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Bifunctional Au@Bi2Se3 Core–Shell Nanoparticle
for Synergetic Therapy by SERS-Traceable AntagomiR
Delivery and Photothermal Treatment
Mohsen Mohammadniaei, Taek Lee, Bapurao G. Bharate, Jinho Yoon, Hye Kyu Choi,
Soo-jeong Park, Junghoon Kim, Jungho Kim, and Jeong-Woo Choi*

For the first time, topological insulator bismuth selenide nanoparticles
(Bi2Se3 NP) are core–shelled with gold (Au@Bi2Se3) i) to represent considerably
small-sized (11 nm) plasmonic nanoparticles, enabling accurate bioimaging
in the near-infrared region; ii) to substantially improve Bi2Se3 biocompatibility,
iii) water dispersibility, and iv) surface functionalization capability through
straightforward gold–thiol interaction. The Au@Bi2Se3 is subsequently
functionalized for v) effective targeting of SH-SY5Y cancer cells, vi) disrupting
the endosome/lysosome membrane, vii) traceable delivery of antagomiR-152
and further synergetic oncomiR knockdown and photothermal therapy (PTT).
Unprecedentedly, it is observed that the Au shell thickness has a significant
impact on evoking the exotic plasmonic features of Bi2Se3. The Au@Bi2Se3
possesses a high photothermal conversion efficiency (35.5%) and a remarkable
surface plasmonic effect (both properties are approximately twofold higher
than those of 50 nm Au nanoparticles). In contrast to the siRNA/miRNA
delivery methods, the antagomiR delivery is based on strand displacement, in
which the antagomiR-152 is displaced by oncomiR-152 followed by a surfaceenhanced Raman spectroscopy signal drop. This enables both cancer cell
diagnosis and in vitro real-time monitoring of the antagomiR release. This
selective PTT nanoparticle can also efficiently target solid tumors and undergo
in vivo PTT, indicating its potential clinical applications.
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1. Introduction

Multifunctional single nanoparticles (NPs)
that possess the capabilities of simultaneous cargo delivery, drug-release traceability, and cancer theranostics have become
considerably attractive in the field of nanomedicine.[1–3] Among them, nanocrystals
having a photothermal conversion ability,
which allows for the conversion of the
photon energy of the near-infrared (NIR)
region into localized heat and subsequent
photothermal therapy (PTT), are emerging
tools for cancer treatment because of their
specific spatiotemporal and minimally
invasive treatment of the tissue of interest
where operation is difficult.[4,5] Tunable
PTT nanoparticles such as Au nanostructures, which possess excellent long-term
colloidal stability and straightforward surface functionalization capability, have been
widely considered as appropriate candidates
for multifunctional radiation therapy.[6,7]
However, in order to red-shift the optical
absorption of the Au nanoparticles to be
appropriate for PTT application, the particles should be either bigger than 70 nm or must be anisotropic.
Even though large nanoparticles (40–100 nm) have more eligible
optical features and undergo endocytosis more easily than the
smaller Au nanoparticles, their biomedical applications are limited by their long retention time in vivo and the subsequent heterogeneous hypothermia experienced after laser irradiation.[8,9]
To enhance the accuracy of cancer treatments and to alleviate
the potential toxicities and unfavorable side effects associated
with these treatments, multimode therapeutic nanoparticles
have been studied; they have been reported to be more efficient
by enabling simultaneous imaging and photothermal ablation
properties.[10–12] However, the broad NIR absorbance range of
PTT nanoparticles hampers the use of diverse fluorescence tags
for accurate optical imaging because of the quenching effect
of the PTT nanoparticles. Therefore, imaging strategies such
as computed tomography scanning, photoacoustic imaging,
magnetic resonance imaging, and surface-enhanced Raman
spectroscopy (SERS) are more appropriate detection methods
for PTT nanoparticles. Among them, the SERS technique
is known as a powerful spectroscopy method that provides
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exceptional information about the small number of molecules
adsorbed onto the surface of the plasmonic-active nanoparticles.[13] The qualities of multiplexing, photostability, and higher
sensitivity of SERS-active NPs over that of fluorescence-labeled
NPs[14] have made the SERS technique a remarkable tool for
deep tissue imaging and drug/cargo delivery monitoring.[15]
To date, many accomplishments such as the development of
different SERS-active PTT nanoparticles by incorporating different drugs, chemicals, and siRNAs have been achieved.[16–19]
However, in addition to their relatively large size and/or
laborious surface functionalization, these particles are either
hindered by the lack of drug/gene release tracking ability or
ability to undergo diagnosis in a single platform.
Recently, bismuth selenide (Bi2Se3), a class of topological
insulator (TI), has been of intensive interest to a wide range of
interdisciplinary research areas.[20,21] The preservation of the
electron-state coherence up to room temperature (RT) has made
TIs serious competitors of graphene.[22] Nanostructured Bi2Se3
displays exotic physical and chemical properties,[22–26] as well
as sound plasmonic and photothermal-conversion capability.[27]
Because it possesses both good bioactivity and biocompatibility,
Bi2Se3 has been regarded as a very promising material for many
clinical applications such as biomarker detection, diagnosis,
cancer radiation therapy, and imaging.[28,29] To date, remarkable
efforts have been made to improve the photothermal conversion efficiency (PCE) of Bi2Se3, such as decreasing the thickness[30] and core–shelling using CdSe and ZnSe.[31,32] Because
of the high X-ray attenuation of the element Bi, Bi2Se3 has been
incorporated with other organic/inorganic materials to fabricate bifunctional image-guided PTT nanoparticles.[33–37] However, direct use of Bi2Se3 for SERS applications is still restricted
because of the difficulties in surface functionalization; the plasmonic effect occurs at a close vicinity to the active plasmonic
surface of the nanoparticles.
It should be noted that the plasmonic behavior of Bi2Se3
results from its Dirac surface-state plasmons.[22] In Dirac
materials, electrons are massless and resistant to certain
scatterings, allowing them to attain lifetimes significantly
longer than those of other materials. In contrast to graphene
(another Dirac material), the strong spin–orbit coupling
of the surface state electrons of TIs locks the orientation of
the spins. In response to the irradiated light, this produces a
spin density wave oscillation on the same discipline followed
by a net spin polarization, making them peculiar plasmonic
candidates.[38–40]
Inspired by the results of previous research, we speculated that a nanoparticle with a core of Bi2Se3 and a shell of
Au might overcome the aforementioned limitations. Therefore, we synthesized for the first time a bifunctional Au/Bi2Se3
core–shell nanoparticle possessing (i) a small size (≈11 nm),
which enables passive accumulation in tumors, (ii) a high PCE
(η = 35.5%, ≈1.8 times higher than that of gold nanoparticle
(GNP)), (iii) a considerable SERS signal (≈2 times higher than
that of GNP), (iv) remarkable biocompatibility as compared
with Bi2Se3 NPs, and (v) sustainable capability for surface functionalization via the leading bioconjugation method, gold–thiol
covalent bonding. We also investigated the effects of the Au
shell thickness on the properties of the NPs by synthesizing
two types of core–shell NPs containing a ≈7 nm Bi2Se3 NP
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core with different thicknesses of Au shell: ≈2 nm (Au@Bi2Se3)
and ≈7 nm (Au*@Bi2Se3). For the first time, we observed an
unprecedented phenomenon in the NIR absorption, PCE, and
SERS signal of the NPs dropped upon increase of the shell
thickness to ≈7 nm; this demonstrates that the thickness of Au
shell has a large impact on retrieving the surface state properties of the TI Bi2Se3. This is in consistence with our recent
report for the role of Au thickness layer on retaining the surface
states of Bi2Se3.[41]
Furthermore, in order to improve the therapeutic output of
our bifunctional nanoparticle, we introduced a novel antagomiR[42–44] delivery strategy based on the strand displacement
technique. In contrast to the methods for siRNA/miRNA
delivery,[45–47] this technique provided specific gene delivery
and cancer diagnostics at the same time (based on the relative abundance of microRNA inside the cancerous and healthy
cells) alongside real-time monitoring of the in vitro antagomiR
delivery using SERS and fluorescence techniques. We also took
the advantage of the SERS technique to controllably functionalize the surface of Au@Bi2Se3 with folic acid-mediated cell
penetrating peptide (FA/CPP) to enhance the cancer cell targeting, endocytosis, and endosomal escape efficacy of these
NPs (Figure 1). The proposed PTT nanoparticle (denoted as
Au@Bi2Se3-PVP-FA/CPP-dsRNA) with high colloidal stability
was used for synergetic photothermal and SERS-traceable
antagomiR delivery therapy of neuroblastoma cells (SH-SY5Y).
This is the most predominant extracranial solid tumor present during early childhood and accounts for almost 15% of
all childhood cancer deaths and 7% of childhood malignancies.[48,49] AntamomiR-152 in Au@Bi2Se3-PVP-FA/CPP-dsRNA
nanocomplex was hypothesized to inhibit oncomiR-152 and
induce early apoptosis in SH-SY5Y. According to the literature,
the inhibition of miR-152 promotes apoptosis in SH-SY5Y cells
by upregulating the pro-apoptotic genes CHUK, CUL5, and
GADD45A.[50]

