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ction of microRNA-21 in vivo
using in situ assembled photoacoustic and SERS
nanoprobes†

Liting Zheng,‡a Qingqing Li, ‡a Ying Wu,b Lichao Su,a Wei Du,a Jibin Song,b

Lanlan Chen *a and Huanghao Yang *a

Accurately quantifying microRNA levels in vivo is of great importance for cancer staging and prognosis.

However, the low abundance of microRNAs and interference from the complex tumor

microenvironment usually limit the real-time quantification of microRNAs in vivo. Herein, for the first

time, we develop an ultrasensitive microRNA (miR)-21 activated ratiometric nanoprobe for quantification

of the miR-21 concentration in vivo without signal amplification as well as dynamic tracking of its

distribution. The core–satellite nanoprobe by miR-21 triggered in situ self-assembly was built on

nanogapped gold nanoparticles (AuNNP probe) and gold nanoparticles (AuNP probe). The AuNP probe

generated a photoacoustic (PA) signal and ratiometric SERS signal with the variation of miR-21, whereas

the AuNNP probe served as an internal standard, enabling ratiometric SERS imaging of miR-21. The

absolute concentration of miR-21 in MCF-7 tumor-bearing mice was quantified to be 83.8 ± 24.6 pM via

PA and ratiometric SERS imaging. Our strategy provides a powerful approach for the quantitative

detection of microRNAs in vivo, providing a reference for the clinical treatment of cancer.
Introduction

MicroRNAs, as a major class of cancer biomarkers, are involved
in regulating key life processes and are dysregulated in
numerous cancer types. More and more microRNAs have been
reported to change their expression during cancer development,
and this change will cause changes in the content of down-
stream genes, thus affecting the tumor process.1–4 MicroRNAs
are involved in the regulation of tumor proliferation, apoptosis,
metastasis, angiogenesis and energy metabolism. Abnormal
expression levels of microRNAs are closely associated with
human diseases, gene expressions, and immune system func-
tions.5MicroRNA (miR)-21 is one of themost critical microRNAs
and acts as an oncogene, which is overexpressed in more than
80% of tumor tissues.6,7 Accordingly, accurately quantifying
miR-21 levels in vivo is of great importance for assessing human
health and can be used for evaluating cancer staging and
preoperative physical state and prognosis of patients.8,9 There-
fore, miR-21 has great potential for use in cancer diagnosis and
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treatment as one of the most commonly studied cancer
biomarkers.10,11 However, detecting miR-21 in liquid biopsy
samples is difficult due to the characteristic of low abundance
and lack of standardized technology.12,13 At present, traditional
detection methods include quantitative reverse transcription
real-time polymerase chain reaction (qRT-PCR),14,15 northern
blotting,16 microarrays,17,18 and uorescence based imaging
technologies.19–23 Most of these detection methods face the
shortcomings of low sensitivity, difficult extraction, tedious
procedures and time consumption and mainly focus on
detecting miR-21 in living cells or dynamically tracing them,
which unfortunately has limited its analysis in vivo.24–26 For
example, Xian et al. used upconversion nanoparticles (UCNPs)
as a probe carrier to develop an endogenous driven near-
infrared light-controlled DNA walker to image microRNAs in
different cell lines.27 Therefore, there is an urgent need to
develop a sensitive nanoprobe for accurately quantifying miR-
21 levels in vivo and monitoring its distribution in real time.

Surface-enhanced Raman scattering (SERS) is a technology
wherein the Raman scattering signal is greatly enhanced when
molecules are adsorbed on the noble metal surface with nano-
level roughness.28–30 In recent years, most SERS strategies have
focused on determining a single response signal for miR-21
detection in vitro, which can be easily inuenced by environ-
mental conditions and physiological factors such as laser
power, focusing depth, and biological background.31,32 To
overcome the inuence of these factors, a ratiometric SERS
nanoprobe with more sensitive, accurate, and reliable
© 2023 The Author(s). Published by the Royal Society of Chemistry
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measurements has been proposed.33,34 However, one of the
limitations of SERS imaging in vivo is that it is difficult to
precisely locate the position of the tumor with high speed.
Complementary to this, photoacoustic (PA) imaging is a non-
invasive imaging method and conducive to the discovery of
disease location with fast image acquisition speed.35–37 Thus,
the output signals of PA imaging and ratiometric SERS imaging
are mutually veried, reducing the probability of false positive
or false negative signals and improving the accuracy of disease
diagnosis.38 Gap-enhanced gold-based nanoprobes possess
both excellent SERS imaging and PA imaging capabilities and
have the benets of low cytotoxicity; available surface modi-
cations and the internal signal in the nanogap can't be easily
inuenced by environmental conditions and physiological
factors.30,39–43 It provides a platform for the design of a gold-
based nanoprobe that combines PA and ratiometric SERS
imaging to realize real-time visualization and quantication of
microRNAs in vivo.

