acid was also confirmed by HRMAS NMR with their
characteristic chemical shifts observed in 1H NMR spectrum of
the NP-Sia (Supporting Information Figure S1c). The NP-Sia is
an excellent contrast agent with high magnetic relaxivity. (The
R2* magnetic relaxation rate (R2* = 1/T2*) of NP-Sia was
measured to be 143 mM−1 s−1 at 3T (Figure 1d). The R1 and
R2 values for NP-Sia were 3.5 and 198 mM−1 s−1, respectively,
as shown in Supporting Information Figure S1d,e.)

Assessment of NP-Sia Binding with Aβ via ELISA and
Prussian Blue Staining. In order to study NP interactions
with Aβ, we selected Aβ(1−42), since it is a major component
of amyloid peptides in the senile plaques in AD brains19 and it
is considered the most toxic Aβ forms.20 The Aβ peptide was
dissolved in 10 mM NaOH solution, which was diluted in PBS
buffer to the desired final concentration. The Aβ monomer
solution was incubated at 37 °C for 48 h without stirring to
form fibrils. To check the quality of the fibrils, thioflavin (ThT)
binding assay was performed. ThT is a cationic benzothiazole
salt, which displays enhanced fluorescence and a characteristic
red shift of its emission maximum when bound with β-sheet
structures.21 Upon incubation of Aβ fibrils with ThT, significant
enhancement of ThT fluorescence and red shift of its emission
(489 nm) were observed suggesting that good quality β-sheet
rich Aβ fibrils were obtained (Supporting Information Figure
S2a).22 TEM imaging also showed fibrillar structures of Aβ
(Supporting Information Figure S2b). In order to visualize Aβ
in TEM, 2% uranyl acetate stain on the fibril was needed to
provide contrast from the background.
The interactions between NP-Sia and Aβ fibril were

investigated first using an enzyme-linked immunosorbent
assay (ELISA). A solution of NP-Sia was added to a microtiter
plate. After overnight incubation, NPs adhered to the bottom of
the wells. Aβ solutions were added to the NP-Sia coated wells
followed by thorough washing and addition of an anti-Aβ IgG
primary antibody. The amount of Aβ bound was quantified by
the absorbance change of each well upon incubation with an
anti-IgG secondary antibody linked with horse radish
peroxidase (HRP). As shown in Figure 2a, a dose dependent
increase in absorbance was observed with increasing Aβ
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concentration (apparent Kd = 0.7 μM). The immobilization of
NP-Sia on the plate was important for Aβ binding, as without
NP coating, the absorbance of Aβ on naked plates was much
lower after washing (Figure 2a). Although the dextran coated
SPION could be recognized by Aβ presumably due to its
negative surface charges,23 the addition of sialic acid onto the
dextran NP (NP-Sia) enhanced NP binding with Aβ
(Supporting Information Figure S3a). To further ascertain
the role of sialic acid, a competitive ELISA was performed when
fixed amount of Aβ was added to NP-Sia coated plates together
with free sialic acid. As free sialic acid should compete with NP-
Sia for Aβ binding, the amount of Aβ remained on the plate
should decrease with increasing amount of sialic acid. This was
observed experimentally (Figure 2b), supporting the notion
that sialic acid plays a considerable role in mediating Aβ
binding.14

In ELISA, blocking agents such as bovine serum albumin
(BSA) is commonly employed to reduce the nonspecific
adsorption of proteins on the microtiter plate, including some
for Aβ binding studies.24 However, in our assays, we observed a
considerable difference between the BSA-blocked and un-
blocked wells, where the wells incubated with BSA showed
significantly higher Aβ binding even without any NP present
compared to those not containing BSA (Supporting
Information Figure S3b). Varying the amount of BSA (0.1−
5%) as well as using milk as the blocking agent did not resolve
this problem. We attributed this to the adsorption of Aβ by
BSA or milk proteins. This outcome was in agreement with a
report showing the strong affinities of plasma proteins such as

albumin with Aβ,25 suggesting the importance of protein free
blocking in ELISA for Aβ detection.
To further prove the binding between Aβ and NP-Sia, we

performed Prussian blue staining, which is a staining method
specific for iron. NP-Sia by itself could bind to the 24-well cell
culture plate, which was evident from the bright blue color
when Prussian blue reagent was added to wells incubated with
NP-Sia (Figure 3a). If Aβ binds with free NP-Sia, the Aβ/NP-
Sia complex should have reduced adhesion to the microtiter
plate due to shielding of NP-Sia by Aβ. Indeed, when NP-Sia
was preincubated with Aβ fibril (25 μM) and then added to the
plate followed by washing, much reduced blue color was
observed with Prussian blue staining (Figure 3b). Higher
concentration of Aβ (100 μM) further decreased the level of
Prussian blue (Figure 3c). Aβ by itself did not bind much with
the wells under the experimental conditions. These observa-
tions support the conclusion that NP-Sia can bind with Aβ.