2. Results and Discussion
2.1. Structure Characterization of Bi2Se3 and Au/Bi2Se3
Core–Shell Nanoparticles
The morphology and nanostructure of the as-synthesized
Bi2Se3, Au@Bi2Se3 (≈2 nm Au), and Au*@Bi2Se3 ≈7 nm Au)
nanoparticles were characterized by transmission electron
microscopy (TEM). Figure 2 shows the TEM images of these
three nanoparticles along with their corresponding energy-dispersive X-ray spectroscopy (EDS) element mapping data and
line scanning profiles at the bottom of each TEM image. The
TEM image of the Bi2Se3 NPs in Figure 2A reveals uniform
and relatively spherical nanoparticles with an average diameter
of 7.12 ± 1 nm that formed without agglomeration. In the
high-resolution TEM image, the presence of lattice fringes at
0.207 nm ascribed to the [110] planes of the Bi2Se3 crystal are
clear. EDS element mapping of the Bi2Se3 NP in Figure 2A confirms the good distribution of Bi (red) and Se (green) inside the
NP at an atomic ratio of 2:3. In Figure 2B, the TEM image of
Au@Bi2Se3 clearly indicates the formation of monodisperse
spherical particles with an average diameter of 10.98 ± 0.7 nm.
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Figure 1. Schematic diagram of the structural composition and photophysical features of a Au@Bi2Se3 nanoparticle and its functionalization with
different agents for further synergetic therapy with oncomiR detection and inhibition, as well as photothermal ablation.

The corresponding element map of the Au@Bi2Se3 proved that
the Bi2Se3 NPs were successfully engulfed by Au (cyan) with
≈2 nm thickness. Furthermore, the Au*@Bi2Se3 analysis data
in Figure 2C show the monodispersion of NPs with an average
diameter of about 20.27 ± 1.1 nm, a Bi2Se3 core of ≈7 nm, and
a Au shell of ≈7 nm (see the details together with the EDS and
XRD spectra in Section S1 and Figures S1 and S2, Supporting
Information). Furthermore, the Au@Bi2Se3 and Au*@Bi2Se3
NPs could be dispersed in water whereas the Bi2Se3 NPs
could be dissolved in a mixture of dimethylformamide (DMF)
and water; this is another considerable advantage of our
core–shell NPs.

2.2. Plasmonic Behavior of Bi2Se3 and Au/Bi2Se3 Nanoparticles
The optical-absorption spectra of the Bi2Se3, Au@Bi2Se3, and
Au*@Bi2Se3 NPs were studied at RT in DMF/water mixture
and compared with 50 nm GNP. As shown in Figure 3A,
the optical absorption of the as-prepared Bi2Se3 NPs was in the
region of 450 to 470 nm, resulting in a band gap of >2.7 eV.
Interestingly, the localized surface plasmon resonance band
of Au@Bi2Se3 represented a red shift (≈26 nm, compared
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with GNP) and a broad range with two main peaks at 556 and
616 nm, possibly because of the charge transfer between the
Bi2Se3 NP and the Au shell. Upon increase of the thickness
of the Au shell from ≈2 to ≈7 nm, the absorption spectra for
Au*@Bi2Se3 also showed two main peaks. The peak at 556 nm
of which had a small blue shift (≈12 nm; compared with Au@
Bi2Se3), and the sharp peak at 616 nm weakened by ≈21% in
intensity. Since the TEM image does not show considerable
agglomeration of Au*@Bi2Se3, the obtained data illustrate
the probable role of the Au shell thickness in maintaining the
surface state properties of the TI Bi2Se3 and in exploiting its
specific plasmonic features.
To further investigate the surface plasmon properties of the
three studied nanoparticles, we performed the SERS technique
using 4-mercaptobenzoic acid (4-MBA) as the Raman reporter.
Because of the size difference between the nanoparticles and
in order to measure and compare their surface plasmons accurately, we calculated and maintained the total surface areas of
the nanoparticles and conjugated them with a certain concentration of 4-MBA through gold–thiol interaction. The SERS
experiment was then conducted on all of the modified nanoparticles dissolved in deionized (DI) water under identical
conditions. As depicted in Figure 3B and the corresponding
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Figure 2. Conformation analysis of the as-prepared A) Bi2Se3, B) Au@Bi2Se3, and C) Au*@Bi2Se3 nanoparticles. TEM images are shown at the top,
with the corresponding high-resolution TEM and EDS mapping images and line scan profiles for each particles are illustrated at the bottom panels.

statistical data in Figure 3C, the highest SERS signal was
attributed to Au@Bi2Se3, which was ≈2 times greater than that
of GNP. A very low SERS signal was observed for the Bi2Se3
NPs, mainly because of the poor bonding efficiency between
the nanoparticle and 4-MBA. In the case of the Au@Bi2Se3
possessing a thicker Au shell, the SERS signal was damped by
almost 35.3%. The acquired data further confirm the function
of the Au shell thickness on the plasmonic properties of the
nanocomposites.

