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ABSTRACT: Alzheimer’s disease (AD), the most common neuro-
degenerative disease, is caused by an accumulation of amyloid-β (Aβ)
plaque deposits in the brains. Evidence is increasingly showing that
epigallocatechin-3-gallate (EGCG) can partly protect cells from Aβ-
mediated neurotoxicity by inhibiting Aβ aggregation. In order to better
understand the process of Aβ aggregation and amyloid fibril disaggregation
and reduce the cytotoxicity of EGCG at high doses, we attached EGCG
onto the surface of selenium nanoparticles (EGCG@Se). Given the low
delivery efficiency of EGCG@Se to the targeted cells and the involvement
of selenoprotein in antioxidation and neuroprotection, which are the key
factors for preventing the onset and progression of AD, we synthesized
EGCG-stabilized selenium nanoparticles coated with Tet-1 peptide (Tet-1-
EGCG@Se, a synthetic selenoprotein analogue), considering the affinity of
Tet-1 peptide to neurons. We revealed that Tet-1-EGCG@Se can
effectively inhibit Aβ fibrillation and disaggregate preformed Aβ fibrils into nontoxic aggregates. In addition, we found that
both EGCG@Se and Tet-1-EGCG@Se can label Aβ fibrils with a high affinity, and Tet-1 peptides can significantly enhance the
cellular uptake of Tet-1-EGCG@Se in PC12 cells rather than in NIH/3T3 cells.
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1. INTRODUCTION

Alzheimer’s disease (AD) is the most common form of
dementia and a growing concern in the modern world.1

Nowadays the number of individuals affected with AD is
increasing exponentially.2−4 Therefore, strategies for AD
therapy are among the most challenging and timely areas of
study in modern medicine. AD pathology in the brain
concludes amyloid plaque accumulation, τ protein hyper-
phosphorylation, oxidative stress, and cell apoptosis.5−10

However, the molecular mechanisms of AD pathogenesis are
not fully understood.11 Recent studies have demonstrated that
amyloid-β (Aβ) polymerization may be crucial to AD
pathologies.2 Therefore, there has been considerable effort to
develop new drugs that inhibit Aβ fibrillation.
Epigallocatechin-3-gallate (EGCG), the major polyphenol in

green tea, is known for its potent antioxidant properties and has
recently attracted interest because of its emerging biological
activities.12−14 Previous reports suggest that EGCG interacts
with a large variety of amyloid-forming proteins such as Aβ,15

α-synuclein,16 transthyretin,17 and huntingtin,18 which are
involved in neurodegeneration. Importantly, EGCG can
redirect the amyloid formation pathways of Aβ and partly
promote the assembly of low-toxicity aggregate structures.19−22

It is suggested that EGCG is a promising new drug-delivery
system to the special position.23,24 However, the efficiency of

targeted cellular uptake and bioavailability of EGCG are quite
low, which is mainly attributed to its poor stability and
polyhydroxy structure.25 In addition, EGCG causes cytotoxicity
at high concentration.23,26 Considering these limitations, we
synthesized the nanostructured biomaterials of EGCG to
improve EGCG potential therapeutic efficacy.
Selenium (Se) is an essential trace element nutritionally

important to mammals, and it can assist cells to resist oxidative
damage. In vivo, Se is primarily present as various
selenoproteins, which play important roles in cellular redox
regulation, detoxification, and immune-system protection.27 So
far, 25 selenoproteins have been found in humans and 24 in
rodents.28 Recently, high interest has been focused on the role
of Se and selenoproteins in neurodegenerative diseases such as
AD. Selenoprotein is highly expressed in the human brain and
most likely involved in antioxidation and neuroprotection,
which are the major factors for preventing the onset and
progression of AD.29 However, the chemical and biological
functions of some newly synthesized selenoprotein analogues
remain unknown.30 In this context, the aim of this study was to
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investigate the potential neuroprotective effects of Se nano-
particles (NPs).
Firstly, we synthesized EGCG-stabilized SeNPs (EGCG@

Se). Then we synthesized EGCG@Se coated with Tet-1
peptide (Tet-1-EGCG@Se) considering the following advan-
tages of Tet-1 peptide: Tet-1, a 12-amino acid peptide that has
the binding characteristics of tetanus toxin, was identified by
Boulis and workers through phage display.31,32 It can interact
specifically with neurons with the capability of retrograde
delivery in the neuronal cells. The amino acid sequence of Tet-
1 peptide is “HLNILSTLWKYR”,31−33 identified by Liu et al.
Here, we reported on the interactions between Tet-1-

EGCG@Se and Aβ. To compare the specificity of Aβ fibril
affinity, citric acid stabilized SeNPs (CA@Se) have been used
here. We further investigated the cellular uptake of Tet-1-
EGCG@Se in PC12 cells by inductively coupled plasma atomic
emission spectrometry (ICP-AES) analysis. Our results reveal
that the selenoprotein analogue Tet-1-EGCG@Se can label the
Aβ fibrils with a high affinity, inhibit Aβ fibrillation, disaggregate
preformed Aβ fibrils, and also target PC12 cells.

2. EXPERIMENTAL SECTION
2.1. Materials and Reagents. Sodium selenite (Na2SeO3) was

purchased from Sigma-Aldrich Chemical Co. Amyloid-β (Aβ1‑40) and
Tet-1 peptides (HLNILSTLWKYR) were synthesized by solid-phase
Fmoc chemistry at GL Biochem Ltd. (Shanghai, China). The final
sample was verified by electrospray ionization mass spectrometry.
2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA), bicinchoninic
acid (BCA) kit for protein determination, and epigallocatechin-3-
gallate (EGCG; 98% purity) were purchased from Sigma. A terminal
transferase dUTP nick end labeling (TUNEL) assay kit was obtained
from Roche Applied Science (Basel, Switzerland). Fetal bovine serum
(FBS) and horse serum were purchased from Gibco (Life
Technologies AG, Zug, Switzerland). Dulbecco modified Eagle’s
medium (DMEM) was purchased from Invitrogen Corp. 3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), 4′,6-
diamidino-2-phenylindole (DAPI), and thioflavine T (ThT) were from
Sigma (St. Louis, MO). All reagents and solvents were purchased
commercially and used without further purification unless specially
noted.
Peptides were prepared as indicated in the literature.34−36 Briefly,