Herein, for the rst time, we fabricated a miR-21-activated in
situ self-assembled core–satellite (termed the AuNNP@AuNP
core–satellite) between a nanogapped gold nanoparticle probe
(AuNNP probe) and gold nanoparticle probe (AuNP probe) as
a biosensor for quantitatively monitoring the concentration of
miR-21 in vivo in real time and tracking the distribution of them
(Scheme 1). In the core–satellite nanoprobe, a Raman molecule
Scheme 1 Quantitative detection of the absolute miR-21 concentration
the sensing principle of the core–satellite nanoprobe for PA and ratio
presence of miR-21, the AuNNP@AuNP core–satellite showed respons
2226 cm−1, while the SERS2 signals at 1378 cm−1 remained stable, resulti
probe self-assembled into the AuNNP@AuNP core–satellite nanoprobe
quantifying the absolute concentration of miR-21 at any sites of tumor a

© 2023 The Author(s). Published by the Royal Society of Chemistry
of 2-naphthylthiol (NAT) was placed in the nanogap of AuNNPs
and a miR-21-sensitive DNA single strand was then modied on
the surface of AuNNPs (termed the AuNNP probe). Similarly,
another Raman molecule mercaptobenzonitrile (MBN) and
another DNA single strand were modied on the surface of
AuNPs (termed the AuNP probe). In the presence of miR-21, the
DNA single strands induced the AuNNP probe/AuNP probe to
self-assemble into core–satellite nanoprobes via sequence-
specic recognition. The SERS signals from MBN on the
surface of AuNPs increased because of the emergence of strong
hot spots, whereas signals from NAT in the nanogap of AuNNPs
remained stable. Simultaneously, the PA signal at 820 nm was
enhanced on account of the plasmonic coupling effect between
the AuNNP probe and AuNP probe. The absolute concentration
of miR-21 in vivo was quantied to be 83.8± 24.6 pM, which was
positively correlated with the enhanced PA signals and ratio-
metric SERS signals. Furthermore, the core–satellite nanop-
robes with enhanced PA signals were usable for tracking the
distribution of miR-21 in vivo, and the enhanced SERS signal
could be used for accurately measuring the concentration of
miR-21 at any tumor site. Thus, PA and ratiometric SERS
imaging for real-time quantitative detection of microRNAs in
vivo is a compelling strategy and shows great potential for early
diagnosis and prognosis in cancer.
via PA and ratiometric SERS imaging in vivo. (a) Schematic illustration of
metric SERS imaging quantitative detection of miR-21 in vivo. In the
ively enhanced PA signals at 820 nm and enhanced SERS1 signals at
ng in enhanced ratiometric SERS imaging. (b) The AuNNP probe/AuNP
with enhanced PA signals and ratiometric SERS signals for accurately
nd tracking its distribution.
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Results and discussion
Synthesis and characterization of the AuNNP probe and AuNP
probe

To synthesize the probes, we rst prepared AuNPs with uniform
spheres and an average size of approximately 16 nm (Fig. S1 and
S2a†). The hydrodynamic diameter of AuNPs was approximately
35 ± 3 nm (Fig. S2b†). The as-prepared AuNPs were further
modied with NAT (AuNP/NAT) through a covalent Au–S bond,
which served as a reference signal molecule. Next, an Ag
nanoshell was deposited on the surface of AuNP/NAT, and the
nanoshell was then etched with hydrogen tetrachloroaurate(III)
(HAuCl4) to form a nanogap, termed AuNNP/NAT (Fig. S3a and
b†). The Raman molecule MBN was coated on the AuNP surface
to provide a response SERS signal, termed AuNP/MBN (Fig. S3c
Fig. 1 Characterization of AuNNP probe/AuNP probe controllable asse
assembled into AuNNP@AuNP core–satellite nanoprobes in the presence
and SH-DNA2, whichwere partly complementedwithmiR-21, respectivel
dark field microscope (DFM) images and magnified DFM images (inset) (j–
21: (b and j) 0 pM, (c and k) 25 pM, (d and l) 50 pM, (e and m) 75 pM, (f and
scattering color of AuNNP probe/AuNP probe changed from green sp
concentration of miR-21.