2.3. Light-Driven Photothermal Characteristics of the Bi2Se3
and Au/Bi2Se3 Nanoparticles
We studied the photothermal performance of the three proposed nanoparticles dispersed in water at RT (results are
presented in Figure 3D–F). The photothermal behaviors of the
nanoparticles dispersed in water were determined by irradiation with an NIR laser at 808 nm (2.0 W cm−2). After irradiation
over the same amount of time (6 min) at constant and identical concentrations of nanoparticles, the biggest temperature
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enhancement of 46.2 °C, as expected, was observed with the
Au@Bi2Se3 solution. Meanwhile, Au*@Bi2Se3, Bi2Se3, GNP,
and water represented consecutive lower temperature increases
of 36.26, 27.65, 22.59, and 3.12 °C, respectively (Figure 3D). In
addition, we investigated the temperature variation trends of
Au@Bi2Se3 at concentrations of 15, 30, 60, 90, and 120 µg mL−1
in media. As shown in Figure S3 (Supporting Information),
the temperature increase of the Au@Bi2Se3 solution was linear
with increasing concentration of the NPs, whereas for the pure
media it was negligible.
To investigate the NIR photostability of the as-prepared Au@
Bi2Se3, the temperature variation was next monitored upon six
successive laser on/off processes. The Au@Bi2Se3 solution was
irradiated with 808 nm NIR laser for 6 min (on) followed by a
natural cooling process (off) to RT. As seen in Figure 3E, we
observed almost the same trend for all 6 cycles, which suggests
excellent photostability of our nanoparticles. We also calculated the PCE of the as-synthesized Au@Bi2Se3 based on the
data shown in Figure 3F to be η = 35.5% (calculation details
are available in Section S2, Supporting Information), making
it a reliable candidate for practical bioapplications as a PTT
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Figure 3. A) UV–vis spectra of the as-synthesized Bi2Se3, Au@Bi2Se3, Au*@Bi2Se3, and GNP (50 nm) nanoparticles. B) Representative SERS spectra
of 4-MBA immobilized onto Bi2Se3, Au@Bi2Se3, Au*@Bi2Se3, and GNP. C) Plot of the corresponding Raman intensity of 4-MBA obtained from the
different nanoparticles; the data were recorded at 1 s exposure time using a 785 nm laser and were extracted on the basis of average signals of 20 points
for three independent samples. D) Plots of the temperature as a function of the laser irradiation time for different nanoparticles. E) NIR photostability
of the as-prepared Au@Bi2Se3 nanoparticles over six successive cycles. F) Linear curve for the time data versus −ln θ obtained from the cooling period
in (E). Concentration of Bi2Se3, Au@Bi2Se3, Au*@Bi2Se3 and GNP were 54, 120, 141, and 174 µg mL−1.

nanoparticle. As a result, Au@Bi2Se3 was used for further
experimentation in this study.

2.4. Surface-Controlled Functionalization of Au@Bi2Se3
with PVP, FA/CPP, and AntagomiR-152
Because of the high plasmonic features of Au@Bi2Se3, we
exploited the SERS technique to introduce a controllable functionalization of the nanoparticle by sequential conjugation
with polyvinylpyrrolidone (PVP), FA/CPP, and antagomiR-152
(Figure 4A). PVP was conjugated to Au@Bi2Se3 to enhance
its biocompatibility and colloidal stability (denoted as Au@
Bi2Se3-PVP). The amphiphilic structure of PVP allows its
physical adsorption onto the GNP surfaces through its hydrophobic chain and thus effective passivation of the nanoparticles
in phosphate buffer saline (PBS) and cell media. A relatively
strong Raman band at 463.6 cm−1 along with some weaker
bands can be clearly seen (Figure 4B (black curve)).
On the other hand, a commercial C-terminal cysteinemodified TAT-HA2 peptide, known as pH-sensitive cellpenetrating peptide (denoted as CPP), was simply conjugated
with folic acid (FA) at its N terminal via amide bonding to
form FA/CPP (details in Figures S4 and S5, Supporting Information). In order to identify the Raman fingerprint of the
prepared FA/CPP, it was conjugated with Au@Bi2Se3 through
gold–thiol bonding to form Au@Bi2Se3-FA/CPP and subjected
to SERS measurement (Figure 4B; red curve). The Raman
bands arising at 544.9 and 1012.5 cm−1 could be attributed to
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S–S stretching and phenylalanine (Phe, F), respectively. The
number of Raman bands recorded from 1249.5 to 1481.5 cm−1
might be resulted from the amide III feature of the peptide
structure. Another compound to be conjugated with Au@
Bi2Se3 was double-stranded RNA (dsRNA) composed of a thiolmodified single-stranded DNA (ssDNA) with 16 bp hybridized
with the CY3.5-modified antagomiR-152 (21 bp), which leaves
a 5 bp toehold for further strand displacement by oncomiR-152
(Figure 1). In order to obtain the Raman fingerprint of the
dsRNA, Au@Bi2Se3 was conjugated with ssDNA following
by hybridization with CY3.5-modified antagomiR-152. In
the hybridized state, CY3.5 was in close proximity to the
nanoparticle, resulting in a significant SERS signal (Figure S6;
black curve, Supporting Information). Knowing the Raman
characteristics of the individual conjugated compounds, we
attempted to find the ideal stoichiometry such that the multifunctional nanoparticle may properly perform its task. The particle should contain a high dsRNA payload for sufficient gene
inhibition alongside an appropriate amount of FA/CPP while
maintaining its colloidal stability.
Considering the sizes of PVP10k, FA/CPP, dsRNA, and the
surface area of our nanoparticle, we measured the maximum
number of each molecule that may be attached to the Au@
Bi2Se3 to be ≈41, 46, and 84 molecules, respectively (details in
Section S4 and Figures S7 and S8, Supporting Information).
As a result, the Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex was prepared by first conjugating Au@Bi2Se3 with
200 × 10−9 m PVP in order to ensure that the maximum
number of PVP molecules were physically attached to the
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Figure 4. A) Schematic description of the surface functionalization of Au@Bi2Se3, from which, after stepwise addition of thiol-modified biomolecules,
PVP physically capping the nanoparticle surface could be partially replaced to finally form a Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex. B) Typical
SERS spectra of different steps of nanoparticle modification: Au@Bi2Se3-PVP (black), Au@Bi2Se3-FA/CPP (red), Au@Bi2Se3-PVP-FA/CPP (blue), and
Au@Bi2Se3-PVP-FA/CPP-dsRNA (violet).