Confirmation of Aβ and NP-Sia Binding by Tyrosine
Fluorescence Measurement and TEM. Aβ contains a
tyrosine residue (Tyr10), the intrinsic fluorescence of which
can be used to monitor binding.24d Aβ monomer (30 μM) was
incubated with various concentrations of NP-Sia (0.02, 0.2, and
2 mg/mL) at room temperature. After 24 h, the solution was
centrifuged and the tyrosine fluorescence of the supernatant
was recorded (Figure 4a). Centrifugation of Aβ or NP-Sia alone
at 10 000g did not produce any pellets or fluorescence changes.
However, incubation of Aβ with NP-Sia followed by
centrifugation showed a dose dependent decrease of super-
natant fluorescence. The fluorescence intensity dropped to

Figure 1. Synthesis of (a) SPION and (b) NP-Sia. (c) TEM (scale bar is 10 nm) and (d) T2* relaxivity characterization of NP-Sia.
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baseline levels with 2 mg/mL NP-Sia, suggesting complete
removal of Aβ from the solution. A pellet was observed at the
bottom in tubes where NP-Sia was incubated with Aβ,
indicating that NP-Sia formed aggregates with Aβ. The binding
between NP-Sia and Aβ was confirmed by TEM of the pellets
(Figure 4b−d). Unlike free Aβ, it was not necessary to add
uranyl acetate to stain Aβ since the NP bound provided
sufficient contrast in TEM. Extensive aggregates were evident
from TEM images with higher concentrations of NP-Sia
(Figure 4b−d).
NP-Aβ Binding Detected by MRI. Due to their high

magnetic relaxivities, the superparamagnetic nanoparticles are
useful contrast agents for T2/T2* based MR imaging.26

Another interesting property of the magnetic nanoparticles is
that their transverse relaxivities can be significantly enhanced
when they form larger clusters due to target binding.18a,27 This
magnetic relaxation switching phenomenon has been utilized
for biological detections.18a,27 As supported by our tyrosine

fluorescence and TEM studies discussed above, we envision the
multivalent binding of NP-Sia with Aβ should lead to the
formation of NP clusters. These clusters can create larger local
magnetic field inhomogeneities thus are more efficient in
dephasing the spins of surrounding water protons and lowering
T2* relaxation time.
The binding of Aβ fibril with NP-Sia was examined by MRI.

After incubation of Aβ with NP-Sia (0.1 mg/mL) overnight at
room temperature, T2* weighted MR images were acquired.
The presence of Aβ led to many more darkened spots
compared to NP-Sia alone enabling the detection of Aβ (Figure
5a vs c). Quantification of the images demonstrated that the
T2* relaxation time of NP-Sia (0.1 mg/mL) was 23 ms, which
was reduced to 16 ms in the presence of Aβ (Figure 5e).
Addition of 0.1 M free sialic acid during incubation significantly
reduced the number of dark spots in T2* weighted images,
presumably due to the competitive binding of free sialic acid to
Aβ (Figure 5b,e). This was corroborated by the increase in T2*
relaxation time (20 ms). Similar phenomena were observed
when Aβ monomer was incubated with NP-Sia (Supporting
Information Figure S4).
In another experiment, increasing concentrations of Aβ were

incubated with a fixed amount of NP-Sia (0.1 mg/mL). Higher
Aβ concentration should lead to more extensive NP-Sia
aggregation and reduction of T2* relaxation time, which was
observed experimentally (Figure 5f). The limit of detection was
0.05 μM Aβ in this experiment.

