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Abstract
Steady labeling of amyloid beta (Aβ) is crucial for studying the ingestion and degradation of
Aβ by astrocytes and unraveling a relevant regulation mechanism. Quantum dots (QDs) are an
optimum labeling reagent for this because of their strong and steady fluorescence properties.
In this paper, Aβ was labeled with QDs by a simple mixed incubation strategy, with a QD
labeled Aβ complex (QDs-Aβ) being obtained. In the complex, QDs efficiently restrained the
formation of β-folding and fibrils of Aβ, while the graininess, dispersivity and fluorescence
properties of the QDs hardly changed. The fluorescence microscopy imaging results showed
that the astrocytes could ingest the QDs-Aβ. The QDs and Aβ did not separate from each
other during the ingestion process, and the Aβ could be degraded subsequently.

(Some figures may appear in colour only in the online journal)

1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative disorder
characterized by a progressive cognitive decline [1]. The
driving force of AD is an imbalance between the production
and the clearance of amyloid beta (Aβ), which results in the
extracellular deposition of Aβ. The deposition of aggregated
Aβ induces a serials of complex responses, among which
the final is loss of neurons, formation of intra-neuronal
neurofibrillary tangles, and extracellular plaques composed
primarily of deposits of Aβ aggregates [2, 3]. So lessening
or inhibiting the deposition of Aβ and increasing the ability
to clear Aβ in the brain could reduce or prevent the lesions
of AD. Clearance of Aβ as a remedy for AD is a major
target in on-going clinical trials. Astrocytes, the major glial
cell type in the central nervous system (CNS), are considered
to be the main immune effector cells capable of ingesting and
degrading Aβ [4–10]. But the related mechanism is not so
clear. Many research results cannot confirm each other, and
some are contradictory. One of the reasons for this situation
is the lack of an efficient method for Aβ labeling, and it
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is impossible to track in real-time the dynamic process and
transformation of Aβ.

Nanoparticles possess large surface to volume ratios,
surface energies, and their surface tensions increase with
decrease in the particle diameters [11]. They show some
special characteristics, such as small size effect and a
surface–interface effect. Moreover, nanoparticles are of a
similar size to macromolecules. The interaction between
them may have an important influence on the structure of
the macromolecules. Some research results have proved that
nanoparticles can affect the congregation of Aβ [12–21].
PEGylated phospholipid nanomicelles could interact with
Aβ42 and evidently reduce its aggregation potential and
nerve toxicity [12]. Sulfonated and sulfated polystyrenes
affected the conformation of Aβ inducing a disordered
state [13]. Then, oligomerization was delayed and cytotoxicity
reduced. Fullerene was found to significantly inhibit the
amyloid formation of Aβ-40 by specifically binding to
its central hydrophobic motif, KLVFF [14]. Fluorinated
nanoparticles were shown to induce a helical structure
in Aβ40, leading to no peptide aggregation or Aβ
fibrillogenesis [15]. Copolymeric NiPAM:BAM nanoparticles
of varying hydrophobicity were found to inhibit Aβ
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Scheme 1. The preparation of the QD labeled Aβ (QDs-Aβ).

fibrillation by mainly influencing the nucleation step instead
of the elongation step [16].

In contrast to the above results, some reports indicated
that nanoparticles promoted the fibrillation process of
Aβ [22–25]. This might be attributed to a condensation-
ordering mechanism [23] and some other characteristics of
nanoparticles, such as surface charge, hydrophobicity, hydro-
dynamic size and particle stability against aggregation [22].

As a kind of new type of fluorescence labeling material,
quantum dots (QDs) have unique advantages in real-time
dynamic imaging research [26]. By taking advantage of this,
Tokuraku et al covalently conjugated cysteine modified Aβ
with QDs (QDs-Aβ), and studied the dynamic process of
Aβ fibrillation in vitro. When coincubated with microglial
cells, QDs-Aβ could be taken up by the microglial cells as
normal and appeared in lysosomes in 24 h [27]. By using
this QDs-Aβ, they also studied the effect of an inhibitory
drug on the coaggregates of Aβ [28]. Xiao et al reported that
there was a significant change in the morphology of fibrils and
the fibrillation process when Aβ was mixed or conjugated to
the QDs [29]. It maybe possible that QDs-Aβ can be used
as a diagnostic and therapeutic probe, if something can be
designed that is able to cross the blood–brain barrier (BBB)
and the QD safety considerations can be satisfied [30–32].