nanoparticle. Further conjugation mechanisms were based on
the covalent gold–thiol interaction, which was determined to
be strong enough to displace the excess physisorbed Au-PVPs
(Figure 4A). Next, the optimum concentration of 4.6 × 10−9 m
FA/CPP was bound to the Au@Bi2Se3-PVP structure to form
a Au@Bi2Se3-PVP-FA/CPP structure. As seen in Figure 4B
(blue curve), the Raman band for PVP decreased by ≈27%,
demonstrating the successive displacement of the appropriate
amount of PVP by cysteine-modified FA/CPP. The optimal
amount of ssDNA was then used to induce the formation of
dsRNA at a concentration of 0.63 × 10−9 m, and this was added
to the nanocomposite to produce our final PTT nanoparticle
(Au@Bi2Se3-PVP-FA/CPP-dsRNA). As seen in Figure 4B (violet
curve), the Raman intensity of the PVP reference band was further damped by ≈42% while the peptide reference band was
maintained. This shows that upon the introduction of dsRNA,
the partial displacement of the PVP molecules occurred while
the FA/CPP molecules remained attached to the NP surface.
Using the calibration curves in the linear zones of Figure S7
(Supporting Information), we estimated that the Au@Bi2Se3PVP-FA/CPP-dsRNA nanocomplex possessed ≈58.6 molecules
of dsRNA, ≈5.1 molecules of FA/CPP, and ≈11.4 molecules of
PVP. This stoichiometry was shown to be appropriate in the
subsequent cancer therapy experiments (more detailed data
can be found in Section S5 and Figures S9 and S10, Supporting
Information).

2.5. Cancer Cell Targeting, Cellular Uptake, and Endosomal/
Lysosomal Escape Capability of Au@Bi2Se3-PVP-FA/CPP-dsRNA
Prior to studying the PTT impact of Au@Bi2Se3-PVP-FA/CPPdsRNA nanocomplex, we first examined its cytotoxicity on SHSY5Y cancer cells and compared the results with Bi2Se3 NPs.
Au@Bi2Se3 was seen to decrease the cytotoxicity of pure Bi2Se3
NPs by 18.6% after 48 h. Likewise, Au@Bi2Se3-PVP and Au@
Bi2Se3-PVP-FA/CPP nanoparticles showed almost no toxicity
after 48 h of incubation (details in Sections S6 and S7 and
Figure S11 of the Supporting Information).
After ensuring the nontoxicity of our fabricated nanoparticle,
we studied its cellular uptake (endocytosis) efficiency alongside
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its cancer-cell-targeting capability. The developed nanoparticle
was expected to bind to the surface of the SH-SY5Y cancer
cell via the well-known folic acid/folate receptor interaction.
Since the folate receptor has been proven to be immensely
overexpressed on the surface of cancer cells and is limited in
healthy cells, FA/CPP could assist our nanoparticle in specifically targeting SH-SY5Y cells and further increase its cellpenetrating efficacy. In order to evaluate the internalization of
nanoparticles and the role of each component, SH-SY5Y cells
were incubated using three types of nanoparticles (Au@Bi2Se3PVP-dsRNA, Au@Bi2Se3-PVP-CPP-dsRNA, and Au@Bi2Se3PVP-FA/CPP-dsRNA) the ssDNAs of which were labeled with
CY5.5 at their 5′ ends to enable fluorescence tracking of the
nanoparticles inside the cells. As clearly seen in Figure 5A,
the CY5.5 signal obtained from Au@Bi2Se3-PVP-CPP-dsRNA
nanocomplex was lower than that of the particles containing
FA. In addition, the lowest signal was observed with Au@
Bi2Se3-PVP-dsRNA nanocomplex. From the mean fluorescence
intensity (MFI) analysis (Figure 5B), which was obtained from
analyzing the region of interest of the penetrated nanoparticles (see Z-stack images), the MFI of Au@Bi2Se3-PVP-CPPdsRNA nanocomplex was recorded to be 1.9 times that of the
Au@Bi2Se3-PVP-dsRNA nanocomplex, while it was found to
be 27% weaker than that of Au@Bi2Se3-PVP-FA/CPP-dsRNA
nanocomplex. These results clearly demonstrate the important
roles of FA and CPP in achieving better cell targeting and consequent internalization.
To further understand the specific cancer-cell-targeting
mechanism of our fabricated nanoparticle, SH-SY5Y cancer
cells and Ne4C stem cells were co-cultured and then incubated
with Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex. After
20 min of nanoparticle incubation, extensive filopodia protruded from the SH-SY5Y cells (Figure 5C), while almost no
filopodia were observed from the Ne4C cells. The filopodia or
microspikes, which extend beyond the cytoskeletal protein actin
on the leading edge of cells, assist cellular internalization by
increasing the capturing potency of the cells.[46] The obtained
results might be due to the existence of the vast number of
folate receptors on the surface of SH-SY5Y, in contrast to Ne4C,
resulting in the superior nanoparticle-capturing affinity of SHSY5Y cells. Expectably, the majority of the nanoparticles (≈87%)
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Figure 5. A) CLSM assessment of the cellular uptake of the differently modified nanoparticles after incubation for 2 h, as detected by immunofluorescent images including the nucleus (Hoechst, blue) and actin (Alexa fluor 546 Phalloidin, green). AntagomiR-152 was fluorescence-tagged by CY5.5
at its 3′ terminal. Colocalization (overlap) of the cytoplasm and the fluorescent nanoparticle are evident in the magnified z-axis images. B) Plot of the
corresponding mean fluorescence intensity of the CY5.5 recorded from the differently modified nanoparticles taken up by SH-SY5Y cells using ImageJ
software; * P < 0.05 (n = 3) versus control. C) Confocal image of the cocultured cells (SH-SY5Y and Ne4C) after 30 min of incubation with Au@Bi2Se3PVP-FA/CPP-dsRNA nanocomplex; left inset: Ne4C and right inset: SH-SY5Y. The yellow arrow indicates the filopodia protruding from the SH-SY5Y.
D) Confocal image of the cocultured cells (SH-SY5Y and Ne4C) after 2 h of incubation with Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex. The white
arrows indicate the Ne4C cells.
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after 2 h of nanoparticle incubation were taken up by SH-SY5Y
cells (Figure 5D); this affirms the reliability of Au@Bi2Se3PVP-FA/CPP-dsRNA nanocomplex in specific cancer cell targeting. These nanoparticles showed a remarkable endosomal/
lysosomal escape capability after 6 h of incubation (details in
Section S8 and Figure S12, Supporting Information).