Ex Vivo Detection of Aβ by NP-Sia Aided MRI. To test
the selectivity of NP-Sia in tissue binding and lay the
foundation for future in vivo applications, we examined ex
vivo detection of Aβ by NP-Sia in a mouse brain. Brains were
harvested from C57BL6 mice and incubated in a solution of Aβ
fibrils for 48 h. Aβ was absorbed on the surface of the brains,
and the unbound Aβ was removed by thorough washing. The
Aβ containing brains were then treated with NP-Sia followed
by removal of unbound particles. T2* weighted MR images
were acquired, and dark spots were observed on the surface of
Aβ brains incubated with NP-Sia (Figure 6a). The dark spots
on the surface disappeared when free sialic acid was added
during incubation to compete with NP-Sia binding (Figure 6b).
As a control, Aβ brain without NP incubation or normal mouse
brain incubated with NP-Sia was imaged using the same MRI
protocol. No darkening of the brain surface was observed in
these cases (Figure 6c, d). Furthermore, Prussian blue staining
showed that only Aβ brains incubated with NP-Sia exhibited
the characteristic blue color due to the presence of iron (Figure
6e), whereas the other brains (normal brain + NP-Sia, Aβ brain,
Aβ brain + NP-Sia + free sialic acid) showed little blue
coloration (Figure 6f−h), thus supporting MRI results. These
observations suggest that NP-Sia did not nonspecifically bind
with brain components and Aβ could be detected by NP-Sia
aided MRI in this ex vivo model.

Effect of NP-Sia on Aβ Aggregation. After demonstrat-
ing Aβ can bind with NP-Sia, we assessed the effects of NP on
Aβ aggregation and fibril growth via native gel electrophoresis.
Native PAGE gels can preserve the fibrillar and protofibrillar
integrity of Aβ and prevent the potential fibril deaggregation in
the presence of detergent such as sodium dodecyl sulfate.28 Aβ
monomers were incubated with NP-Sia at 25 °C followed by
native-PAGE gel electrophoresis. At room temperature, Aβ
aggregation was slower with significant amounts of oligomers
observed after 24 h (Figure 7, lane 1). With increasing
concentrations of NP-Sia (0.02−2 mg/mL), the oligomers of

Figure 2. (a) ELISA curve for Aβ binding to immobilized NP-Sia); (b)
ELISA curve of Aβ (0.5 μM) binding to immobilized NP-Sia in the
presence of increasing concentration of free sialic acid (blue circle).
For comparison, the absorbance of wells containing Aβ (0.5 μM)
binding to immobilized NP-Sia without any free sialic acid (red
square) and Aβ (0.5 μM) binding to bare wells (green triangle) are
also shown. The error bars in all graphs represent the standard
deviation of four wells.

Figure 3. Pictures of 24-well cell culture plates after incubation with
(a) NP-Sia (200 μg/mL); (b) NP-Sia (200 μg/mL) incubated with Aβ
(25 μM); (c) NP-Sia (200 μg/mL) incubated with Aβ (100 μM); and
(d) Aβ (100 μM). After thorough washing, the wells were treated with
Prussian blue.
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Aβ disappeared with concomitant increase in fibrils formed
(lanes 2−4 of Figure 7, and Supporting Information Figure S5).
This indicates that NP-Sia can reduce the amount of the Aβ
oligomers in solution presumably by expediting the formation
of Aβ fibrils.
NP-Sia effect on Aβ-Induced Cytotoxicity. For potential

applications in Aβ detection and AD diagnosis, it is crucial that
the contrast agents do not cause toxicities to the neuronal cells.
To evaluate this, cell viability MTS assays were performed using
SH-SY5Y neuroblastoma cells. The MTS assay is a colorimetric
assay measuring the metabolic activities of mitochondria. Aβ
exhibited significant cytotoxicities (Figure 8a) with an IC50

value of about 2 μM. NP-Sia (250 μg/mL) was found to be
nontoxic to the cells, suggesting the high biocompatibility of
the NPs. To confirm the MTS assay results, another cell
viability assay, that is, LIVE/DEAD assay, was utilized. The
LIVE/DEAD assay determines cell viability based on plasma
membrane integrity and esterase activity, which is comple-
mentary to MTS. Consistent with the MTS assay results, the
LIVE/DEAD assay gave similar IC50 values for Aβ induced
cytotoxicity (Supporting Information Figure S6).
Although there is ongoing debate regarding the cause of AD,

it is generally accepted that the aggregation state of Aβ is crucial
in determining its degree of neurotoxicity and the soluble Aβ
oligomeric form may be the key effectors of cytotoxicity in
AD.7,29 As NP-Sia can sequester Aβ and reduce the amounts of
oligomers in solution, we envision that NP-Sia can potentially
protect cells from Aβ induced cytotoxicities. To test this
possibility, SH-SY5Y cells were treated with fixed concentration
of Aβ (2 μM) in the presence of variable amounts of NP-Sia
(0.0001, 0.001, 0.1, and 0.5 mg/mL). Without NP-Sia,
approximately 50% of the cells remained viable after 24 h