powdered Aβ was first dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP) at a concentration of 1 mg mL−1. The solution was shaken at 4
°C for 2 h in a sealed vial for further dissolution and was then stored at
−20 °C as a stock solution. Before use, the solvent HFIP was removed
by evaporation under a gentle stream of nitrogen, and the peptide was
prepared by dissolving Aβ (0.5 mM) in phosphate-buffered saline
(PBS; 10 mM, pH 7.4) and sonicating it for 1 min in a water bath.
This solution was diluted with water (500 μL), sonicated for 1 min,
adjusted to pH 7.4 using NaOH (0.5 M ) and HCl (0.5 M), and then
filtered through a 0.22 μm filter (Millipore). Aβ-related experiments
were performed at least in triplicate with the discrepancy between
individual values less than 5%.
2.2. Preparation of EGCG@Se and the Coating of Tet-1

Peptides. EGCG@Se was prepared as follows. Six NP formulations
were prepared for the study with various ratios of EGCG to Na2SeO3.
Formulations prepared for this study were 10:1, 8:1, 6:1, 4:1, 2:1, and
1:1 (EGCG to Na2SeO3 on a molar basis). Na2SeO3 was first
solubilized in a water-in-ethanol solution (step 1). Anhydrous EGCG
was added to the materials in step 1 and cosolubilized by mixing at
room temperature (step 2). EGCG@Se was produced by adding
distilled water while materials were mixed for 2 h (step 3).
For the coating of Tet-1 peptides with EGCG@Se, the

cosolubilization methodology and electrostatic bonding effect were
employed in the latter experiment. Briefly, the synthesized EGCG@Se
was dissolved with Milli-Q water at a suitable concentration, and then
an aqueous solution of Tet-1 peptides was added to the solution slowly

with stirring at room temperature for 4 h (pH 5.0). Then, the
homogeneous solution was centrifuged at 20000 rpm for 20 min to
obtain the specific NP. After the supernatant was decanted, the
precipitates were washed 10 times with Milli-Q water.

2.3. Characterization of NPs. The as-prepared products were
characterized by using microscopic and spectroscopic methods. In
brief, the ζ potential and size distribution of the NPs were measured
by a Nano-ZS instrument. Transmission electron microscopy (TEM)
samples were prepared by dispersing the NP solutions (10 μL) onto a
holey carbon film on copper grids and washed with deionized water,
dried under IR light. The micrographs were obtained on a Hitachi
instrument for TEM operated at an accelerating voltage of 80 kV. NP
solutions for atomic force microscopy (AFM) were deposited onto
freshly cleaved mica and incubated at room temperature for 3 min.
The remaining salts and loose deposits in the suspension were
subsequently rinsed with ultrapure water and then dried with N2. AFM
images were obtained on a Nanoscope V Multimode scanning probe
workstation using etched silicon Nano-Probes under ambient
conditions. AFM analysis was carried out in tapping mode, and
images were acquired at a resolution of 512 × 512 pixels. A diode-array
spectrophotometer was used for characterization of the effects of Tet-1
peptide with EGCG@Se at a 240−800 nm wavelength range using a 1
cm quartz cuvette. Fourier transform infrared spectroscopy (FT-IR)
spectra of the samples were recorded on an Equinox 55 IR
spectrometer in the range of 4000−400 cm−1 using the KBr-disk
method. Scanning electron microscopy−energy-dispersive X-ray
(SEM−EDX) analysis was carried out on an EX-250 system (Horiba)
and employed to examine the elemental composition of the NPs.

2.4. Adsorption Efficiency of Tet-1 Peptide to EGCG@Se.
Adsorption efficiency of Tet-1 peptide to EGCG@Se was quantified
by measuring the absorbance intensity of the centrifuged NPs using a
trace BCA kit. The concentration of EGCG@Se was kept constant (2
mg mL−1). The amount of peptide coating EGCG@Se was calculated
from the absorbance intensity of a known amount of peptide dissolved
in PBS.

2.5. ThT Fluorescence Assessment. The kinetics of Aβ
aggregation was monitored by using the dye ThT, the fluorescence
of which is dependent on the formation of amyloid fibrils. Aβ was
coincubated with different NPs in PBS buffer with 100 rpm agitation
for 48 h at 37 °C. At different times, aliquots of the Aβ solution were
taken for fluorescence measurements. Fluorescence measurements
were carried out with a spectrofluorometer. The fluorescence signal
was recorded at 480 nm; 10 nm slits were used for both emission and
excitation measurements. The Aβ concentration was 20 μM, and the
ThT concentration was 10 μM.

2.6. Measurement of Soluble Aβ. Aβ aggregation was further
studied by measuring the percentage of soluble Aβ in the supernatant
of the reaction mixtures. Aβ was coincubated with different NPs in
PBS buffer with 100 rpm agitation for 48 h at 37 °C. The soluble Aβ
concentration was determined with BCA protein assay after
centrifugation at 20000 rpm for 20 min (both NPs and aggregated
Aβ were precipitated).

2.7. Sodium Dodecyl Sulfate Polyacrylamide Gel Electro-
phoresis (SDS-PAGE). Aliquots of each reaction mixture prepared for
ThT fluorescence assay were separated by electrophoresis at 40 mV for
1 h at room temperature using 15% SDS−polyacrylamide gels. SDS
and β-mercaptoethanol were present in both running and sample
buffers, but the samples were not preheated. The gels were stained
following a silver stain protocol.

2.8. TEM. Negative-staining TEM samples were prepared as
follows. A 10 μL volume of sample prepared for ThT fluorescence
assessment was applied to a formvar/carbon-coated grid for 2 min and
blotted with filter paper. The sample was stained with a 2% uranyl
acetate aqueous solution for 2 min and blotted. Finally, the grids were
washed twice with filtered (0.2 μm) water and air-dried. Images were
obtained using a Hitachi (H-7650) transmission electron microscope
operating at 80 kV. Intensity measurements between replicates
typically deviate less than 10%.