2.6. Monitoring Cell-Specific Intracellular Release
of AntagomiR-152 in SH-SY5Y Cells
Before performing in vitro analyses, we monitored the capability of Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex for
gene release in PBS containing miR-152 based on the SERS
signal arising from CY3.5. Figure 6A shows the different
SERS signals obtained from the Au@Bi2Se3-PVP-FA/CPPdsRNA nanocomplex in the PBS solution before and after
being incubated with miR-152. After 3 h of incubation, the
reference Raman band intensity of CY3.5 dropped to ≈93% of
its initial value, whereas the reference Raman band intensities of PVP and CPP were essentially the same. This indicates
that miR-152 selectively displaced antagomiR-152 without
affecting PVP and CPP. The mechanism by which this occurs
is based on the strand displacement strategy, followed by a
gradual decrease in the abundance of CY3.5 at the surfaces
of the nanoparticles surfaces and subsequent SERS signal
ablation.
The intracellular release of the antagomiR-152 inside the
SH-SY5Y cells with the benefits of bifunctional CY3.5 was
then simultaneously monitored using SERS and fluorescence
measurements (Section S9, Supporting Information). Ne4C
cells were used as a control to evaluate the specificity of the
intracellular gene release of our developed nanoparticle. The
Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex were incubated with an identical amount of SH-SY5Y and Ne4C cells
at the same concentration, and the SERS and fluorescent signals were subsequently recorded at intervals of 4, 8, 12, and
14 h of incubation. The recorded in vitro Raman signals were
different from those obtained in PBS (Figure 6A–C) mainly
because of the existence of a variety of chemicals and biomolecules inside the cytosol, which leads to their possible physical
attachment to the nanoparticle and the deviation in the Raman
spectrum. As seen in Figure 6B, the Raman band intensity
at 1155.1 cm−1, corresponding to CY3.5 in the SH-SY5Y cells
(shifted from 1146.2 to 1155.1 cm−1), diminished over 14 h
of incubation, unlike Ne4C, which showed little change. In
order to more accurately support our data, we performed
Raman mapping over the region of 1126.5 to 1167.3 cm−1.
As illustrated for the SH-SY5Y cells in Figure 6D, the SERS

hot spots decreased gradually upon increase of the incubation
time; in contrast, no significant changes were observed for the
Ne4C cells. In the confocal images in Figure 6E, the increase
in the fluorescence intensity of CY3.5 over 14 h of incubation
is evident; this was due to the dequenching of CY3.5 resulting
from its separation from the nanoparticle surfaces. The statistical analysis data presented in Figure 6F demonstrate that
after 3 h of nanoparticle incubation in media containing miR152, there was an 81.4% decrease in the SERS signal and a
92.3% growth in the fluorescence signal of CY3.5, whereas
both signals remained nearly constant with increasing incubation time. The in vitro statistical results shown in Figure 6G
indicate that the SERS signal decreased slightly in the SHSY5Y cells during the first 8 h of incubation, possibly because
of the endosomal escape process, and then dropped by 79.2%
over 14 h and stayed almost constant. Likewise, the fluorescence intensity increased by 87% of its initial value over 14 h,
confirming a well-controlled release of antagomiRs-152 inside
the cytosol. In the case of the Ne4C cells, the SERS intensity
dropped by 18.3% while the fluorescence increased by 16.4%.
This illustrates the difference in the expression levels of miR152 inside the SH-SY5Y and Ne4C cells. We also confirmed
the relative expression level of miR-152 in both cell lines,
using qRT-PCR (details in Section S10 and Figure S13, Supporting Information), with which we showed the expression
level of miR-152 inside the SH-SY5Y cells to be remarkably
higher than that of the Ne4C cells. Accordingly, the proposed nanoparticle showed a high capability for determining
miRNA expression levels inside living cells and thus for further discriminating between cancer cells and healthy cells.

2.7. Therapeutic Effects of Au@Bi2Se3-PVP-FA/CPP-dsRNA
Nanocomplex on SH-SY5Y Cells
The in vitro therapeutic efficacy of the Au@Bi2Se3-PVP-FA/
CPP-dsRNA nanocomplex was evaluated by performing a
cell viability assay on the SH-SY5Y cell line. The positive
control, Lipofectamine RNAiMAX reagent, was loaded with
antagomiR-152, and Au@Bi2Se3-PVP-FA/CPP-ssRNA was
conjugated with the same concentration of antagomiR-152
and scrambled RNA. The SH-SY5Y cells were then transfected by both agents under identical conditions (details in
Section S11, Supporting Information). Figure 7A illustrates
that the nanoparticles harboring antagomiR-152 could induce
≈20% earlier apoptosis over 48 h; in contrast, antagomiR-152
containing Lipofectamine RNAiMAX showed only a 7%
induction of earlier apoptosis, possibly because of its lower
endocytosis efficiency. Furthermore, cell transfection with

