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ABSTRACT: In situ quantification and imaging of low-level intracellular microRNAs
(miRs) are important areas in biosensor research. Herein, DNA-driven FexCuySe@
upconversion nanoparticle (UCNP) core@satellite nanostructures were developed to probe
microRNA-21 (miR-21). FexCuySe@UCNP probes displayed dual signals: upconversion
luminescence (UCL) and magnetic resonance imaging (MRI). In the presence of miR-21,
the luminescence signal was restored and the T2 value was significantly increased because of
dissociation of UCNPs from the assemblies. There was a good linear relationship between
the dual signals and the expression levels of miR-21 in the range of 0.035−31.824 amol/
ngRNA. The limit of detection (LOD) was 0.0058 amol/ngRNA for the luminescence intensity
and 0.0182 amol/ngRNA for the MRI signal. This method opens a new avenue for
intracellular miR-21 detection with high sensitivity and specificity.
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■ INTRODUCTION

MicroRNAs (miRs) are short, single-stranded, endogenous,
noncoding RNAs that serve as important biomarkers for cancer
diagnosis.1−3 Therefore, visualization and quantification of
miRs benefits biochemical studies and clinical diagnosis.
However, their low abundance, facile degradation and similar
sequences make intracellular miRs difficult to detect.4

Traditional methods for detection mainly include microarray
crossover and quantitative real-time PCR (qRT-PCR), but
these procedures are cumbersome, expensive, limited in terms
of sensitivity, and have high operational requirements, which
limit their application.5,6

Therefore, a method with high sensitivity and specificity for
in situ quantification and imaging of miRs in living cells is
urgently needed. In recent years, an increasing number of
nanoprobes of various signal types have been used for miR
detection, including Raman probes and fluorescence
probes.7−9 Fluorescent probes have received much attention
because of their nondestructive testing, ease of operation, and
in situ quantification.10 Although probes based on organic
fluorescent dyes have been used for in situ quantification and
imaging, they have some drawbacks including instability, short
lifetime, and background interference.11,12 Upconversion
nanoparticles (UCNPs) are novel imaging probes with benefits
including near-infrared excitation, high photostability, low
toxicity, and low background interference.13−15 Through DNA
hybridization, various nanostructures have been fabricated
using UCNPs as building blocks. For example, Au-UCNP
heterodimers, Au-UCNP pyramids, and AuNR@UCNP core@
satellite structures have been developed to quantify various

biomarkers in living cells.16−19 However, most reported probes
only offer single-signal detection.20−22

Multimodal imaging could overcome the shortcomings of
single-mode imaging, provide more accurate information and
improve the efficiency of disease diagnosis.23−25 Besides
optical imaging, magnetic resonance imaging (MRI) is a
powerful method for noninvasive diagnosis, attracting great
interest.26−29 Iron nanoparticles (NPs) usually measure
contrast ability based on T2 value and T2-weighted
images.30−33 Additionally, UCNPs containing the element
Gd have been used to prepare T1-weighted contrast
agents.34−37 The size, composition, morphology, and aggrega-
tion state of magnetite NPs can be controlled to improve the
sensitivity for MRI.38−41 For example, CuxFeySe-polyethylene
glycol (PEG) was injected into mice harboring breast cancer
(4T1) for MRI imaging,42 and self-assembled NaGdF4−
CaCO3 nanoconjugates offer outstanding contrast for tumor
visualization through MRI, with on/off switching capabilities.43

A core−shell structure consisting of NaYF4 (Yb
3+ and Tm3+)

and FexOy was previously designed for MRI and upconversion
luminescence (UCL), and successfully applied to the
lymphatic system.44
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FexCuySe NPs are good contrast agents for MRI imaging,
and they were employed herein as building blocks because of
their excellent biosafety. In this context, DNA-driven
FexCuySe@UCNP nanoassemblies were fabricated that dis-
played dual UCL and MRI signals for the detection of
microRNA-21 (miR-21) in living cells.