2.9. AFM Studies. Solutions prepared for ThT fluorescence
assessment were deposited onto freshly cleaved mica (Φ 1 cm) and
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incubated at room temperature for 3 min. The remaining salts and
loose deposits in the suspension were subsequently rinsed with
ultrapure water (50 μL, Millipore) and then dried with N2. AFM
images were obtained on a Nanoscope V Multimode scanning probe
workstation using etched silicon Nano-Probes under ambient
conditions. At least three different regions of the surface were
examined to verify that morphology was similar throughout the
sample. The images were analyzed by using the Nanoscope V software
from the AFM supplier. The results presented show both height and
amplitude images.
2.10. Fibril Disaggregation Assay. For the Aβ fibril

disaggregation assay, the Aβ solution was preincubated at 37 °C,
followed by 100 rpm agitation for 3 days to obtain the sufficient
amyloid fibrils. Kinetic studies with ThT and circular dichroism (CD)
clearly indicated that these conditions enable one to reach the maximal
level of aggregation. EGCG, EGCG@Se, or Tet-1-EGCG@Se was
added into the preformed Aβ fibril solutions for further incubation.
During and after 6−72 h of incubation, samples were examined by
TEM and AFM. To check the specificity of the NPs, CA@Se (10 μg
mL−1) was added to Aβ fibril solutions and incubated further for 6 and
12 h. The final reaction mixture was analyzed by TEM as mentioned
above.
2.11. Investigation of the Conformation by CD. Final

solutions from fibril disaggregation assay were directly applied with
CD. CD spectra of the samples in the range of 190−290 nm were
recorded on a JASCO J-810 automatic recording spectropolarimeter
(Tokyo, Japan) controlled by the Jasco software. The data of the
baseline acquired in the absence of Aβ were subtracted from each
spectrum.
2.12. Cytotoxicity Assays. PC12 cells originally obtained from

American Tissue Type Cell Collection were grown in DMEM
supplemented with 5% horse serum, 10% FBS, and 1% antibiotics
(penicillin/streptomycin) at 37 °C in a humidified 95% air/5% CO2
incubator. Cells were treated with solutions from ThT fluorescence
assessment and fibril disaggregation assay in a freshly prepared serum-
free neurobasal medium for 48 h. Controls were only treated with the
vehicle or with inhibitors. The cell viability was tested by measuring
formazan produced by the reduction of MTT.
2.13. Measurement of the Intracellular Reactive Oxygen

Species (ROS) Level. Free-radical production was measured by
incubating the cells with the fluorescent probe (DCFH-DA; Molecular
Probe, Sigma). The DCFH-DA dye was used to measure the relative
levels of cellular peroxides.9,37 PC12 cells were treated with
disaggregated Aβ fibril in the presence or absence of EGCG,
EGCG@Se, or Tet-1-EGCG@Se within a serum-free medium and
then incubated at 37 °C for 24 h. After incubation, cells were treated
with 5 μM DCFH-DA for 30 min at 37 °C. Cells were then washed
once with a standard medium before measurement. Fluorescence was

measured at 488 nm excitation and 530 nm emission wavelengths by a
FACS Calibur (BD Biosciences).

2.14. TUNEL−DAPI Staining Assay. Protection against DNA
fragmentation induced by Aβ was testified by using an in situ cell death
detection kit following the manufacturer’s protocol. In short, cells were
treated with disaggregated Aβ fibril by EGCG, EGCG@Se, or Tet-1-
EGCG@Se for 48 h, fixed with 4.0% paraformaldehyde, and then
permeabilized with 0.1% Triton X-100 in PBS. The cells were
incubated with a TUNEL reaction mixture for 1 h. For nuclear
staining, cells were incubated with 1 μg mL−1 DAPI for 15 min at 37
°C. Stained cells were then washed with PBS and examined on a
fluorescence microscope.

2.15. Determination of the Cellular Uptake of NPs. ICP-AES
analysis was used to study the cellular uptake of the Tet-1-coated and
-uncoated EGCG-stabilized NPs. The experiment was conducted in
NIH/3T3 and PC12 cells. Briefly, cells were grown to attain a
confluence of 107 cells. NPs (Tet-1-coated and -uncoated) were added
to the cells and incubated for 12 h. After the incubation period, the
cells were washed twice with PBS to remove all of the unbound NPs.
The collected cells were digested with 3 mL of concentrated nitric acid
and 1 mL of H2O2 in an infrared rapid digestion system (Gerhardt) at
180 °C for 1.5 h. The digested solution was reconstituted to 10 mL
with Milli-Q water and used for ICP-AES analysis.

2.16. Intracellular Aβ Aggregate Detection. In order to assess
whether the NPs could inhibit aggregation of Aβ inside PC12 cells,
intracellular Aβ aggregate detection was performed. Briefly, cells were
grown on coverslips, pretreated with an Aβ monomer for 6 h, allowing
access of Aβ to the cytoplasm, sequentially incubated with EGCG,
EGCG@Se, or Tet-1-EGCG@Se for 48 h, and then fixed in 4.0%
paraformaldehyde for 10 min at room temperature. Cells were then
incubated with a 0.05% solution of ThT and DAPI (1 μg mL−1) and
washed to remove any excessive stain. Coverslips were then mounted
and analyzed by fluorescence microscopy (Axiophot, Zeiss)

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of NPs. Scheme
1 illustrates the synthesis strategy for Tet-1-EGCG@Se. First,
NPs were characterized by TEM and AFM. As indicated in
Figure 1A−C, our NPs were characterized by monodispersion
and homogeneous spherical structures, with an average
diameter between 25 and 29 nm (Figure S1A in the Supporting
Information, SI) as measured by a Nano-ZS instrument.
Variances in the reactant ratios can significantly affect both

the diameter and morphology of SeNPs. When the ratio of
EGCG to Na2SeO3 was less than that required for the reaction,
EGCG acted predominantly as a reducing agent. This resulted