incubation. A dose dependent increase in cell viability was
observed with increasing concentrations of NP-Sia in both
MTS and LIVE/DEAD assays, where 0.5 mg/mL of NP-Sia
was able to increase the viability of the cell cells to 80% (Figure
8b). This suggests that NP-Sia can mitigate the toxicity of Aβ,
presumably by segregating Aβ in the fibril form on the NP. The
full impact of NP-Sia and NP-Sia/Aβ complex on brain as well
as the clearance of NP-Sia/Aβ complex in vivo will need to be
established through further studies.
Compared to literature reports of Aβ molecular imaging,9

our approach is unique in that we take advantage of the
interactions between Aβ and carbohydrates, which have not
been explored much for Aβ detection. While the results are
promising, further studies are necessary to demonstrate the
sensitivity and the selectivity of NP-Sia in transgenic mice and
humans and compare with those of other probes.
For future Aβ plaque imaging in vivo, it will be crucial that

the contrast agent can access the plaques in the brain. To
bypass the blood brain barrier (BBB), contrast agents can be
injected directly into the brain.9d A less invasive method is to
administer the contrast agent in combination with agents such
as mannitol to temporarily open up the tight junctions in the
BBB.9c Alternatively, cell-penetrating peptides30 can be
immobilized onto the nanoparticles to facilitate crossing of
the BBB.31 With its large surface area, NP-Sia is amenable to
further modification to enhance its ability to cross the BBB.

■ CONCLUSION

We demonstrated that glyconanoparticles could selectively bind
Aβ. The protein free blocking was important in ELISA assays to
avoid the nonspecific absorption Aβ to plates. The super-
paramagnetic nature of the glyconanoparticles enabled the

Figure 4. (a) Emission spectra of supernatants upon incubation of Aβ with NP-Sia followed by centrifugation (excitation wavelength 280 nm). TEM
images of the pellets obtained by incubating Aβ with (b) 0.02 mg/mL, (c) 0.2 mg/mL, and (d) 2 mg/mL NP-Sia followed by centrifugation.
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detection of Aβ by MRI both in vitro and ex vivo on mouse
brains. NP-Sia expedited the formation of Aβ fibril, thus
converting Aβ to its less toxic form and protecting the cells
from Aβ induced cytotoxicities. Other carbohydrates such as
full structure of GM1 and glycosaminoglycans can be utilized to
further enhance Aβ binding selectivity and specificity. These

attributes coupled with the high biocompatibility, magnetic
relaxivity and large surface area bode well for potential in vivo
application of glyconanoparticles for Aβ detection and imaging.

Figure 5. T2* weighted MR images of (a) NP-Sia (0.1 mg/mL) incubated with Aβ fibril (30 μM); (b) NP-Sia (0.1 mg/mL) incubated with Aβ fibril
(30 μM) in the presence of free sialic acid (0.1 M); (c) NP-Sia (0.1 mg/mL); and (d) Aβ fibril (30 μM) only. (e) Quantification of T2* (ms) of
images in (a)−(d). All error bars represent the standard deviation of three measurements. Statistical significances were obtained by t tests. (f)
Changes of T2* relaxation time (ms) in the presence of increasing concentrations of Aβ.

Figure 6. T2* weighted MR images of (a) Aβ mouse brain incubated
with NP-Sia (0.1 mg/mL); (b) Aβ mouse brain incubated with NP-Sia
(0.1 mg/mL) in the presence of free sialic acid (0.1 M); (c) normal
mouse brain incubated with NP-Sia (0.1 mg/mL); and (d) Aβ mouse
brain; Prussian blue staining of (e) Aβ mouse brain incubated with
NP-Sia (0.1 mg/mL); (f) Aβ mouse brain incubated with NP-Sia (0.1
mg/mL) in the presence of free sialic acid (0.1 M); (g) normal mouse
brain incubated with NP-Sia (0.1 mg/mL); and (h) Aβ mouse brain. Figure 7. PAGE gel of Aβ. Aβ only (lane 1); Aβ incubated with 0.02

mg/mL (lane 2); 0.2 mg/mL (lane 3); and 2 mg/mL (lane 4) of NP-
Sia.
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■ METHODS
Synthesis of NP-Sia. An aqueous solution of sialic acid 218b (100