13862 | Chem. Sci., 2023, 14, 13860–13869
and d†). DNA1 and DNA2 were partly complementary to miR-21
(the DNA sequences are shown in Table S1†) and were linked to
AuNP/MBN and AuNNP/NAT surfaces through Au–S bonds,
respectively. Transmission electron microscopy (TEM) images
of AuNNP probes and AuNP probes showed that the
morphology remained dispersed aer modication with DNA
(Fig. S4a and b†). Successful DNAmodication on the surface of
both AuNNP/NAT and AuNP/MBN was further validated based
on zeta potential (Fig. S5a†), the increased sizes of AuNNP
probes and AuNP probes via dynamic light scattering (DLS)
(Fig. S5b†) and a new UV-vis absorption peak at 260 nm
(Fig. S5c†).

In the presence of miR-21, AuNNP probes/AuNP probes self-
assembled into AuNNP@AuNP core–satellite nanoprobes
because of efficient hybridization of DNA strands (Fig. 1a). As
mblies. (a) Schematic diagram of the AuNNP probe/AuNP probe self-
of miR-21. AuNP/MBN and AuNNP/NAT were modified with SH-DNA1

y. Representative transmission electronmicroscopy (TEM) images (b–i),
q) of AuNNP probe/AuNP probe with different concentrations of miR-
n) 100 pM, (g and o) 125 pM, (h and p) 150 pM, and (i and q) 175 pM. The
ots to orange-yellow spots and then to red spots with the increased

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The formation process of AuNNP probe/AuNP probe control-
lable assemblies. (a–f) TEM images of different incubation times of
AuNNP probe/AuNP probe: (a) 1 h, (b) 2 h, (c) 3 h, (d) 4 h, (e) 5 h and (f)
6 h. (g) The plot of the I2226/I1378 ratio of the AuNNP probe/AuNP probe
at different incubation times (from 1 to 6 h). UV-vis spectra (h) and DLS
(i) of the AuNNP probe/AuNP probe in the presence of miR-21 or in the
absence of miR-21.
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illustrated by the TEM images of core–satellite nanoprobes, the
number of AuNP probes coated around the AuNNP probe
surface increased as the concentration of miR-21 increased
from 0 to 175 pM (Fig. 1b–i). The yield of the main nano-
structures corresponding to the concentrations was as high as
80–90% (achieved by statistical analysis of as many as 100 TEM
images) (Fig. S6†). The average number of AuNP probes
assembled on each AuNNP probe surface was estimated to be 11
Fig. 3 The sensitivity and specificity of the AuNNP probe/AuNP probe fo
of the I2226/I1378 ratio (b) and the standard calibration curve (c) of the Au
miR-21 (from 0 to 175 pM). (d) The ratiometric SERS signals of the AuNNP p
miR-144, miR-155, miR-429, Let-7a and miR-21 in vitro (concentration o
representative PA images (inset) of the AuNNP probe/AuNP probe toward
of the AuNNP probe/AuNP probe for mismatch-1, miR-144, miR-155, m
significance was calculated by the t-test (n = 3): **p < 0.01 and ***p <

© 2023 The Author(s). Published by the Royal Society of Chemistry
± 2 according to the ratio of surface area calculation, which
indicated the controllable assembly of the AuNNP@AuNP core–
satellite nanoprobe (Fig. S7†). These results proved that the
miR-21 concentration affected the assembly of the AuNN-
P@AuNP core–satellite nanoprobe. Dark eld microscopy
(DFM) images showed that bare AuNP probes and AuNNP
probes scattered green light (Fig. S8†). As the number of AuNP
probes coated around the AuNNP probe surface increased, the
scattered color gradually varied from green in the bare AuNP
probes and AuNNP probes to red in the AuNNP@AuNP core–
satellite, indicating dramatic red shis of the scattering spectra
(Fig. 1j–q). Additionally, with the extension of assembly time,
the number of AuNP probes coated around the AuNNP probe
surface increased and remained stable aer 5 h of incubation
(Fig. 2a–f), as well as for the SERS signals at 2226 cm−1 (Fig. 2g
and S9†). In the presence of miR-21, the absorption peak of the
core–satellite nanoprobe showed a slight red shi of 3 nm,
because of the surface plasmon resonance effect between the
AuNNP probe and AuNP probe (Fig. 2h). Furthermore, DLS of
the core–satellite nanoprobe increased to 189 ± 2 nm in the
presence of miR-21 compared with 97 ± 4 nm for the AuNP
probe/AuNNP probe in the absence of miR-21 (Fig. 2i). All these
results demonstrated that miR-21 could activate controllable
self-assembly of the AuNNP@AuNP core–satellite nanoprobe.