Scheme 1. Plan for the Synthesis of Tet-1-EGCG@Se
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in an attenuated ability to act as a surface modifier, thus
rendering it unable to form homogeneous and spherical SeNPs.
However, when the reactant ratio was increased to 6:1, EGCG
acted as both a reducing agent and a surface modifier, thereby
able to control the formation of monodispersed and
homogeneous spherical NPs. Finally, when the reactant ratio
was increased to greater than 6:1, excessive EGCG was
conjugated on the surface of the original Se crystal nucleus.
This resulted in aggregation of the Se nuclei, ultimately leading
to aggregation of the NPs. This change in morphology was
accompanied by a color change for the solution, going gradually
from transparency to pink and, finally, to brown (Figure S2 in
the SI). This color transition was further validated from the
UV−vis absorption spectra, as shown in Figure 2A. The
absorbance bands at approximate 285 and 281 nm were
observed in the spectra of EGCG@Se and Tet-1-EGCG@Se,
respectively. Furthermore, the red shift from 275 to 285 nm
(EGCG) or from 278 to 281 nm (Tet-1 peptide) indicated the
inclusion of both EGCG and Tet-1 peptide in the fully
synthesized NPs.38

To examine the effects of EGCG and Tet-1 peptide on the
surface properties and stability of the SeNPs, we measured the
ζ potential of EGCG@Se and Tet-1-EGCG@Se. As shown in
Figure S1B in the SI, the ζ potential of EGCG@Se was −29.0
mV, which increased to 12.5 mV after Tet-1 peptide was coated

on the surface. This characteristic serves to explain the robust
stability of the two NPs. In further support of this stability, we
also found that EGCG@Se and Tet-1-EGCG@Se remained
stable for at least 9 days when stored in PBS buffer (Figure S3
in the SI). However, when the reaction time was increased to
10 days, the size of Tet-1-EGCG@Se dramatically increased to
about 140 nm, and aggregation of critical nuclei occurred. As
shown in Figure 2B, further elemental composition analysis was
carried out using SEM-EDX. These data revealed a strong
signal from the Se atoms (40.9%), together with C (30.8%), N
(10.2%), and O (18.1%) atoms. No obvious peaks for other
elements or impurities were observed. The presence of N
atoms indicated that Tet-1 peptide successfully coated the
surface of EGCG@Se.
SeNPs were further characterized by FT-IR to confirm the

existence of chemical bonds. As shown in Figure 2C, the FT-IR
spectra of EGCG@Se and Tet-1-EGCG@Se resemble those of
EGCG and Tet-1 peptide, respectively, giving clear evidence
that both EGCG and Tet-1 peptide form parts of the
nanocomposite. In the spectrum of EGCG@Se, the peaks at
3360, 1620, and 1150 cm−1 were assigned to the stretching
vibrations of −OH, OC−O, and C−O, which corresponded
to the analogous stretching vibrations of EGCG. The
appearance of the above peaks as well as the addition of the
peaks at 1700, 1640, and 1380 cm−1 in the spectrum of Tet-1-
EGCG@Se further confirmed the presence of Tet-1 on the
surface of the SeNPs.39 Moreover, the characteristic peak of the
−OH group in EGCG@Se and Tet-1-EGCG@Se nano-
composites at 3360 cm−1 was relatively lower than that of
EGCG alone, indicating that EGCG was conjugated to the
surface of SeNPs through this functional group.
To quantify Tet-1 peptide in Tet-1-EGCG@Se, we used a

trace BCA kit assay. As shown in Table 1, the adsorption

efficiency attained its maximum (78.8%) when the final
concentration was increased to 10 μg mL−1. Under these
conditions, the calculated ratio of EGCG@Se to Tet-1 peptide
was approximately 1:36 (based on the molarity).

3.2. Effect of NPs on Aβ Aggregation. It has been shown
that AD arises primarily from protein conformational disorder
(PCD). In PCD, a given protein misfolds and causes a change

Figure 1. Morphological characterization of NPs. Negative TEM
images of EGCG@Se (A) and Tet-1-EGCG@Se (B). Scar bar: 100
nm. (C) AFM image of Tet-1-EGCG@Se. Scar bar: 200 nm.

Figure 2. Chemical composition characterization of EGCG@Se and Tet-1-EGCG@Se: (A) UV spectra of EGCG@Se and Tet-1-EGCG@Se; (B)
EDX analysis of Tet-1-EGCG@Se; (C) FT-IR spectra of EGCG (1), EGCG@Se (2), and Tet-1-EGCG@Se (3).

Table 1. Adsorption Efficiency of Tet-1 Peptides with
Different Initial Tet-1 Peptide Concentrations

concn (μg mL−1)

2 4 10 16

adsorption
efficiency (%)

66.1 ± 4.2 73.5 ± 4.0 78.8 ± 3.9 41.0 ± 3.1
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in its secondary or tertiary structure without altering its primary
structure.40 For instance, in AD a conformational change in Aβ
from a random-coil to a β-sheet structure occurs prior to Aβ
fibril formation. Quantitatively, ThT fluorescence has been
widely used to detect these β-sheet structure conformers and
their Aβ aggregates.41,42 By binding to the aggregated β-sheet
fibrils common to amyloid structures, ThT gives rise to a
significant increase in its fluorescence.43 This property of ThT

gives it a particular usefulness to examine the inhibitory effect
of our NPs on Aβ fibrillation.
We first used ThT fluorescence to detect aggregated β-sheet

fibrils in the presence of EGCG, EGCG@Se, and Tet-1-
EGCG@Se (10 μg mL−1). As shown in Figure 3A, Aβ
produced a typical sigmoidal curve, showing the kinetics of
amyloid fibrils formed in PBS at 37 °C. As hypothesized, this
observed behavior was opposite to the behavior that we
observed when Aβ was in the presence of either EGCG@Se or

Figure 3. (A) Fibrillation kinetics of Aβ as monitored by the development of ThT binding in the presence of EGCG, EGCG@Se, and Tet-1-
EGCG@Se. (B) Percentage of soluble Aβ in the absence and presence of EGCG, EGCG@Se, or Tet-1-EGCG@Se: (*) p < 0.05 and (**) p < 0.01,
respectively. (C) Determination of the Aβ monomer (1) and the formation of Aβ fibrils in the absence (2) or presence of EGCG (3), EGCG@Se
(4), and Tet-1-EGCG@Se (5) by native PAGE. Samples were prepared as described in the Experimental Section.