In this paper, Aβ was labeled with QDs (QDs-Aβ) by a
simple mixed incubation strategy through which Aβ became
wrapped on the surface of QDs (scheme 1). QDs inhibited
the formation of β-folding, interdicted the fibrillation process
of Aβ, and did not evidently influence the nerve toxicity of
Aβ. The QDs-Aβ still had perfect graininess, dispersivity and
fluorescence properties. When coincubated with astrocytes,
the QDs-Aβ could be ingested. QDs and Aβ did not
separate from each other during the ingestion process, and
the Aβ was degraded in 24 h, indicating that labeling of
Aβ with QDs did not affect the uptake and degradation of
astrocytes for Aβ. This provided a possible new method for
visualizing and studying the process of astrocytes ingesting
and eliminating Aβ.

2. Experimental section

2.1. Materials and reagents

Carboxyl functionalized CdSe/ZnS QDs605 was purchased
from Jiayuan Quantum Dots Co. Ltd (Wuhan, China). Aβ

protein was purchased from American Peptide Co. Ltd
(USA). The SH-SY5Y cell line was kindly provided by
the University of British Columbia (CAN). Sprague Dawley
neonate rats were purchased from Fangyuanyuan Nursery
(Beijing, China). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP)
was from Bailingwei Co. Ltd (Beijing, China). Dulbecco’s
modified Eagle’s medium with high glucose (DMEM) and
fetal bovine serum (FBS) were all bought from Gibco Co.
Ltd (USA). All the cell culture materials were from Corning
Co. Ltd (USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) and dimethyl sulfoxide (DMSO)
were from Amresco Co. Ltd (Germany). Hoechst 33342
and poly-L-lysine were from Sigma Co. Ltd (USA). The
DAB Kit was from Kangwei Tech Co. Ltd (Beijing, China).
BAM-10 monoclonal antibody was from Sigma Co. Ltd
(USA) and 4G8 monoclonal antibody was from Covance Co.
Ltd (USA). Mouse anti-glial fibrillary acidic protein (GFAP)
was from Cell Signaling (USA). Fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG, Cy3-conjugated
goat anti-mouse IgG and horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG were from ProteinTech Co.
Ltd (USA). All other chemical reagents were all purchased
from Beijing Chemical Co. Ltd (Beijing, China).

2.2. Preparation of monomer Aβ peptide

Aβ protein was conserved at −20 ◦C before use. After
being equilibrated ar room temperature for 30 min, the Aβ
protein powder was dissolved in HFIP at a concentration of
1 mg ml−1. The solution was incubated at room temperature
for 1 h followed by sonication for 10 min with monomer Aβ
peptide obtained. Then the aliquot was slowly dried under a
N2 atmosphere at 4 ◦C and stored at −20 ◦C.

2.3. Immuno-dot blot assay

HFIP-treated Aβ peptides were dispersed in phosphate-
buffered saline (PBS; 0.01 M, 0.15 M NaCl, pH = 7.2)
with a final concentration of 100 µM. QDs-Aβ samples at
different CdSe/ZnS QDs to Aβ concentration ratios were
prepared by mixing a certain amount of QDs and Aβ, then
incubating for 1–7 days at 37 ◦C. A 2 µl aliquot of each
sample was hand-spotted onto a prepared nitrocellulose (NC)
membrane. The NC membrane with samples was dried at
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37 ◦C for 30 min and blocked with 10% non-fat milk in PBST
(0.01 M PBS with 0.15 M NaCl and 0.1% Tween 20) for
1 h at room temperature. Then it was washed three times
and incubated with BAM-10 diluted 1:1500 in PBST with 3%
bovine serum albumin (BSA) for 1 h at room temperature.
After primary immune-reaction, the membrane was incubated
with HRP-conjugated goat anti-mouse IgG (diluted 1:5000
in PBST with 3% BSA) for 1 h at room temperature. Then
the membrane was washed again and a final detection was
performed with a DAB Kit.

2.4. Circular dichroism (CD) spectroscopy

HFIP-treated Aβ peptides were re-dispersed in PBS at a final
concentration of 50µM (or 20µM) in the absence or presence
of 200 nM QDs. After having been incubated at 37 ◦C for
different times, the secondary structure changes of Aβ were
measured on a J-715-150L spectropolarimeter (Jasco Co.,
Japan). Spectra were recorded in the range of 250–190 nm
for β-sheet structures exhibiting two characteristic ellipticities
of 215 nm (min) and 196 nm (max). Each spectrum was an
average of three scans at a speed of 50 nm min−1 with a
resolution of 0.2 nm.