Figure 6. A) Typical Raman spectra obtained from Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex before (W/0) and after being hybridized with
miR-152 in PBS (pH 7.4) at 1, 2, and 3 h; * indicates the reference Raman band of CY3.5. B) Representative Raman spectra of the Au@Bi2Se3-PVP-FA/
CPP-dsRNA nanocomplex taken up by SH-SY5Y cells at 4, 8, 12, and 14 h of incubation. C) Corresponding negative control experiment for the Ne4C
cells under the same conditions in (B). D) Raman mapping of the antagomiR-152 displacement and release by oncomiR-152 inside the SH-SY5Y (top
panels) and Ne4C (bottom panels) cells. Mapping was conducted over the region of 1126.5 to 1167.3 cm−1, which is indicated in (B) and (C) by the
highlighted regions labeled I to IV (SH-SY5Y) and I′ to IV′ (Ne4C). E) The corresponding CLSM images for regions I to IV (SH-SY5Y); antagomiR-152
was labeled with CY3.5. F) Plots of the normalized Raman intensity of CY3.5 at 1146.2 cm−1 and its corresponding mean fluorescence intensity as a
function of the incubation time of miR-152 with Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex in PBS. G) Normalized Raman intensity of CY3.5 at
1155.1 cm−1 and its corresponding mean fluorescence intensity as a function of the incubation time of Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex
with SH-SY5Y and Ne4C cells. The error bars represent the standard deviations for three independent samples.
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Figure 7. A) SH-SY5Y viability assay performed following incubation with Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex (containing 0.63 × 10−9 m of
antagomiR-152), Au@Bi2Se3-PVP-FA/CPP-ScrRNA nanoparticles (containing 0.63 × 10−9 m Scrambled RNA), and Lipofectamine RNAiMAX (containing
0.63 × 10−9 m of antagomiR-152). B) qRT-PCR analysis of CHUK gene expression after 48 h of treatment of the SH-SY5Y cells with Au@Bi2Se3-PVP-FA/
CPP-dsRNA nanocomplex and Lipofectamine RNAiMAX. The data were the measured mean ± SD (n = 5). C) SH-SY5Y cell death results before and after
incubation with different unmodified particles for 48 h followed by 6 min laser irradiation (808 nm; 2 W cm−2); the corresponding fluorescence images
from the live/dead (calcein Am, green/PI, red) cell assays are shown at the top of each column. D) Live/dead cell assays for the modified particles
under conditions identical to the unmodified ones. E) Statistical analysis of the effects of the differently modified particles on cell death; *P < 0.005,
**P < 0.05, and ***P < 0.05 (n = 5) versus control. F) Exclusive cell death analysis of the Au@Bi2Se3-PVP-FA/CPP-treated SH-SY5Y cells after 10 min
(left) and 15 min (right) of laser irradiation.

scrambled RNA did not affect the viability of the SH-SY5Y
cells. In the case of Au@Bi2Se3-PVP-FA/CPP-dsRNA after 72 h
of incubation, there was no significant increase in cell death,
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whereas those transfected with Lipofectamine RNAiMAX continued to die. This suggests that 48 h was sufficient for the
oncomiR-152 knockdown and subsequent apoptosis using
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Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex. We also evaluated the effect of Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex on the expression level of the CHUK gene in SH-SY5Y
cells. The qRT-PCR results in Figure 7B show that 120 µg mL−1
of the prepared nanoparticles harboring antagomiR-152 could
successively upregulate the expression of CHUK gene by ≈60%
in 48 h; however, this was measured at ≈22% for the cells
treated with Lipofectamine® RNAiMAX. On the other hand,
Au@Bi2Se3-PVP-FA/CPP-ScrRNA nanoparticles and Lipofectamine® RNAiMAX possessing scrambled RNA did not
change the expression level of the target gene. The obtained
results demonstrate that the specific antagomiR-152 delivered
by Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex caused a
much higher expression of the CHUK gene and a subsequent
early apoptotic effect.

irradiation; however, in the case of Ne4C cells, about 65% of
the cells died. The reason behind this difference might be both
the lower cellular uptake of Ne4C cells (resulting from a lack of
folate receptors) and the loss of the antagomiR-152 function in
Ne4C that induces early apoptosis.
We also studied the selectivity of our PTT nanoparticles by investigating the cancer cell death behavior upon
the increase of the laser irradiation time. The laser spot size
was decreased to 0.5 mm2, and the cells that were pretreated
with Au@Bi2Se3-PVP-FA/CPP nanoparticles (without antagomiR) were subjected to 10 and 15 min of laser induction. In
Figure 7F, an exclusive cell death in the laser-induced area after
10 min can be seen; whereas by continuing the irradiation time
up to 15 min, the boundary was demolished and the nontarget
cells were exposed to danger.

2.8. Synergetic Anticancer Effect of Au@Bi2Se3-PVP-FA/
CPP-dsRNA Nanocomplex on SH-SY5Y Cells

2.9. In Vivo PTT

The synergetic effect of our developed PTT nanoparticle was
first investigated by performing photothermal ablation therapy
on the SH-SY5Y cells, which were pretreated with unmodified Bi2Se3 NPs, GNP, and Au@Bi2Se3 at a concentration of
120 µg mL−1 for 2 h under identical experimental conditions.
The cells were then exposed to 6 min NIR laser irradiation
at 808 nm at a low power (≈2 W cm−2) in order to minimize
unnecessary damage to the normal cells. A calcein-Am/
PI staining method was used to determine cell viability after
the irradiation. As seen in Figure 7C, the cell viability in the
absence of the nanoparticles was almost 100% after 6 min of
laser exposure, indicating that a laser induction time of 6 min
did not damage the untreated cells. Around 27% cell death
rate was observed for GNP, while this was 35% and 52% for
the Bi2Se3 and Au@Bi2Se3 nanoparticles, respectively. The
same trend was observed from the results of the CellVia assay
(Figure S14, Supporting Information).
Next, we tested the photothermal ablation effect of the
modified nanoparticles. The same amounts of SH-SY5Y
cells were incubated with Au@Bi2Se3-PVP, Au@Bi2Se3-FA/
PVP, or Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex for
48 h followed by laser irradiation for 6 min. As illustrated in
Figure 7D,E, nearly 98% of the cells that were treated with
Au@Bi2Se3-PVP-FA/CPP-dsRNA nanocomplex were killed
after a 6 min of laser irradiation; this demonstrates the excellent synergetic efficacy of the developed PTT nanoparticles.
Compared with Au@Bi2Se3, Au@Bi2Se3-PVP nanoparticles did
not demonstrate a considerable effect; however, around 77%
of the cells that were pretreated with Au@Bi2Se3-PVP-FA/CPP
nanoparticles were killed; this might be due to the role of FA/
CPP in enhancing the endocytosis efficiency of the nanoparticles, which leads to greater heat production inside of the cells.
The function of antagomiR-152 in the enhancement of the cell
death yield could be clearly interpreted from the non-effective
role of the scrambled RNAs in cell death rate (Figure 7E).The
role of antagomiR-152 was also double-checked by performing
a negative control experiment on the Ne4C cells. The results
shown in Figure S15 (Supporting Information) suggest that
approximately all of the SH-SY5Y cells died after 6 min of laser
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The in vivo PTT effect of the developed nanoparticles was evaluated using SH-SY5Y tumor-bearing nude mice. Nude mice
bearing subcutaneous SH-SY5Y tumors (≈140 mm3) were intravenously injected with nanoparticles (6 mg kg−1) and PBS followed by NIR laser irradiation (808 nm; 1 W cm−1) and infrared
thermal imaging. In the case of the nanoparticle-treated mice,
the tumor temperature rapidly increased from 36 to 52 °C within
8 min of laser induction, whereas the PBS-treated mice were not
notably heated (ΔT = 3 °C; Figure S16A,B, Supporting Information). The data show that the nanoparticles successfully accumulated inside the tumor and then experienced a PTT effect.
Figure S16C of the Supporting Information illustrates a plot
of the tumor size of each group as a function of time. As is
clearly shown, the tumor size of the nanoparticle-treated mice
significantly shrank after laser induction, while the tumor grew
exponentially for the PBS-treated group. Notably, we sacrificed
the mice after three days of laser irradiation because of the fast
growth rate of the SH-SY5Y tumor in order to have a comparable result. As shown in Figure S16D of the Supporting Information, there is a remarkable difference between the tumor
size of the nanoparticle-treated mice and the control group.
Furthermore, the skin condition of the nanoparticle-treated
mice after the laser induction was monitored (Figure S17,
Supporting Information). After 19 days of laser treatment, no
tumor regrowth was apparent, and only a small scar remained
on the skin of the mice at the initial laser spot site.
The obtained results confirm that our developed nanoparticle
can effectively target the solid tumor and induce an efficient
PTT effect in vivo.