To further conrm the assembly strategy, a carboxy-
uorescein (FAM) uorophore and its quencher black hole
quencher-1 (BHQ1) were labeled on DNA1 and DNA2, respec-
tively. In the presence of miR-21, FAM was in its “off” state
contributing to the quenching effect of the immobilized BHQ1
r detecting the miR-21 concentration in vitro. SERS spectra (a), the plot
NNP probe/AuNP probe that responded to different concentrations of
robe/AuNP probe formismatched sequences ofmiR-21 (mismatch-1),

f 175 pM). (e) Linear response of the average PA intensity at 820 nm and
miR-21 in the range of 0 to 1 nM. (f) The average PA intensity at 820 nm
iR-429, Let-7a and miR-21 in vitro (concentration of 1 nM). Statistical
0.001.

Chem. Sci., 2023, 14, 13860–13869 | 13863
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toward FAM. In contrast, FAM was in its “on” state in the
absence of miR-21 (Fig. S10†). The feasibility of the strategy
provides a basis for its application in vitro and in vivo.
Sensitivity and specicity of the probes for miR-21 detection

To study the responsiveness of the AuNNP probe/AuNP probe to
miR-21 in vitro, we used the miR-21 activated AuNNP probe/
AuNP probe for self-assembly into a core–satellite for molec-
ular amplication-free detection based on changes in PA signals
and ratiometric SERS signals at different incubation concen-
trations. The characteristic peak positions of the AuNNP probe
and AuNP probe are shown in Fig. S11,† the SERS signals of the
AuNNP probe at 1378 cm−1 remained unchanged, whereas the
SERS intensity of the AuNP probe obviously increased at
2226 cm−1 with an increasing miR-21 concentration (Fig. 3a).
The sequence-specic recognition led to the formation of the
core–satellite, and the position of the localized surface plasmon
resonance (LSPR) peak of the nanoparticles was redshied with
the increase in size.44 Therefore, the ratio between SERS inten-
sity at 2226 to 1378 cm−1 (I2226/I1378) increased with the
increasing miR-21 concentration (Fig. 3b); this increase was
attributed to the AuNNP@AuNP core–satellite nanoprobe
having a higher electric eld intensity and producing stronger
LSPR coupling compared with the AuNNP probe/AuNP probe. A
standard curve was plotted with the I2226/I1378 ratio against the
concentration of miR-21 and showed a good linear range from
0 to 175 pM miR-21 concentration (Fig. 3c). The limit of
detection (LOD) was calculated using three times the standard
deviation of the blank (0.16 pM; R2 = 0.998), enabling the
quantication of the concentration of miR-21 in vivo. To eval-
uate the specicity of the AuNNP probe/AuNP probe, the ratio-
metric SERS signals in response to miR-21 and other
microRNAs (mismatch-1, miR-144, miR-155, Let-7a and miR-
429) with the same concentration were tested (Fig. 3d). The
I2226/I1378 increased in the presence of miR-21, whereas no
obvious increase was observed in the I2226/I1378 ratio in the
presence of other microRNAs, indicating that these microRNAs
have no signicant effect on the detection of miR-21. Moreover,
we imaged the corresponding nanostructure via TEM to further
verify the results obtained via SERS imaging (Fig. S12†). It is
worth noting that only miR-21 could effectively activate the
AuNNP probe/AuNP probe to self-assemble into the AuNN-
P@AuNP core–satellite nanoprobe. These results demonstrated
that the AuNNP probe/AuNP probe has excellent specicity for
detecting miR-21 at the same concentration.