2.5. Atomic force microscopy

Pre-incubated QDs-Aβ, QDs or Aβ at certain concentrations
(Aβ, 20 µM; QDs, 200 nM) were respectively deposited onto
pre-cleaned silicon slices and incubated for 15 min. After
having been washed three times with deionized water and
dried at room temperature, the slices were glued to a magnetic
pallet and imaged by a CP-II type atomic force microscope
(Veeco, USA).

2.6. Transmission electron microscopy

Pre-incubated QDs-Aβ, QDs or Aβ at certain concentrations
(Aβ, 20µM; QDs, 200 nM) were respectively spread on clean
carbon-coated Ni grids for 2 min and negatively stained with
2% uranium acetate for 30 s. Measurements were taken under
a JEM-1400 transmission electron microscope (JEDL, Japan)
with an acceleration voltage of 80 kV.

2.7. MTT assay

SH-SY5Y cells were pre-cultured in 96 wells at a density of
5 × 103 ml−1 24 h before use. Then the culture medium was
discarded and pre-incubated QDs-Aβ, QDs or Aβ dispersed
in fresh culture medium samples at certain concentrations
were added. After 24 h incubation under 5% CO2 at 37 ◦C,
the cells were washed three times. Then 180 µl of serum-free
fresh medium supplemented with 20 µl MTT solution
(5 mg ml−1) was added into each well and incubated at 37 ◦C
for 4 h. All solutions were discarded and 200 µl DMSO
was added into each well to dissolve the dark pellet which
was formed by the mitochondrial reductase of living cells.
The 520 nm absorbance was measured by a Mutiskan Ascent
microplate reader (Thermo, USA) and cell survival rates
were calculated. Data were represented as mean ± standard
deviation (SD) for three independent determinations.

2.8. Astrocyte culture

Primary astrocytes were isolated from neonatal rat brain
cortex. Cerebra cortices were transferred into D-Hanks buffer
and clippered into pieces, followed by 0.25% trypsin-EDTA
digestion for 30 min. Medium with 10% FBS was added
to stop the digestion and the suspension was centrifuged
at 3000 rpm to get cell precipitates. The precipitated cells
resuspended in medium were filtered through a 400 mesh
cloth membrane and transferred into a 75 cm2 flask. Cell
cultures were incubated in 5% CO2 at 37 ◦C for 1 h to get
rid of fibrocytes. Then cells in supernatant were recollected
through centrifugation and plated into poly-L-lysine coated
flasks with DMEM medium containing 10% FBS. The
primary astrocytes were cultured in 5% CO2 at 37 ◦C for a
week. Before the experiments the astrocytes were shaken at
240 rpm for 18 h to remove microglia and oligodendrocytes.
Mouse anti-GFAP was used to determine the purity of
astrocytes.

2.9. Ingestion of QDs-Aβ/Aβ by astrocytes

Purified astrocytes were seeded into poly-L-lysin coated glass
slides and cultured for 24 h. QDs-Aβ or Aβ at certain
concentrations were added to incubate with the astrocytes
for a certain time. Then the cells were washed three times
and fixed with 4% paraformaldehyde for 30 min at room
temperature. The fixed cells were first permeabilized in 0.3%
Tween 20 for 15 min and then blocked by 5% BSA in PBS
for 1 h. Primary antibody was diluted by PBS with 5% BSA
in certain ratios and added to incubate with the cells for 1 h
at room temperature. After having been washed with PBS
three times, the cells were allowed to incubate with diluted
fluor-labeled secondary antibody for 1 h. Nuclei were stained
by Hoechst 33342 for 15 min. Finally the cells were visualized
under a TCS SP5 laser confocal microscope (Leica, Germany)
(excitation, 488 nm for QDs and FITC, 405 nm for Hoechst
33342; emission wavelength coverage, 510–540 nm for FITC,
590–610 nm for QDs, 450–480 nm for Hoechst 33342.)

3. Results and discussion

3.1. Effects of QDs on Aβ aggregation detected by
immuno-dot blot assay

A monoclonal antibody, BAM-10, was used to perform the
immuno-dot blot assay, which could specifically interact with
the amino acid residues 1–12 of the Aβ sequence. The
reactivity of BAM-10 diminished as aggregation proceeded
because the recognition location was gradually concealed in
this process. The effects of CdSe/ZnS QDs on aggregation of
Aβ could accordingly be estimated.