Figure 4.Morphological analysis of Aβ aggregates. (A) TEM images of Aβ aggregates forming in the absence or presence of EGCG, EGCG@Se, and
Tet-1-EGCG@Se. (B) AFM analysis of Aβ aggregation in the absence or presence of EGCG@Se and Tet-1-EGCG@Se. Left images are 5 × 5 μm2.
The right images are the corresponding magnification areas marked with black frames. The circles indicate the morphologies of Aβ aggregates.
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Tet-1-EGCG@Se. Under these conditions, the kinetics of Aβ
fibril growth was delayed and initiated after only 30 h
(EGCG@Se) and 40 h (Tet-1-EGCG@Se). Additionally, the
ThT fluorescence intensity achieved a maximum level of nearly
4000 au with Aβ incubated with Tet-1-EGCG@Se and 5000 au
in those incubated with EGCG@Se. Conversely, this behavior
was not seen in Aβ treated with EGCG alone. Under these
conditions, half transformed into amyloid fibrils compared to
the control. Collectively, these results indicate that both
EGCG@Se and Tet-1-EGCG@Se improved the inhibitory
efficacy of EGCG on Aβ aggregation.
We further studied the inhibitory action of NPs on Aβ

aggregation by measuring the amount of soluble Aβ in the
supernatant of the reaction mixtures using native PAGE. In the
absence of inhibitors, Aβ was almost completely insoluble
(Figure 3B). However, soluble Aβ increased to 78% and 82% in
the supernatant of Aβ reaction mixtures containing EGCG@Se
and Tet-1-EGCG@Se, respectively. In the presence of a similar
concentration of EGCG alone, soluble Aβ reached only 59% of
its initial amount.
Aβ solutions were prepared for ThT fluorescence assay and

were subjected to native PAGE (Figure 3C). After being
incubated for 48 h in PBS buffer, Aβ alone presented a heavy
band and a faint band, indicating a fibril and a monomer
component, respectively (Figure 3C, line 2). In the case of
coincubation with Tet-1-EGCG@Se (Figure 3C, line 5), the
fibrous band disappeared and the monomer bands were much
more intense than those for either the EGCG (Figure 3C, line
3) or EGCG@Se group (Figure 3C, line 4). Of note, the
presence of Tet-1-EGCG@Se accounts for the intense band
indicated in line 5 (Figure 3C). Simultaneously, several
oligomers appeared in the presence of different inhibitors.
Interestingly, the smallest oligomers formed only when the
peptide was coincubated with Tet-1-EGCG@Se. Given these
data, it is plausible that Tet-1-EGCG@Se can inhibit Aβ
aggregation by inducing the formation of small oligomers in
their place.11 In general, the above results indicate that the
introduction of NPs into Aβ substantially inhibits Aβ
aggregation. It is possible that one reason why Tet-1-
EGCG@Se performs better than EGCG or EGCG@Se may
be attributable to their positive charge and their hydrophobic
interactions between Tet-1 and Aβ. However, further studies
will be needed to investigate this hypothesis.
3.3. Ultrastructural and Cytotoxic Analyses of NP-

Induced Aβ Oligomerization. We used TEM analysis to
determine the NPs’ inhibitory effect on the ultrastructural
properties of assembled Aβ oligomers. As shown in Figure 4A,
Aβ samples incubated for 48 h without inhibitors formed large,
branched fibrils. Samples of Aβ containing EGCG (10 μg
mL−1) showed aggregates similar to those observed in control
samples but formed to a smaller degree. Aβ samples containing
either EGCG@Se or Tet-1-EGCG@Se contained mostly
spherical particles and amorphous oligomers with negligible
amounts of short fibrils. It should be noted that the observed
spherical particles are nearly equal in diameter to the NPs,
which suggests the possibility that NPs decrease Aβ aggregation
by constraining the protein in its native-like state (e.g.,
monomers and amorphous oligomers).19,44 Importantly,
amorphous oligomers induced by Tet-1-EGCG@Se (Figure
4A, circle 1) were significantly smaller than those induced by
EGCG@Se (circle 2).
To corroborate the findings of the ThT and TEM

experiments, we used AFM to monitor fibril formation at 37

°C in the presence or absence of EGCG@Se or Tet-1-EGCG@
Se (10 μg mL−1; Figure 4B). As hypothesized, Aβ alone showed
distinct fibrillar networks with defined elongated structure and
the introduction of NPs obviously inhibited the fibrillation of
Aβ, resulting in the formation of amorphous oligomers (Figure
4B, circles 3 and 4). These results correlate with and
corroborate the results of our ThT fluorescence and TEM
assays.
We used cytotoxicity assay to further investigate the

properties of NP-induced Aβ oligomers. As shown in Figure
5, EGCG@Se (10 μg mL−1) and EGCG (10 μg mL−1) were

both able to partially reduce the cytotoxicity induced by Aβ in
PC12 cells. However, Tet-1-EGCG@Se (10 μg mL−1)
substantially increased the cell viability from 0.56 to 0.88 (%
of control), indicating that the formation of amorphous
amyloid oligomers correlates with reduced cellular toxicity.
On the basis of our ThT, TEM, AFM, and cytotoxicity

analyses, there is significant evidence that Tet-1-EGCG@Se can
effectively mitigate Aβ fibrillation. This effect is hypothesized to
occur by constraining the protein in its native-like state, which
consists primarily of monomers and nontoxic amorphous
oligomers. Comparatively, both EGCG and EGCG@Se are less
effective at inhibiting Aβ fibrillation and subsequently rescuing
Aβ-induced cytotoxicity.