In addition, we performed PA imaging of the AuNNP probe/
AuNP probe aer treatment with different concentrations of
miR-21. Because of the surface plasmon coupling effect between
the AuNNP probe and AuNP probe, the UV-vis spectra of the
AuNNP@AuNP core–satellite nanoprobe showed a red shi
compared with that of the AuNNP probe/AuNP probe
(Fig. S13†). The PA intensity of the AuNNP@AuNP core–satellite
nanoprobe at 820 nm (PA820 nm) gradually increased with the
increasing concentration of miR-21 (Fig. S14†). The PA820 nm

intensity presented a linear relationship with the miR-21
concentration in the range of 0 to 1 nM, with an LOD of 20.7
13864 | Chem. Sci., 2023, 14, 13860–13869
pM based on three times the standard deviation of the blank
(Fig. 3e). The specicity of the AuNNP probe/AuNP probe was
also evaluated via PA imaging, and the results were consistent
with those obtained via SERS imaging (Fig. 3f). Overall, the
AuNNP probe/AuNP probe showed a superior sensitivity and
specicity in vitro, which highlights the potential for in vivo
quantication.
SERS ratiometric strategy for detecting intracellular miR-21

MiR-21 was overexpressed in MCF-7 cells rather than LO2 cells,
and its overexpression could activate the AuNNP probe/AuNP
probe to self-assemble into the AuNNP@AuNP core–satellite
nanoprobe (Fig. 4a). The generated ratiometric SERS signals
were veried in vitro. Therefore, MCF-7 cells and LO2 cells were
used for the following experiments to monitor intracellular
miR-21 distribution and assembly behavior of AuNNP@AuNP
core–satellite nanoprobes. The biocompatibility of the AuNNP
probe/AuNP probe was rst evaluated with CCK-8 before the
application of the AuNNP probe/AuNP probe in cellular exper-
iments. The results showed that the cell survival rate was more
than 90% even aer high-dose (2 mg mL−1, based on the mass
of the AuNP probe) treatment aer incubation of the AuNNP
probe/AuNP probe in MCF-7 cells and LO2 cells for 24 h
(Fig. S15†). Furthermore, the stability of the AuNNP probe,
AuNP probe, and AuNNP@AuNP core–satellite nanoprobe in
phosphate buffer (PB) and the culture medium was tested. The
color of the AuNNP probe, AuNP probe, and AuNNP@AuNP
core–satellite nanoprobe in the culture medium remained
unchanged aer incubation for 24 h, indicating the appropriate
dispersion of the probes in the culture medium and the ability
to detect miR-21 in a complex physical environment (Fig. S16a
and b†). The UV-vis spectra and DLS data of the AuNNP probe,
AuNP probe, and AuNNP@AuNP core–satellite nanoprobe in
the culture medium were consistent with those observed in PB
(Fig. S16c and d†). No obvious aggregation of the AuNNP probe,
AuNP probe, and AuNNP@AuNP core–satellite nanoprobe was
observed in TEM images, conrming the stability of the probes
(Fig. S17a–c†). In addition, in the presence of miR-21, the
AuNNP probe/AuNP probe self-assembled into the AuNN-
P@AuNP core–satellite was stable in glutathione (GSH) (1 mM),
DNase I (10 IU L−1) and 10% BSA (Fig. S18 and S19†). These
results indicated that the AuNNP probe/AuNP probe was suit-
able for in vivo application.