■ EXPERIMENTAL SECTION
Preparation of FexCuySe Modified with DNA. In 10 mM

TRIS-HCl buffer, DNA1 was added to FexCuySe (DNA:FexCuySe
molar ratio = 500:1) and incubated at 37 °C for 12 h. The resulting

FexCuySe NPs were centrifuged several times and resuspended in
buffer for subsequent use.

Preparation of UCNPs Modified with DNA. UCNPs were
added to 10 mM TRIS-HCl buffer and DNA2 was added at a
DNA2:UCNP molar ratio of 50:1 and incubated at 37 °C for 12 h.
The mixture was centrifuged several times (9000 g, 10 min each time)
and concentrated in buffer for subsequent use.

Preparation of Core@Satellite Structures. At a volume ratio of
1:1, purified FexCuySe modified with DNA1 and UCNPs modified
with DNA2 were mixed in TRIS-HCl buffer and incubated at 37 °C
for 8 h. The resulting FexCuySe@UCNP core@satellite structures
were centrifuged several times and resuspended in TRIS-HCl buffer
for subsequent use.

Figure 1. Schematic illustration of FexCuySe@UCNP core@satellite structures for intracellular miR-21 detection.

Figure 2. (A) TEM image and (B) EDX mapping of FexCuySe in buffer. (C) TEM image of core@satellite structures assembled by FexCuySe and
UCNPs in buffer. (D) UCL spectra of core@satellite structures and UCNPs. (E) Color-processed T2-weighted images of (a) FexCuySe and (b)
core@satellite structures.
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MicroRNA-21 Detection In Vitro. Core@satellite structures
were added to nine 1.5 mL centrifuge tubes (500 μL each) and
synthetic miR-21 (20 μM) was added and incubated at 37 °C for 2 h.
The final concentrations of miR-21 were 0, 1, 2, 5, 10, 50, 100, 200,
and 500 pM. The UCL intensity was measured using a fluorescence
spectrometer with a 980 nm excitation laser. The measurement
parameters for T2-weighted images were repetition time = 1500 ms,
echo time = 50 ms, and slice thickness = 6 mm. T2 values were
determined by inversion of the T2 relaxation time curve.
MicroRNA-21 Detection in MCF-7 Cells. According to the

procedure supplied with the LipofectamineRNAiMAX transfection
reagent kit (Life Technologies), human breast cancer (MCF-7) cells
were transfected with different amounts of miR-21 or antisense miR-
21. After culturing for 24 h, total RNA was extracted and reverse-
transcribed. The final content of miR-21 in MCF-7 cells was
determined by qRT-PCR. Next, MCF-7 cells with different amounts
of miR-21 were seeded into laser confocal dishes and incubated at 37
°C for 12 h. Core@satellite nanoprobes (1.5 mg/mL) were added to
dishes and incubated at 37 °C for 8 h. The UCL intensity of cells was

measured by confocal microscopy with a 980 nm excitation laser. In
addition, MCF-7 cells with different amounts of miR-21 were seeded
into 6-well plates and cultured for 12 h, and core@satellite
nanoprobes (1.5 mg/mL) were added to plates and incubated at 37
°C for 8 h. Cells were collected in 1× Dulbecco’s phosphate-buffered
saline (DPBS, Life Technologies) to measure the UCL intensity using
a fluorescence spectrophotometer. Meanwhile, cells were collected in
0.5% agarose for MRI scanning.