3. Conclusion
A newly developed multifunctional SERS-active PTT nanoparticle composed of an 11 nm Au/Bi2Se3 core/shell nanoparticle harboring antagomiR-152 and a folic acid mediated
pH-sensitive cell-penetrating peptide (Au@Bi2Se3-PVP-FA/
CPP-dsRNA) was used to selectively treat neuroblastoma SHSY5Y cells by using both oncomiR detection/inhibition and PTT.
The encapsulation of Bi2Se3 with Au achieved the following

1802934 (11 of 13)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

www.advancedsciencenews.com

improvements: (i) It addressed the surface functionalization
difficulties of Bi2Se3 by providing gold–thiol bonding. (ii) It
enhanced the biocompatibility of Bi2Se3 by 18.6%, which was
further improved by PVP functionalization; it showed almost no
toxicity after 48 h of cell incubation. (iii) It increased the water
dispersibility of Bi2Se3. (iv) The plasmonic features were maintained. We also observed for the first time that the thickness of
the gold shell had a large impact on retention of the plasmonic
properties of the TI Bi2Se3 NPs. Furthermore, the SERS-active
Au@Bi2Se3 enabled both controlled functionalization of the
nanoparticle and real-time in vitro antagomiR release monitoring. The use of a strand displacement strategy for antagomiR
delivery offered several advantages over other methods used for
siRNA delivery.[44–46] These included the ability to determine the
relative microRNA expression levels inside the specific living
cells (diagnosis); in vitro antagomiR release monitoring using
the SERS technique (screening); and further upregulation of the
pro-apoptotic CHUK gene, which resulted in ≈20% cell death
rate after 48 h (therapy). The inclusion of FA/CPP successively
increased the nanoparticle cellular uptake efficiency by 87% and
endosomal/lysosomal escape by 89% after 6 h. Considering the
potent synergetic effect of the fabricated Au@Bi2Se3-PVP-FA/
CPP-dsRNA nanocomplex against cancer cells (≈98% cell death)
and their substantial colloidal stability in PBS for 1 month, as
well as their remarkable in vivo treatment efficacy, we therefore
have presented a novel platform for further study and development of different clinical and theranostical nanoparticles.
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Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements
This research was supported by the Leading Foreign Research Institute
Recruitment Program, through the National Research Foundation of
Korea (NRF), funded by the Ministry of Science, ICT, and Future Planning
(2013K1A4A3055268), and by the Basic Science Research Program
through the National Research Foundation of Korea (NRF) funded by
the Ministry of Education (2016R1A6A1A03012845), and Basic Science
Research Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education (2018R1D1A1B07049407).
All animal experiments were conducted with approval and according
to guidelines established by the Sogang University Institutional Animal
Care and Use Committee (IACUC).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
gold Bi2Se3 core–shell nanoparticle, microRNA, photothermal therapy,
SERS, topological insulator
Received: July 26, 2018
Published online: August 23, 2018