As can be seen from the immuno-dot blot assay results
(figure 1), BAM-10 reactivity diminished as aggregation
proceeded with increasing time, temperature and peptide
concentration. In detail, BAM-10 reactivity was still
detectable after Aβ at a concentration of 20 µM had been
incubated for 7 days at 4 ◦C. However, it started to fade after
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Figure 1. Immuno-dot blot assay of Aβ aggregation. 1–3, Aβ
solutions (20 µM) were incubated for 0–7 days at different
temperatures (4 ◦C, room temperature, 37 ◦C) with 200 nM QDs (Q)
or without QDs (C). 4, Aβ solutions (50 µM) were incubated for
0–7 days at 37 ◦C with 200 nM QDs (Q) or without QDs (C).

4 days at room temperature and was rendered undetectable
only after 2 days at 37 ◦C, indicating extensive aggregation.
But the BAM-10 immuno-reactivity was always detectable
in the presence of 200 nM QDs, even after having been
coincubated for 7 days at 37 ◦C, demonstrating efficient
inhibition of Aβ fibrillation. Similar results were obtained
when the concentration of Aβ was increased to 50 µM
(figure 1).

3.2. Effects of QDs on the secondary structure of Aβ

CD spectroscopy was used to assay if the formation of
β-folding during the aggregation process was affected by the
addition of QDs. Aβ was allowed to incubate with QDs and
detected at 0, 2 and 4 days. Aβ at the same concentrations and
incubation times was used as a control (figure 2).

It was found that the β-folding of Aβ was evidently
inhibited in the presence of QDs (figure 2). When the ratio
of CAβ to CQDs decreased to 100:1, there was still no distinct
β-folding formation after having been coincubated for 4 days.
When the ratio of CAβ to CQDs was 250:1, the signal of
β-folding appeared after 4 days’ coincubation, but it was
obviously lower than that of Aβ. The immuno-dot blot assay
and CD spectroscopy assay results were consistent with each
other. It was reliably shown that the addition of QDs could
inhibit the fibrillation process of Aβ by decreasing β-fold
formation and keeping it in a low aggregation situation. This
might be because the surface to volume ratio of QDs was very
large and Aβ could wrap onto the QD surface as an extending
structure. At the same time, the effective concentration of Aβ
in solution decreased, and the aggregation of Aβ consequently
decreased. Based on the above results, the QDs-Aβ was
prepared by coincubating Aβ with QDs (CAβ :CQDs = 100:1)
at 37 ◦C for 2 days in the following experiments.

3.3. Effects of Aβ on the graininess of QDs

QDs dispersed in solution with uniform steady graininess.
In the QDs-Aβ system, however, QDs could inhibit the
aggregation of Aβ as mentioned above; but also Aβ might
affect the dispersivity of QDs. So we characterized the
graininess of QDs-Aβ by AFM and TEM.

AFM detection depends on the repulsive force between
the atoms on the tip and surface atoms on the specimen.
So AFM results mainly show the surface morphology of
specimens. As can be seen in figure 3, QDs have perfect
graininess and uniform size with a diameter of about 30 nm.
Compared with QDs, the size of QDs-Aβ increased a little
and became less uniform. Some of the particles were even
relatively big. But, on the whole, QDs-Aβ kept their good
graininess. It was not difficult to find that the adsorption
capacity of silicon slices for QDs-Aβ was evidently stronger
than that for QDs, which might be due to the stronger
adsorption interaction between Aβ and silicon slices.

Figure 2. CD spectra of Aβ peptides incubated for different times with or without QDs. (a) 20 µM Aβ incubated with 200 nM QDs for
0 days (�), 2 days (•), 4 days (N) or without QDs for 4 days (H) at 37 ◦C. (b) 50 µM Aβ incubated with 200 nM QDs for 0 days (�),
2 days (•), 4 days (N) or without QDs for 4 days (H) at 37 ◦C.
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Figure 3. Detection of the graininess of QDs-Aβ. A–C, QDs, QDs-Aβ and Aβ detected by AFM; D–F, QDs, QDs-Aβ and Aβ detected by
TEM with negative staining. Scale bar for each image: A, B (200 nm); D, E (50 nm); C, F (5 µm).

Figure 4. Fluorescence intensity of QDs-Aβ incubated for different
times (20 µM Aβ was coincubated with 200 nM QDs for 7 days at
37 ◦C and the solution was detected every 24 h). The fluorescence
intensity of QDs-Aβ was normalized to a percentage of the same
concentration of the QDs. A FluoroMax-4 spectrofluorometer
(Horiba Jobin Yvon, USA) was used and the excitation wavelength
was 488 nm.