■ RESULTS AND DISCUSSION

Principles of Intracellular MicroRNA-21 Detection.
FexCuySe magnetic NPs were selected as the core for core@
satellite structures. FexCuySe NPs were synthesized by doping
Fe3+ into Cu2‑xSe NPs. Water-soluble UCNPs were acquired
by modifying maleimide-PEG-phosphate ligand (Figure 1).
The core@satellite structures were assembled using partially
complementary DNA1 and DNA2 (Table S1) which were
modified on the surface of FexCuySe NPs and UCNPs,

Figure 3. (A) TEM images, (B) UCL spectra, (C) UV−Vis absorption spectra, and (D) color-processed T2-weighted images of the assembly
process of core@satellite structures.
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respectively. In order to facilitate access to the cytoplasm, we
modified thiolated PEG (SH-PEG, MW = 5,000) and cell-
penetrating peptide (TAT) on the surface of core@satellite
nanoprobes. Because of overlap between the emission of
UCNPs and the absorption of FexCuySe, fluorescence
resonance energy transfer (FRET) occurred, resulting in
quenching of the UCL intensity of UCNPs in core@satellite
nanoprobes. The color of T2-weighted images varied
significantly compared with that of FexCuySe, which may be
due to the increase in the overall size of the nanoassemblies
and/or the influence of Gd doping in UCNPs. When the target
miR-21 was present, hybridization of DNA1 and DNA2 was
disrupted, leading to separation between UCNPs and
FexCuySe. The UCL intensity was restored, the T2 value was
increased, and the color of T2-weighted images changed from
turquoise to orange. Consequently, the detection of intra-
cellular miR-21 was based on variation in the UCL intensity
and the T2 value.
Characterization of FexCuySe, UCNPs, and Core@

Satellite Structures. As shown in Figure S2, the distance
between the absorption peak of Cu2‑xSe and the dual emission

peaks of UCNPs was too large to produce FRET effect. FeSex
is a type of magnetic NPs, but FRET cannot occur because the
absorption of FeSex between 500 and 700 nm is too weak to be
ignored.45 Therefore, FexCuySe NPs were a better choice for
core@satellite structures with dual MRI and UCL signals. The
FexCuySe NPs was characterized with energy-dispersive X-ray
(EDX) spectroscopy mapping, which confirmed the distinct
element distribution of Se, Cu, and Fe in the FexCuySe (Figure
2B). As shown in the transmission electron microscopy
(TEM) images and the dynamic light scattering (DLS) results,
FexCuySe NPs were 78 ± 3 nm in diameter, whereas UCNPs
were 15 ± 2 nm (Figure 2A and Figures S1 and S4).
Furthermore, core@satellite structures assembled successfully,
as confirmed by TEM, DLS, ultraviolet−visible (UV−vis)
absorption spectra, UCL spectra, and MRI. On the basis of
statistical analysis of more than 200 TEM images, the yield of
core@satellite structures was 85%, and the number of UCNPs
on each FexCuySe surface was ∼14 (Figure S3B), which
indicated the controllable assembly of FexCuySe@UCNP
core@satellite nanostructures. The amount of DNA1 loaded
on a single FexCuySe NP were estimated to be 13.7 ± 3.4, and

Figure 4. (A) UCL spectra, (B) standard curve of UCL intensity at 543 nm, (C) the T2-weighted and color-processed images, and (D) standard
curve of T2 value for microRNA-21 detection in vitro. (E) UCL intensity at 543 nm and (F) the T2 value of core−satellite structures that reacted
with the microRNA-21 (50 pM), mutated sequences of microRNA-21 (1 nM, control 1−4), let-7d (1 nM), miR-200b (1 nM), miR-203b (1 nM),
miR-210 (1 nM), miR-7 (1 nM), TK1 mRNA (1 nM), miR-126 (1 nM), miR-107 (1 nM), BSA (1 mM), and GSH (1 mM) in vitro.
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the number of DNA2 loaded on single UCNP was 1.2 ± 0.8.
Compared with FexCuySe, the average size of core@satellite
structures measured by DLS was significantly increased, and
the UV−vis absorption peak displayed a slight red shift (Figure
S2 and S4). The UCL intensity of core@satellite structures