3.4. Disaggregation of Preformed Aβ Fibrils by NPs.
After investigating the impact of NPs on the aggregation of Aβ,
we decided to investigate the NPs’ potential for fibril
disaggregation. To test the hypothesis that these NPs bind to
fibrils uniformly and then allow for their disaggregation, we first
checked the binding ability of the NPs by incubating Aβ fibrils
with 10 μg mL−1 EGCG@Se or Tet-1-EGCG@Se. At defined
time intervals of 1 h, small aliquots of solution were sampled
and the binding was measured. We observed that both
EGCG@Se and Tet-1-EGCG@Se had a high affinity for the
fibrils and bound rapidly after their addition (data are not
shown). No differences were observed within 6 h (Figure 6A).
To verify the specificity of the interaction between the NPs and
Aβ fibrils, we performed specificity assay using CA@Se. After
12 h of incubation, CA@Se neither bound to nor changed the
fibrils (Figure S4 in the SI). These data provided preliminary
evidence that both EGCG@Se and Tet-1-EGCG@Se have high
and specific affinities for Aβ fibrils.45

Figure 5. Reduction in the metabolic activity of PC12 cells by Aβ
monomers in the absence and presence of EGCG, EGCG@Se, and
Tet-1-EGCG@Se, (*) p < 0.05 and (**) p < 0.01, respectively,
indicating significant and very significant differences between the
treated and control cells.
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Figure 6. Disaggregation of Aβ fibrils by EGCG, EGCG@Se, and Tet-1-EGCG@Se. Aβ fibrils were prepared as described in the Experimental
Section. Aβ fibrils were incubated with EGCG, EGCG@Se, and Tet-1-EGCG@Se (10 μg mL−1) in PBS at 37 °C. After 6−96 h of incubation,
samples were examined by TEM (A) and AFM (B and C) at different incubation times. (B) Disaggregation by EGCG@Se observed by AFM after
48 and 96 h. (C) Disaggregation of Aβ fibrils by Tet-1-EGCG@Se observed under AFM after 48 and 72 h. Black arrows indicated the formation of
spherical aggregates containing 5−8 individual NPs. The left images are 5 × 5 μm2. The right images are the corresponding magnification areas
marked with black frames.
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Having established a NP binding affinity for Aβ fibrils, we
then examined EGCG@Se- or Tet-1-EGCG@Se-mediated
fibril disaggregation. To do so, Aβ fibrils were incubated with
EGCG, EGCG@Se, or Tet-1-EGCG@Se for 72 h at 37 °C in
PBS. After 24, 48, and 72 h, small aliquots of the reaction
mixture were withdrawn and TEM was used to detect the
extent of fibril disaggregation. As illustrated in Figure 6A,
disaggregation of fibrils mediated by either EGCG or EGCG@
Se at 24 h was negligible. However, disaggregation of fibrils by
Tet-1-EGCG@Se was clear after only 24 h of incubation. After
48 h of incubation, we observed that treatment with Tet-1-
EGCG@Se resulted in the expulsion of degradative products
from the fibrils, indicated by the black circles in Figure 6A. At
this same time point, EGCG@Se was found to have
disaggregated many long fibrils, whereas EGCG still had no
effect. At 72 h of incubation, only spherical aggregates
(indicated by the arrows in Figure 6A) were observed in fibrils
treated with Tet-1-EGCG@Se. Because there were no visible
fibrils at this time point, we concluded that all fibrils were
completely disaggregated. At this same time point, EGCG@Se
was found to have reduced most long fibrils to shortened fibrils,
which were then remodeled into amorphous structures. Of note
is that treatment with Tet-1-EGCG@Se created spherical
aggregates that contained nonisolatable particles of 5−8 nm
diameter. These aggregates are either new NPs that have been
modified by disaggregated fibrils or broken fibrils themselves
that have bound Tet-1-EGCG@Se.
It is reported that EGCG can interfere with the aromatic

hydrophobic core of Aβ. The C-terminal part of the Aβ peptide
(residues 22−39) adopts a β-sheet conformation, while the N-
terminus (residues 1−20) is unstructured. EGCG interacts in
solution with the unfolded Aβ peptide via aromatic interactions,
thus causing a change in the structure of Aβ fibrils.19,44 Also,
according to our results, the interactions between NPs and Aβ
fibrils might be enhanced by the presence of a Se atom and Tet-
1 peptide. We can explain by assuming the fact that EGCG@Se
increases the local concentration of EGCG and the presence of
Tet-1 peptide allows a stronger aromatic interaction between
Tet-1-EGCG@Se and Aβ fibrils. As for the spheroidal
aggregates, we presume they are either new NPs modified by
disaggregated fibrils or broken fibrils tangled with Tet-1-
EGCG@Se.
We sought to further verify NP-induced fibril disaggregation

via AFM. As shown in Figure 6B, at 96 h, EGCG@Se had
significantly disaggregated all fibrils. This rate of disaggregation
was found to be slower than that induced by Tet-1-EGCG@Se.
As illustrated in Figure 6C, by 48 h, most of the fibrils had been
disaggregated into fragments. Additionally, TEM revealed that

these individual fragments had been transformed into smaller,
spheroidal spherical aggregates after 72 h of incubation.
Given these results, we then investigated the secondary

structure of the disaggregated fibrils through the use of CD
spectroscopy. As indicated earlier, Aβ that has been freshly
dissolved in a buffer solution exhibits a typical CD spectrum of
the random-coil conformation with a maximum negative mean
residue ellipticity below 200 nm (Figure 7A, blue line).
However, the Aβ fibril shows the maximum negative mean
residue ellipticity at 218 nm, thus indicating the presence of a
main β-sheet structure (Figure 7A, cyan line). As shown in
Figure 7A, after 72 h of coincubation of fibrils with EGCG or
EGCG@Se, the conformation conversion of Aβ peptides was
still not clear. This is evidenced by an apparent negative band at
217 nm, which is similar to that seen with the Aβ fibril alone.
Intriguingly, after the addition of Tet-1-EGCG@Se to the Aβ
fibrils, the spectrum shifts to one typical of a random-coil
conformation. This shift appears gradually and overlaps the
spectrum of Aβ monomers. At 24 and 36 h, the spectrum
appears as a broad, negative band around 218 nm, a positive
band at 195 nm, and a negative band at 195 nm (Figure 7B).
These three distinct bands can be attributed to the mixture of
random-coil, β-sheet, and α-helix structures, respectively.46