The TEM imaging results also showed that QDs were
of uniform graininess and well dispersed (figure 3(D)), and
there were small-scale aggregations of QDs in QDs-Aβ. But
QDs could still be distinguished in these aggregations. The
big particles in the QDs-Aβ might because Aβ wrapped onto
different QD particles or part of Aβ aggregated in a short
distance. But they were not aggregations of QDs themselves.
When Aβ at the same concentration was incubated at 37 ◦C

Figure 5. Effects of QDs on Aβ cytotoxicty (n = 3, p < 0.05).

for 2 days, a great number of visible fibers formed. This
hardly happened in all QDs-Aβ samples. This indicated that
QDs inhibited the fibrillation of Aβ while keeping their
own dispersivity, which was consistent with the results of
immuno-dot blot assay and CD spectroscopy assays.

3.4. Effects of Aβ on the fluorescence of QDs

The spectral results showed that the fluorescence properties of
QDs hardly changed after the addition of Aβ, even if they had
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Figure 6. Fluorescence images of the dynamic internalization of QDs-Aβ by astrocytes for certain times. A1–4, 12 h; B1–4, 24 h; C1–4,
48 h. Green fluorescence for FITC-labeled Aβ. Red fluorescence for QDs. Blue fluorescence for nucleus stained by Hoechst 33342. Scale
bar is 75 µm.

been coincubated for 7 days (figure 4). This was no surprise
to us since Aβ only wrapped onto the surface of the QDs by
interacting with the modified molecules on the QDs. They did
not influence the interaction between the modifying molecules
and QDs, let alone the surface structure of the QDs.

3.5. Effects of QDs on the nerve toxicity of Aβ

It was reported that there are three forms for Aβ in the
brain, namely monomers, oligomers and fibers. The toxicity
of oligomers is stronger than that of monomers and fibers. It is
a serious problem that the oligomers cannot be phagocytized
by microglia [27]. As mentioned above, QDs could inhibit
the fibrillation of Aβ. But it is still unclear if QDs influence
the formation of oligomers and the toxicity of Aβ. So the
toxicity of Aβ in QDs-Aβ was another important problem in
evaluating if QDs-Aβ is suitable for cell research.

As can be seen from the MTT assay results (figure 5),
QDs did not influence the activity of cells. The toxicity of the
monomers of Aβ was less than the Aβ aggregation formed
by incubating at 37 ◦C for 2 days. QDs-Aβ prepared by
coincubating QDs with Aβ for 2 days had less influence on
cell viability than Aβ aggregating in the same conditions.
Integrating the CD spectroscopy assay results, it could be

speculated that QDs inhibited the β-fold formation of Aβ to
some extent when QDs-Aβ came into being. The aggregation
and toxicity of Aβ decreased accordingly.

3.6. The ingestion of QDs-Aβ by astrocytes

To demonstrate if QDs are suitable as a label for tracking
Aβ, QDs-Aβ was allowed to incubate with astrocytes. The
ingestion and degradation of QDs-Aβ by astrocytes was
studied (figure 6). Because BAM-10 could only recognize
the monomers or oligomers of Aβ which could expose
the epitope (amino acids 1–12 of the Aβ sequence), and
could not recognize the aggregations formed after 2 days’
coincubation. Thereby, 4G8 monoclonal antibody was used
in cell immuno-labeling. It could recognize monomers,
oligomers and big aggregations without exception, because
its epitope (amino acids 17–24 of the Aβ sequence) was not
concealed during the folding process of Aβ [33].

The results showed that part of QDs-Aβ was ingested into
astrocytes when they had incubated for 12 h, and QDs did not
separate from Aβ in that time. At 24 h, both signals of Aβ
and QDs were obvious and colocalized well. A few signals
of QDs presented around the nucleolus alone, which might be

6



Nanotechnology 24 (2013) 035101 J Zhang et al

due to part of the QDs-Aβ ingested into the astrocytes earlier
being degraded at that time. When the incubation had lasted
for 48 h, Aβ in cells was widely degraded, indicating QDs
could be used as fluorescence labeling reagents for tracking
the endocytosis and degradation of Aβ.

4. Conclusions

In this paper, we introduced a simple mixed incubation
method to adsorb Aβ onto QD surfaces and realized the
integration of Aβ and QDs (QDs-Aβ). In the QDs-Aβ
complex, QDs could decrease the β-folding and interdicted
the fibrillation process of Aβ, but did not increase its toxicity.
QDs-Aβ was still of good graininess and dispersivity, and
the fluorescence properties of QDs were unchanged. QDs-Aβ
could be ingested by astrocytes. QDs and Aβ did not separate
from each other during the endocytosis process, and Aβ was
almost degraded after coincubation with astrocytes for 48 h.
This indicated that after the integration, QDs did not influence
the degradation and elimination capacity of astrocytes for Aβ.
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