mg, 0.208 mmol) and EDC (150 mg, 0.78 mmol) in water (10 mL)
was stirred for 30 min at room temperature. NP-NH2 (100 mg in 15
mL of pH 8.5 carbonate buffer) was added and stirred for 12 h at room
temperature. The reaction mixture was centrifuged through 100 000
MWCO Amicon centrifugal filters. The supernatant was collected, and
an aqueous solution of 0.01 M sodium hydroxide was added until the
pH value reached 12. The reaction mixture was stirred at room
temperature for 15 min, and the solution was neutralized by careful
addition of 0.01 M hydrochloric acid. The reaction mixture was
centrifuged through 100 000 MWCO Amicon centrifugal filters. The
supernatant was diluted with water and centrifuged again. This process
was repeated three times.
Deaggregation and Preparation of Aβ. Synthetic Aβ(1−42)

peptide (1 mg) was dissolved in spectroscopy grade 99.9% 1,1,1,3,3,3-
hexafluoro-2-propanol (3 mL), sonicated for 15 min, and lyophilized
for 72 h. The thin peptide film was dissolved in 0.22 μm filtered
solution of 10 mM NaOH solution (0.25 mL) followed by dilution
with deionized water (0.625 mL) and PBS buffer (0.625 mL) to the
desired final volume of 1.5 mL (the stock Aβ solution concentration is
147.7 μM). For experiments requiring fibril formation, the previous
solution was incubated for 48 h at 37 °C.
ELISA Assay. To a well in a Nunc MaxiSorp 96-well ELISA plate

was added 50 μL of NP-Sia solution (0.5 mg/mL), which was
incubated at 37 °C overnight. After washing the wells with 3 × 300 mL
PBST, 50 μL of Aβ solutions with various concentrations were added
to the wells (0.34, 1.38, 5.53, 22.1, 88.5 μM) and incubated at 22 °C
for 12 h. The plates were washed with 3 × 300 mL PBST and the anti-
Aβ(1−16) IgG (6E10) monoclonal antibody, SIG-39320 (50 μL per
well, 0.137nM, 1:24 000 in 1% (w/v) BSA containing PBS) was added,
which in turn was incubated at 22 °C for 1 h. After washing with 3 ×
300 μL PBST, the solution was discarded and the wells were washed
three times with 300 μL of PBST and incubated for 1 h with 50 μL of
the goat anti-mouse HRP-conjugated secondary antibody (1.7 nM,
1:18 000 in 1% (w/v) BSA in PBS). The solution was discarded, and
the wells were washed three times with 300 μL of PBST. To a freshly
prepared 3,3′,5,5′-tetramethylbenzidine (TMB) solution (5 mg of
TMB was dissolved in 2 mL of DMSO and then diluted to 20 mL with
citrate phosphate buffer), 20 μL of H2O2 was added. This mixture
(150 μL) was immediately added to the ELISA wells. Blue color was
allowed to develop for 10−20 min. The reaction was quenched
(yellow color) by addition of 0.5 M H2SO4 (50 μL/well) and the
absorbance was measured at 450 nm on an iMark microplate reader.
For sialic acid inhibition assay, a solution of NP-Sia (0.5 mg/mL, 50

μL) was incubated in a 96-well plate at 37 °C overnight. After washing
the wells with PBST (3 × 300 μL), Aβ (0.5 μM, 50 μL) was added to
the wells immediately followed addition 50 μL of different dilutions of
pH 7.4 sialic acid solution (0.00048, 0.0019, 0.0078, 0.031, 0.125, 0.5
M). The plate was incubated at 22 °C for 12 h. The previous protocols
were then followed for antibody incubation and color development.

Intrinsic Tyrosine Fluorescence Assay. An Aβ solution in 10
mM NaOH (443 μM, 13.5 μL) was added to a solution of NP-Sia with
different concentrations 0.02, 0.2, and 2 mg/mL NP-Sia to a final
volume of 200 μL in eppendorf tubes. The tubes were gently mixed
and incubated at room temperature for 24 h. After incubation, the
samples were centrifuged for 20 min at 10 000g to sediment fibrils and
aggregates. The tyrosine fluorescence of the supernatant was measured
via a HITACHI F-4500 fluorometer (excitation wavelength at 280
nm).