After 72 h of incubation, the fibril had mostly reverted back to a
random-coil conformation. Taken together, these results
suggest that Tet-1-EGCG@Se succeeds in converting the β-
sheet-rich fibrils into amorphous aggregates that exhibit a
random-coil conformation.
Finally, the disaggregated Aβ fibrils were added to PC12 cells

to determine their effects on the cytotoxicity. Tet-1-EGCG@Se
was found to significantly reduce the cytotoxicity of the fibrils
(Figure S5 in the SI). Moreover, fibrils that had been
disaggregated by EGCG@Se were also less toxic to PC12
cells. However, this reduction in the cytotoxicity was not
observed when EGCG-only-treated aggregates were added to
PC12 cells. Thus, our data indicate that remodeling of the
amyloid fibrils with EGCG@Se and Tet-1-EGCG@Se
correlates with reduced cellular toxicity. Conversely, EGCG
administered at the same concentration did not alter the
cytotoxicity of preformed amyloid fibrils.
Generally, Tet-1-EGCG@Se remodels fibrils into spherical

aggregates that have been shown to be nontoxic. Importantly,
self-association of the hydrophobic core region with its amino
acids is critical for spontaneous amyloid polymerization.45 It is
thus tempting to speculate that the broad interaction with this
region damages the fibrillar structure. For instance, although
bearing a surface area similar to that of Tet-1-EGCG@Se,
EGCG@Se is relatively less effective in disaggregating the fibril.

Figure 7. Secondary structure analysis of Aβ fibrils by CD spectra: (A) changes in the secondary structure of Aβ following incubation at 37 °C for 72
h in the absence and presence of EGCG and EGCG@Se; (B) restoration in the secondary structure of Aβ following incubation at 37 °C for 24−72 h
in the presence and absence of Tet-1-EGCG@Se.
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It is known that Tet-1 ligands possess more H-bond sites,
which therefore may be able to interact more with the Aβ
fibrils. Furthermore, it has been revealed that the relatively high
density of negative charges on the surface of the NPs may repel
the Aβ with net negative charges of at least −3, thus retarding
the interactions between EGCG@Se and the Aβ fibrils.
Contrastingly, EGCG-treated fibrils are a heterogeneous
mixture of amorphous aggregates and broken amyloid fibrils.
While this is likely due to the reduced H-bond sites in EGCG,
which would result in weaker hydrophobic interactions with Aβ
fibrils, further studies are needed to validate this hypothesis.
3.5. NPs Reduced Aβ-Fibril-Induced ROS Generation

in PC12 Cells. Because the toxicity of Aβ is mainly mediated
by Aβ-fibril-induced ROS,47 we hypothesized that these NPs
would be able to reduce cell death through its antioxidant
antiaggregation properties. PC12 cells were treated with the Aβ
fibril and then allowed to disaggregate upon incubation with
EGCG, EGCG@Se, or Tet-1-EGCG@Se. We then examined
intracellular ROS generation in PC12 cells by measuring the
DCF fluorescence intensity. This assay allows for accurate
readings of the ROS levels by allowing for the cellular uptake of
a nonfluorescent probe (DCFH-DA), which is subsequently
hydrolyzed by intracellular esterase to form dichlorofluorescien
(DCFH).

As shown in Figure 8, Tet-1-EGCG@Se treatment (10 μg
mL−1) and the resulting disaggregated Aβ fibril decreased the
DCF fluorescence intensity from 8647 to 3678 au. This shift in
the intensity indicates a down-regulation of intracellular ROS
levels induced by Aβ fibrils. Incubation with EGCG@Se (10 μg
mL−1) showed a markedly reduced ability at decreasing the Aβ-
induced ROS levels, with the fluorescence intensity shifting to
only 5647 au. However, in the presence of EGCG, the
fluorescence intensity was still relatively high (7257 au),
suggesting a slight change of the ROS level compared to that
induced by Aβ fibrils. Collectively, these results suggest that
induced ROS levels can be decreased by both EGCG@Se and
Tet-1-EGCG@Se to a certain extent. Furthermore, these data
indicate that EGCG@Se and Tet-1-EGCG@Se are capable of
transforming Aβ fibrils into structures that induce less ROS in
the PC12 cells.

3.6. TUNEL and DAPI Costaining Assay. To further
study the disaggregated Aβ fibrils, we applied disaggregated Aβ
fibrils to PC12 cells to test whether they would directly cause
cell apoptosis. We then performed an in vitro TUNEL
enzymatic labeling and DAPI costaining assay to determine
the extent of DNA fragmentation and nuclear condensation. As
previously described, TUNEL can detect the early stages of
DNA fragmentation in apoptotic cells prior to more overt
changes in the cellular morphology.48 As shown in Figure 9, Aβ

Figure 8. Detection of ROS production induced by Aβ fibrils in PC12 cells. (A) Aβ fibrils were incubated in PBS buffer for 72 h (pH = 7.4, 37 °C)
in the absence or presence of EGCG, EGCG@Se, and Tet-1-EGCG@Se, respectively. Then the samples were added to PC12 cells for an additional
24 h of incubation. The ROS level was quantified by the fluorescence of DCF (488 nm excitation and 530 nm emission). (B) Quantitative analysis of
the ROS level presented by the DCF fluorescence intensity. The data shown here are representative of three independent experiments with similar
results.

Figure 9. DNA fragmentation and nuclear condensation induced by disrupted Aβ fibrils in the absence and presence of EGCG, EGCG@Se, and Tet-
1-EGCG@Se in PC12 cells. (A). Cells were treated with disrupted Aβ fibrils for an additional 24 h, and the result was detected by TUNEL−DAPI
costaining assay. (B) Quantitative analysis of DNA fragmentation presented by the TUNEL fluorescence intensity. The values expressed are the
mean ± standard deviation in triplicate.
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fibrils caused a significant increase in DNA fragmentation and
nuclear condensation in PC12 cells (green and blue colors
corresponding to TUNEL and DAPI staining, respectively).
However, in the presence of Aβ fibrils disaggregated by either
EGCG@Se or Tet-1-EGCG@Se (10 μg mL−1), we observed a
significant decrease in DNA fragmentation. EGCG at the same
concentration was found to only slightly decrease the amount
of DNA fragmentation. Usually amyloid fibrils form and deposit
in the vicinity of the target cells and accumulate on the cell
membrane, triggering a cascade of cellular events that lead to
apoptosis, which was also clearly shown in cells treated with Aβ
fibril with or without EGCG. These results clearly demonstrate
that both EGCG@Se and Tet-1-EGCG@Se can transform Aβ
fibrils to a structure that lessens the induction of DNA
fragmentation in PC12 cells. Furthermore, these results are
consistent with our data from ROS assay, indicating a decrease
in the overall Aβ-fibril-induced cytotoxicity and possible
apoptotic activity in cells treated with either EGCG@Se or
Tet-1-EGCG@Se. However, it requires further studies to
validate the necrosis induced by the Aβ fibril because necrosis is
always accompanied by Aβ-fibril-induced cytotoxicity.
3.7. In Vitro Uptake Study. The activity of a drug is just as