Small 2018, 14, 1802934

[1] A. N. Zelikin, C. Ehrhardt, A. M. Healy, Nat. Chem. 2016, 8, 997.
[2] S. Mura, J. Nicolas, P. Couvreur, Nat. Mater. 2013, 12, 991.
[3] X. Huang, W. Zhang, G. Guan, G. Song, R. Zou, J. Hu,
Acc. Chem. Res. 2017, 50, 2529.
[4] M. Castrén-Persons, T. Schröder, O. J. Rämö, P. Puolakkainen,
E. Lehtonen, Lasers Surg. Med. 1991, 11, 595.
[5] W. R. Chen, R. L. Adams, R. Carubelli, R. E. Nordquist, Cancer Lett.
1997, 115, 25.
[6] Y.-T. Chang, P.-Y. Liao, H.-S. Sheu, Y.-J. Tseng, F.-Y. Cheng, C.-S. Yeh,
Adv. Mater. 2012, 24, 3309.
[7] B.-K. Wang, X.-F. Yu, J.-H. Wang, Z.-B. Li, P.-H. Li, H. Wang,
L. Song, P. K. Chu, C. Li, Biomaterials 2016, 78, 27.
[8] W.-S. Cho, M. Cho, J. Jeong, M. Choi, H.-Y. Cho, B. S. Han,
S. H. Kim, H. O. Kim, Y. T. Lim, B. H. Chung, J. Jeong,
Toxicol. Appl. Pharmacol. 2009, 236, 16.
[9] W.-S. Cho, M. Cho, J. Jeong, M. Choi, B. S. Han, H.-S. Shin,
J. Hong, B. H. Chung, J. Jeong, M.-H. Cho, Toxicol. Appl. Pharmacol.
2010, 245, 116.
[10] J.-H. Choi, H.-J. Hwang, S. W. Shin, J.-W. Choi, S. H. Um, B.-K. Oh,
Nanoscale 2015, 7, 9229.
[11] J. Kim, J. Kim, C. Jeong, W. J. Kim, Adv. Drug Delivery Rev. 2016, 98,
99.
[12] S. Son, J. Nam, J. Kim, S. Kim, W. J. Kim, ACS Nano 2014, 8, 5574.
[13] W. A. El-Said, S. U. Kim, J.-W. Choi, J. Mater. Chem. C 2015, 3, 3848.
[14] S. Schlücker, ChemPhysChem 2009, 10, 1344.
[15] M. Navas-Moreno, M. Mehrpouyan, T. Chernenko, D. Candas,
M. Fan, J. J. Li, M. Yan, J. W. Chan, Sci. Rep. 2017, 7, 4471.
[16] G. von Maltzahn, A. Centrone, J.-H. Park, R. Ramanathan,
M. J. Sailor, T. A. Hatton, S. N. Bhatia, Adv. Mater. 2009, 21, 3175.
[17] C. Sun, M. Gao, X. Zhang, Anal. Bioanal. Chem. 2017, 409, 4915.
[18] F. Hu, Y. Zhang, G. Chen, C. Li, Q. Wang, Small 2015, 11, 985.
[19] Y. Gao, Y. Li, Y. Wang, Y. Chen, J. Gu, W. Zhao, J. Ding, J. Shi, Small
2015, 11, 77.
[20] A. R. Mellnik, J. S. Lee, A. Richardella, J. L. Grab, P. J. Mintun,
M. H. Fischer, A. Vaezi, A. Manchon, E. A. Kim, N. Samarth,
D. C. Ralph, Nature 2014, 511, 449.
[21] R. Yoshimi, A. Tsukazaki, K. Kikutake, J. G. Checkelsky,
K. S. Takahashi, M. Kawasaki, Y. Tokura, Nat. Mater. 2014, 13,
253.
[22] P. Di Pietro, M. Ortolani, O. Limaj, A. Di Gaspare, V. Giliberti,
F. Giorgianni, M. Brahlek, N. Bansal, N. Koirala, S. Oh, P. Calvani,
S. Lupi, Nat. Nanotechnol. 2013, 8, 556.
[23] D. Hsieh, Y. Xia, D. Qian, L. Wray, F. Meier, J. H. Dil, J. Osterwalder,
L. Patthey, A. V. Fedorov, H. Lin, A. Bansil, D. Grauer, Y. S. Hor,
R. J. Cava, M. Z. Hasan, Phys. Rev. Lett. 2009, 103, 146401.
[24] J. Stankiewicz, P. F. S. Rosa, P. Schlottmann, Z. Fisk, Phys. Rev. B
2016, 94, 125141.
[25] S. Chen, Y.-M. Fang, J. Li, J.-J. Sun, G.-N. Chen, H.-H. Yang,
Biosens. Bioelectron. 2013, 46, 171.
[26] K. Kadel, L. Kumari, W. Li, J. Y. Huang, P. P. Provencio, Nanoscale
Res. Lett. 2010, 6, 57.
[27] J. Guozhi, W. Peng, Z. Yanbang, C. Kai, Sci. Rep. 2016, 6, 25884.
[28] J. Li, F. Jiang, B. Yang, X.-R. Song, Y. Liu, H.-H. Yang, D.-R. Cao,
W.-R. Shi, G.-N. Chen, Sci. Rep. 2013, 3, 1998.
[29] X.-D. Zhang, J. Chen, Y. Min, G. B. Park, X. Shen, S.-S. Song,
Y.-M. Sun, H. Wang, W. Long, J. Xie, K. Gao, L. Zhang, S. Fan,
F. Fan, U. Jeong, Adv. Funct. Mater. 2014, 24, 1718.
[30] H. Xie, Z. Li, Z. Sun, J. Shao, X.-F. Yu, Z. Guo, J. Wang, Q. Xiao,
H. Wang, Q.-Q. Wang, H. Zhang, P. K. Chu, Small 2016, 12, 4136.
[31] G. Jia, P. Wang, Z. Wu, Q. Li, Y. Zhang, J. Yao, K. Chang, AIP Adv.
2015, 5, 087176.
[32] G. Z. Jia, W. K. Lou, F. Cheng, X. L. Wang, J. H. Yao, N. Dai,
H. Q. Lin, K. Chang, Nano Res. 2015, 8, 1443.
[33] G. Song, C. Liang, H. Gong, M. Li, X. Zheng, L. Cheng, K. Yang,
X. Jiang, Z. Liu, Adv. Mater. 2015, 27, 6110.

1802934 (12 of 13)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.small-journal.com

www.advancedsciencenews.com
[34] L. Cheng, S. Shen, S. Shi, Y. Yi, X. Wang, G. Song, K. Yang, G. Liu,
T. E. Barnhart, W. Cai, Z. Liu, Adv. Funct. Mater. 2016, 26, 2185.
[35] G. Song, C. Liang, X. Yi, Q. Zhao, L. Cheng, K. Yang, Z. Liu,
Adv. Mater. 2016, 28, 2716.
[36] Z. Li, Z. Li, L. Sun, B. Du, Y. Wang, G. Zhao, D. Yu, S. Yang, Y. Sun,
M. Yu, Part. Part. Syst. Charact. 2018, 35, 1700337.
[37] Z. Li, J. Liu, Y. Hu, K. A. Howard, Z. Li, X. Fan, M. Chang, Y. Sun,
F. Besenbacher, C. Chen, M. Yu, ACS Nano 2016, 10, 9646.
[38] M. König, S. Wiedmann, C. Brüne, A. Roth, H. Buhmann,
L. W. Molenkamp, X.-L. Qi, S.-C. Zhang, Science 2007, 318, 766.
[39] L. Fu, C. L. Kane, Phys. Rev. B 2007, 76, 045302.
[40] B. A. Bernevig, T. L. Hughes, S.-C. Zhang, Science 2006, 314, 1757.
[41] M. Mohammadniaei, J. Yoon, B. G. Bharate, T. Lee, J. Jo, D. Lee,
J.-W. Choi, Small 2018.
[42] M. Mohammadniaei, T. Lee, J. Yoon, D. Lee, J.-W. Choi,
Biosens. Bioelectron. 2017, 98, 292.

Small 2018, 14, 1802934

[43] L. Wu, X. Qu, Chem. Soc. Rev. 2015, 44, 2963.
[44] J. Krützfeldt, N. Rajewsky, R. Braich, K. G. Rajeev, T. Tuschl,
M. Manoharan, M. Stoffel, Nature 2005, 438, 685.
[45] X. Xu, J. Wu, Y. Liu, P. E. Saw, W. Tao, M. Yu, H. Zope, M. Si,
A. Victorious, J. Rasmussen, D. Ayyash, O. C. Farokhzad, J. Shi, ACS
Nano 2017, 11, 2618.
[46] J.-M. Lee, T.-J. Yoon, Y.-S. Cho, BioMed Res. Int. 2013, 2013, 10.
[47] J. L. J. Blanco, J. M. Benito, C. O. Mellet, J. M. G. Fernández, J. Drug
Delivery Sci. Technol. 2017, 42, 18.
[48] J. M. Maris, M. D. Hogarty, R. Bagatell, S. L. Cohn, Lancet 2007,
369, 2106.
[49] J. M. Maris, N. Engl. J. Med. 2010, 362, 2202.
[50] M. Ragusa, A. Majorana, B. Banelli, D. Barbagallo, L. Statello,
I. Casciano, M. R. Guglielmino, L. R. Duro, M. Scalia, G. Magro,
C. Di Pietro, M. Romani, M. Purrello, J. Mol. Med. 2010, 88,
1041.

1802934 (13 of 13)

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