The feasibility of using the AuNNP probe/AuNP probe in
living cells was evaluated via confocal laser scanning micros-
copy (CLSM), DFM monitoring, SERS mapping, and bio-TEM at
different incubation times in MCF-7 cells and LO2 cells. For
testing the uptake efficiency of the AuNNP probe/AuNP probe in
living cells, MCF-7 cells or LO2 cells were incubated with 2 mg
mL−1 of the AuNNP probe/AuNP probe for different time
periods. The colocalization analysis was performed to assess the
localization of the AuNNP probe/AuNP probe in MCF-7 cells. As
displayed in Fig. S20,† at the incubation of 8 h, the confocal
uorescence imaging showed a good colocalization of blue/red
uorescence (derived from the AuNNP probe/AuNP probe) and
green uorescence (derived from lysosomes), while the poor
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SERS-based ratiometric strategy for monitoring intracellular miR-21 distribution and assembly behavior of AuNNP@AuNP core–satellite
nanoprobes. (a) Schematic illustration of the ratiometric detection of miR-21 using the AuNNP probe/AuNP probe in MCF-7 cells or LO2 cells. As
the AuNNP probe/AuNP probe endocytosed into MCF-7 cells, overexpressed miR-21 activated the AuNNP probe/AuNP probe self-assembly to
form a core–satellite nanostructure, resulting in an enhanced Raman intensity fromMBN on the surface of the AuNP probe, whereas the internal
standard signal from NAT in the nanogap of the AuNNP probe remained stable. Intracellular DFM images (b), SERS mapping images at 1378 and
2226 cm−1 and ratiometric (I2226/I1378) images (c), and bio-TEM images and magnified bio-TEM images (inset) (d) of MCF-7 cells and LO2 cells
after incubation with the AuNNP probe/AuNP probe (2mgmL−1) for 8 h, 12 h, 18 h, and 24 h. The untreated cells are taken as blanks for DFM (40×
objective, 700 ms integration time). The scale bars are (b) 20 mm, (c) 10 mm, and (d) 1 mm.
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colocalization of blue/red uorescence and green uorescence
aer 18 h of incubation indicated the successful escape of the
AuNNP probe/AuNP probe from lysosomes. In addition, inde-
pendent of the incubation period, the confocal uorescence
imaging demonstrated a good colocalization of blue uores-
cence and red uorescence, suggesting that the AuNNP probe
and AuNP probe were able to successfully hybridize. Further-
more, the responsive assembly of the AuNNP probe/AuNP probe
in MCF-7 cells was assessed via DFM. Under DFM, from 8 h to
12 h, the scattering light color of the AuNNP probe/AuNP probe
in MCF-7 cells was yellow, indicating that the AuNNP probe/
AuNP probe had gradually started to endocytosis into the cells
through the caveolae-mediated endocytosis pathway.45,46 The
scattering light color changed from yellow to orange-red aer
© 2023 The Author(s). Published by the Royal Society of Chemistry
18 h of incubation, indicating that the AuNNP probe/AuNP
probe was in situ assembled into the AuNNP@AuNP core–
satellite and remained unchanged until 24 h. In contrast, the
scattering light color of the AuNNP probe/AuNP probe in LO2
cells always remained yellow even aer 24 h of incubation,
indicating the low expression of miR-21 in LO2 cells (Fig. 4b and
S21†). These results demonstrated that intracellular miR-21
specically induced the self-assembly of the AuNNP probe/
AuNP probe into the AuNNP@AuNP core–satellite.

To detect intracellular miR-21 distribution, ratiometric SERS
imaging of the AuNNP probe/AuNP probe was performed. For
better comparison the SERS spectra of HeLa cells with
a moderate level of miR-21 expression compared to high
expression of MCF-7 cells and low expression of LO2 cells were
Chem. Sci., 2023, 14, 13860–13869 | 13865
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also veried. As shown in Fig. S22,†MCF-7 cells, HeLa cells and
normal LO2 cells treated with the AuNNP probe/AuNP probe
showed a strong SERS signal at 1378 cm−1. However, unlike the
control group (incubated with normal LO2 cells), the treatment
group in MCF-7 cells showed the most signicantly increased
SERS signal intensity at 2226 cm−1 and HeLa cells showed
moderately increased intensity as time progressed, as a result of
the self-assembly of the AuNNP probe/AuNP probe in MCF-7
cells and HeLa cells. The ratiometric SERS mapping was real-
ized by calculating the ratio of SERS intensities at 1378 cm−1

and 2226 cm−1, and a clearly increased distribution map of
miR-21 in MCF-7 cells was obtained (Fig. 4c and S23†). Simi-
larly, the ratiometric SERS intensity of the AuNNP probe/AuNP
probe was the strongest at 18 h and negligibly enhanced at
24 h, which was in accordance with the results obtained by DFM
(Fig. S24†). The relative miR-21 expression levels in MCF-7 cells
and HeLa cells were signicantly higher than those in LO2 cells;
the quantication results obtained by ratiometric SERS imaging
(MCF-7 cells: 4.03-fold; HeLa cells: 2.16-fold) were comparable
to those obtained by qRT-PCR (MCF-7 cells: 4.20-fold; HeLa
cells: 2.13-fold) (Fig. S25†). These data were consistent with
those of previous reports.47,48 The quantitative results in MCF-7
cells, HeLa cells and LO2 cells lay the foundation for the
quantication of miR-21 in vivo.