exhibited significant quenching due to FRET (Figure 2C). The
T2-weighted images of core@satellite structures also changed
dramatically in color from orange to turquoise (Figure 2D).
To optimize the dynamic assembly time for core@satellite

structures, we used TEM, UCL, UV−vis spectra, and T2-

Figure 5. (A) Confocal images and (B) intracellular UCL spectra of probe 1 in MCF-7 cells with the variable incubation time. (C) Statistics
analysis of intracellular UCL intensity at 543 nm and CL intensity (540 ± 30 nm) of probe 1 and probe 2 in MCF-7 cells with the variable
incubation time (probe 1, assembled with the sequences that could specifically hybridize with miR-21; probe 2, assembled with absolute
complementary sequences that had no ability to recognize miR-21). Scale bar: 50 μm.
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weighted images for real-time monitoring of the assembly
process. As time went on, the amount of UCNPs surrounding
FexCuySe increased (Figure 3A). At the same time, the UCL
intensity gradually reduced, and the color of T2-weighted
images changed (Figure 3B, D). Moreover, the geometry, UCL
intensity, and T2-weighted image color of assemblies no longer

changed after 8 h. Thus, 8 h was the optimal assembly time.
During dynamic assembly, the shapes of peaks in UV−vis
spectra were essentially the same, demonstrating the stability of
the assemblies (Figure 3C).

Quantitative Detection of microRNA-21 In Vitro.MiR-
21, a useful biomarker overexpressed in a variety of cancers,
was selected herein to evaluate the feasibility of this nanoprobe
in early diagnosis of diseases. Prior to quantitative detection,
the selectivity of core@satellite nanoprobes toward synthetic
miRs was investigated using potential interfering substances.
Synthetic miR-21 (50 pM), two mutated miR-21 sequences (1
nM, control 1−4), let-7d (1 nM), miR-200b (1 nM), miR-
203b (1 nM), miR-210(1 nM), miR-7 (1 nM), TK1 mRNA (1
nM), miR-126 (1 nM), miR-107 (1 nM), bovine serum
albumin (BSA, 1 mM), and reduced glutathione (GSH, 1 mM)
were added to 1.5 mL centrifuge tubes (each containing 500
μL core@satellite nanoprobes in buffer) and incubated at 37
°C for 2 h (Table S1). In the presence of miR-21, the
corresponding UCL intensity and T2 values were dramatically
increased, whereas changes were negligible for other tested
miRs, proteins and peptides (Figure 4E, F and Figure S6).
Therefore, the core@satellite nanoprobes displayed outstand-
ing specificity for miR-21 detection, whereas proteins and
peptides interfered minimally with the detection system. In
addition, DNA1-FexCuySe and DNA2-UCNPs reacted with
the miR-21 for comparison with core@satellite nanoprobes
(Figure S7). It showed that core@satellite nanoprobes is the
key to detect miR-21.
When detecting synthetic miR-21 in buffer, the UCL

intensity and T2 value increased gradually with increasing
concentration of miR-21 (Figure 4A and 4C). Both dual
signals displayed a perfect linear correlation with the
concentration of miR-21 between 1 and 500 pM (Figure 4B
and 4D). In addition, TEM images also confirmed that the
higher the concentration of miR-21, the fewer the number of
UCNPs (Figure S5). This system was therefore of potential
significance in the rapid and accurate detection of intracellular
miR-21.

Intracellular MicroRNA-21 Detection. Before applying
this probe for the miR-21 detection in living cells, it was
necessary to study the stability of the core@satellite nanop-
robes in cell culture medium and confirm a lack of cytotoxicity
at the optimal dose and incubation time. As shown in Figure

Figure 6. (A) Confocal images of MCF-7 cells with different concentrations of miR-21. Standard curve of (B) CL intensity and (C) the
intracellular T2 value for miR-21 detection. Scale bar: 50 μm.