important to its functioning as its proper delivery to its site of
action. To this end, we used ICP to better understand the in
vitro uptake of both targeted and nontargeted NPs intra-
cellularly. To investigate the delivery efficiency of EGCG@Se
and Tet-1-EGCG@Se in neuronal cells, we assessed the cellular
uptake of NPs in both NIH/3T3 and PC12 cells using ICP-
AES analysis.
As shown in Figure 10, PC12 cells treated with 5 and 10 μg

mL−1 Tet-1-EGCG@Se had significantly increased Se concen-

trations, from 0.09 (control) to 2.80 and 5.60 μg/107 cells. This
increase was significantly higher than that seen for NPs without
Tet-1 peptide (1.40 μg/107 cells even at 10 μg mL−1

concentration). However, similar results were not seen in
NIH/3T3 cells. Even at high concentrations, Tet-1-EGCG@Se
permeated NIH/3T3 cells to a low degree. Conversely,
EGCG@Se was observed to accumulate in NIH/3T3 cells at
a relatively high concentration (1.2 μg/107 cells). Our results
suggest that Tet-1 targeting increased the neuronal uptake of
Tet-1-EGCG@Se compared to the nontargeted NPs in PC12
cells. This effect was not seen for NIH/3T3 cells. It is reported
that Tet-1 peptide can recognize trisialoganglioside-GT1b (i.e.,
a natural receptor on the surface of a neuron). Because a PC12
cell membrane contains sufficient GT1b, Tet-1-EGCG@Se can

easily be recognized and endocytosed by PC12 cells rather than
by NIH/3T3 cells.32

Our results indicate that Tet-1 targeting can be used for drug
delivery that is specific to neurons, thereby allowing for
increased drug efficiency and targeting selectivity.

3.8. Detection of Aβ Fibrillation inside PC12 Cells by a
Fluorescence Microscope. To further investigate Aβ
fibrillation inside PC12 cells, we carried out fluorescence
assay in the presence of either EGCG@Se or Tet-1-EGCG@Se.
First, we pretreated PC12 cells with an Aβ monomer for 6 h to
allow the uptake of Aβ into the cytoplasm.49 We then
sequentially added EGCG, EGCG@Se, or Tet-1-EGCG@Se
(10 μg mL−1) to the cells for an additional 48 h of incubation.
Cells were then incubated with a 0.05% solution of ThT and
DAPI (1 μg mL−1) and washed to remove any excess stain. As
previously described, the Aβ fibril is easily labeled by ThT, so
we were able to estimate the degree of intracellular Aβ
fibrillation by assessing the intensity of ThT fluorescence. As
shown in Figure 11, significant Aβ fibrillation was observed in
the presence of Aβ alone. When the cells were coincubated
with either EGCG or EGCG@Se, the ThT fluorescence
intensity decreased but was still visible. However, in the
presence of Tet-1-EGCG@Se, there was a near-complete
reduction of ThT fluorescence. Taken together, these results
indicate that both EGCG and EGCG@Se are less effective
against Aβ fibrillation in PC12 cells. However, Tet-1-EGCG@
Se can effectively inhibit Aβ fibrillation inside the PC12 cells.
Furthermore, we hypothesize that the enhanced cellular uptake
of Tet-1-EGCG@Se contributes to its significantly increased
inhibition of Aβ fibrillation in PC12 cells.

4. CONCLUSIONS

Our results suggest that Tet-1-EGCG@Se is a potential
therapeutic candidate for the labeling and disaggregating of
Aβ fibrils. Both EGCG@Se and Tet-1-EGCG@Se can inhibit
Aβ aggregation by causing aggregate disruption and the
formation of small oligomers. Tet-1-EGCG@Se can effectively
mitigate Aβ fibrillation by constraining the protein to its native-
like state, which is constituted by monomeric and nontoxic
amorphous oligomeric species. While EGCG and EGCG@Se
are less effective at inhibiting Aβ fibrillation and rescuing the
cytotoxicity induced by Aβ, we have found that Tet-1-EGCG@
Se can remodel Aβ fibrils into spherical aggregates that are
nontoxic and have a non-β-sheet structure. Interestingly,
EGCG@Se and Tet-1-EGCG@Se have a high specific affinity
for Aβ fibrils. However, the mechanism by which this fibril
disaggregation occurs has yet to be fully elucidated.
Our in vitro study also demonstrated that Tet-1-EGCG@Se

is able to protect PC12 cells against Aβ-induced damage by
suppressing the generation of ROS and DNA fragmentation. In
addition, EGCG@Se can also disaggregate Aβ fibrils into low-
toxicity aggregates, which was confirmed by both our ROS
assay and TUNEL and DAPI costaining assay. We also found
that tagging the EGCG-modified SeNP with Tet-1 neuro-
peptide greatly increases its in vitro neuronal targeting
efficiency. Increasing its targeting ability would not only
enhance its ability to localize to the site of delivery but also
allow for greater overall drug efficacy. While these results are
robust and promising, additional in vitro and in vivo studies will
be needed to further validate these findings and better
understand the anti-AD effects of these NPs in other model
systems.

Figure 10. Quantitative analysis of Se concentrations in PC12 and
NIH/3T3 cells exposed to EGCG@Se and Tet-1-EGCG@Se for 12 h
by the ICP-AES method, (*) p < 0.05 and (**) p < 0.01, respectively,
indicating significant and very significant differences between the
treated and control cells. The values expressed are the mean ±
standard deviation in triplicate.
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