Aβ/NP-Sia Binding MRI Experiments. Six eppendorf tubes
containing nanoparticles and Aβ were incubated in PBS buffer (total
volume 750 μL) for 24 h at room temperature. The final concentration
of NP-Sia was 0.33 mg/mL, and the final concentration for Aβ was 10
μM. For sialic acid competition experiments, free sialic acid (0.1 M)
was added. The composition of the tubes was as follows: only Aβ, only
NP-Sia, fibrillar Aβ+NP-Sia, fibrillar Aβ+NP-Sia+0.1 M free sialic acid,
monomeric Aβ+NP-Sia, and monomeric Aβ+NP-Sia+0.1 M free sialic
acid (each tube had a total volume of 750 μL in PBS buffer). Following
incubation, 2% agarose gel (1.75 mL) was added to the incubated
samples to make the final volume of 2.5 mL in 5 mL polystyrene
round-bottom FACS tubes (BD Falcon). The tubes were placed at
room temperature for 5 min and then at 4 °C until the time of MRI.
To evaluate the T2* characteristics of the nanoparticles in phantoms,
the following parameters were used: head coil, 3D fast spoiled gradient
recalled echo sequence, flip angle = 15°, 16 echo times (TEs) = 2.1,
4.6, 7.0, 9.4, 11.8, 14.3, 16.7, 19.1, 21.5, 24.0, 26.4, 28.8, 31.2, 33.7,
36.1, and 38.5 ms, time of repetition = 41.9 ms, receiver bandwidth =
±62.5 kHz, field of view = 16 cm, slice thickness = 1.5 mm, number of
slices = 16, acquisition matrix = 256 × 256, and number of excitation =
1.

Ex Vivo Brain Aβ/NP-Sia Binding MRI Experiments. The
brains of C57BL6 mice were harvested and fixed in buffered 10%
formalin solution for 48 h. After washing with deionized water, brains
were incubated with 22 μM Aβ (4 mL) for 48 h at 4 °C. The Aβ
treated brains were incubated with NP-Sia (0.6 mg/mL, 4 mL) for 24
h at 37 °C after washing with deionized water. After incubation, the
brains were washed thoroughly and placed in a 6-well plate (Costar
3516, Corning) in water. For the sialic acid competition experiment,
0.1 M free sialic acid was added with NP-Sia (4 mL). The brains were
imaged with the following parameters (T2* weighted sequence): wrist
coil, 3D fast spoiled gradient recalled echo sequence, flip angle = 15°,
echo times = 9.8 ms, time of repetition = 20 ms, receiver bandwidth =
±7.8 kHz, field of view = 8 cm, slice thickness = 0.5 mm, number of
slices = 48, acquisition matrix = 256 × 256, and number of excitation =
3.

Prussian Blue Staining of Mice Brains. The same brains used in
the ex vivo Aβ/NP-Sia MRI binding experiment were stained directly
after imaging. Brains were soaked in 10% K4Fe[CN]6 solution,
incubated for 10 min, and then transferred to a vial containing a
mixture of 10 wt % K4Fe[CN]6/20 wt % HCl with a volume ratio of
1:1 for 10 min (Gomori’s modified Prussian blue). The tissues were

Figure 8. (a) Viability of SH-SY5Y neuroblastoma cells decreased with increasing concentration of Aβ as determined by MTS cell viability assay. (b)
Addition of NP-Sia to SH-SY5Y neuroblastoma cells incubated with Aβ (2 μM) reduced Aβ induced cytotoxicity.
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washed with water four times. A blue color was observed on the areas
bearing iron oxide nanoparticles.
MTS Cytotoxicity Assay. SH-SY5Y cells were plated into 96-well

plates at a density of 4 × 104 cells per well in 10% DMEM cell culture
media for 24 h at 37 °C and 5% CO2. The culture medium was
replaced with 2% serum solution of different concentrations of Aβ
(0.001. 0.0092, 0.085, 0.75, 2, 5.5, 66 μM, 100 μL/well). After 24 h
incubation at 37 °C, the medium was replaced with MTS solution (20
μL in 200 μL) in culture medium and incubated for 6 h at 37 °C. The
developed brown color in the wells was an indication of live cells. The
absorption of the plate was measured at 490 nm in an iMark
microplate reader (BioRad). Wells without cells (blanks) were
subtracted as background from each sample. To test the effect of
NP-Sia on Aβ induced cytotoxicity, cells were incubated with Aβ (2
μM). Various concentrations of NP-Sia (0.0001, 0.001, 0.1, and 0.5
mg/mL) were added. The cell viabilities were evaluated in a similar
manner as described above.
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