Figure 7. (A) Confocal images and (B) the color-processed T2-
weighted images of core@satellite structures in MCF-7, HeLa, and
PCS-460-010 cells.
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S8, the core@satellite nanoprobes were monodisperse and
stable, even after incubating with cell medium for 48 h at 37
°C. MCF-7 cells were cultured with nanoprobes at different
concentrations for 8 h to test biocompatibility. The results of
Cell Counting Kit-8 analysis found that cell viability was
unaffected at concentrations of up to 1.5 mg/mL (Figure
S9A). Furthermore, 1.5 mg/mL core@satellite nanoprobes had
minimal effect on the viability of living cells after 4−24 h of
cultivation (Figure S9B). Thus, 1.5 mg/mL of core@satellite
nanoprobes was the optimal dose and had minimal effect on
cell viability in subsequent experiments.
Two probes were designed to explore the reactive dynamics

of nanoprobes in living cells. Probe1 was assembled using
partially complementary sequences that specifically recognize
miR-21, and probe2 was assembled using absolute comple-
mentary sequences and was unable to capture miR-21. The
confocal luminescence (CL) and UCL intensities increased as
probe1 captured intracellular miR-21 in MCF-7 cells, and
peaked at 8 h (Figure 5). The luminescence intensity then
decreased beyond 8 h because of aggregation of nanoprobes in
cells. However, the luminescence intensity of cells incubated
with probe 2 was substantially unchanged over all time periods
(Figure S10 and S11). Meanwhile, the value of ΔUCL
(UCLprobe1 − UCLprobe2) was highest at 8 h (Figure 5C). Thus,
probe 1 could specifically recognize miR-21 because of
hybridization of DNA1 and DNA2. And 8 h was therefore
chosen as the optimal incubation time for intracellular
detection.
Intracellular miR-21 was quantified by transfection of miR-

21 or antisense miR-21 into MCF-7 cells followed by qT-PCR
(Figure S12). The inherent content of miR-21 in MCF-7 cells
was 1.151 amol/ngRNA. After being incubated with core@
satellite nanoprobes for 8 h, cells containing different amounts
of intracellular miR-21 were quantified in situ by confocal
imaging and MRI. With increasing intracellular miR-21
content, dual signals were enhanced and displayed a good
linear relationship in the range of 0.035 to 31.824 amol/ngRNA
(Figure 6 and Figure S13), with LOD values of 0.0058 and
0.0182 amol/ngRNA, respectively. Compared with other
reported detection methods, FexCuySe@UCNP core@satellite
nanoprobes were more sensitive (Table S2), and capable of
detecting miR-21 in living cells at low levels. Moreover, dual
UCL and MRI signal detection could be mutually verified and
improve the detection accuracy.
To confirm the universality of the developed nanoprobes in

different cells, we selected human cervical cancer (HeLa) cells
and primary uterine fibroblast (PCS-460-010) cells as
representative cell lines. As shown in Figure 7, the CL
intensity and T2 value of MCF-7 cells were higher than those
of HeLa cells and PCS-460-010 cells, and both signal
intensities were weakest for PCS-460-010 cells. The content
of miR-21 in HeLa cells was 0.366 ± 0.025 and 0.387 ± 0.010
amol/ngRNA, determined respectively by confocal imaging and
MRI, whereas levels in PCS-460-010 cells were too low to
determine. These results demonstrated that the nanoprobes
possessed good universality and feasibility for use in various
cell lines.

■ CONCLUSIONS
In conclusion, core@satellite nanoprobes were assembled from
FexCuySe and UCNPs and used for intracellular miR-21
detection based on dual UCL and MRI signals. The LOD
values for miR-21 were 0.0058 and 0.0182 mol/ngRNA in living

cells, respectively. This ultrasensitive detection strategy was
suitable not only for in situ miRs imaging and quantification
but also for general biomarker detection because the sequence
of DNA in core@satellite nanoprobes could be altered. In
addition, nanoprobes could be applied for early medical
diagnosis and bioimaging in life science research.
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