Subsequently, bio-TEM was performed to study the dynamic
assembly behavior of AuNNP@AuNP core–satellite nanoprobes
in cells (Fig. 4d). Aer incubation of the AuNNP probe/AuNP
probe for 8 h, endocytosis of the AuNNP probe/AuNP probe
was observed in cells. The number of AuNP probes coated
Fig. 5 PA imaging for tracking the distribution of miR-21 in Balb/c nude
The photograph of Balb/c nude mice bearing MCF-7 tumors for PA ima
Balb/c nude mice bearing MCF-7 tumors as a function of post-injection
probe or phosphate buffer solution (PBS).

13866 | Chem. Sci., 2023, 14, 13860–13869
around the AuNNP probe increased with an increase in the
incubation time, and almost complete assembly into the
AuNNP@AuNP core–satellite was observed at 18 h in MCF-7
cells. Few AuNP probes were coated around each AuNNP
probe even aer incubation for 24 h in normal LO2 cells, which
further veried the specic recognition ability of the AuNNP
probe/AuNP probe toward miR-21.
Detection and visualization of miR-21 in vivo by quantitative
PA and ratiometric SERS imaging

One of the limitations of SERS imaging in vivo is difficult to
precisely locate the position of the disease with high speed. PA
imaging can compensate for the limitation. Based on the
feasibility of miR-21 detection using the AuNNP probe/AuNP
probe in living cells, in vivo experiments of the AuNNP probe/
AuNP probe were performed using MCF-7 tumor-bearing nude
mice.

PA imaging was rst used to investigate the distribution of
the AuNNP probe/AuNP probe in MCF-7 tumor-bearing nude
mice. The AuNNP probe/AuNP probe (50 mL, 2 mg mL−1) was
injected at the tumor site via an intratumor injection (Fig. 5a).
The PA signals enhanced gradually at 820 nm during 0.5 h to
12 h and reached a plateau at 12 h post-injection, which was in
agreement with ndings of PA imaging of the tumor. However,
in the control group (injected with phosphate buffer solution),
the PA signals at 820 nm showed minimal changes with time
(Fig. 5b and c). The gradual increase in the PA signals was
ascribed to miR-21 in the AuNNP probe/AuNP probe activated
by the tumor to self-assemble into core–satellite, resulting in an
mice bearing MCF-7 tumors using the AuNNP probe/AuNP probe. (a)
ging. Representative PA images (b) and quantified PA intensities (c) of
time (0.5 h, 4 h, 8 h, 12 h, 24 h, and 36 h) of the AuNNP probe/AuNP

© 2023 The Author(s). Published by the Royal Society of Chemistry
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enhanced plasmonic coupling effect between the AuNNP probe
and AuNP probe. These results suggested that PA imaging was
able to dynamically track the distribution of miR-21 in vivo.

SERS spectra of MCF-7 tumor sites and normal tissue
(muscle) were collected aer treatment with the AuNNP probe/
AuNP probe at different incubation times (Fig. S26†). The
gradually enhanced SERS intensity at 2226 cm−1 was accurately
detected in the vicinity of AuNNP probe/AuNP probe-treated
tumors, whereas extremely weak SERS intensity enhancement
was observed at 1378 cm−1. Therefore, the I2226/I1378 ratio at
MCF-7 tumor sites gradually increased over time. In contrast,
the I2226/I1378 ratio in the muscle tissue showed negligible
change, suggesting that miR-21 was overexpressed only in the
tumors (Fig. S27†). Moreover, the I2226/I1378 ratio of the AuNN-
P@AuNP core–satellite nanoprobe in the tumor increased for
up to 12 h, which was in agreement with the in vivo PA imaging
results. As shown in Fig. S28,† the SERS spectra of the AuNN-
P@AuNP core–satellite nanoprobe showed that the intensity
detected in MCF-7 tumors at 2226 cm−1 was much higher than
that detected in the muscle tissue. A noticeable variation in
SERS intensity was observed by SERS mapping within tumor
regions, while a consistent uctuation was observed within the
muscle tissue (Fig. 6a). The relative miR-21 expression levels in
the tumor regions were signicantly higher than those in the
muscle tissue; the relative levels obtained by ratiometric SERS
imaging (MCF-7: 3.77-fold) were comparable to the results ob-
tained by qRT-PCR (MCF-7: 2.71-fold) (Fig. 6b). As
Fig. 6 Ratiometric SERS imaging quantitative detection of miR-21 in Ba
probe. (a) Bright field images and SERS mapping images at 1378 and 222
nude mice bearing MCF-7 tumors or normal tissue (muscle). The scale b
tumor tissue and normal tissue obtained via ratiometric SERS imaging a
corresponding miR-21 mapping at representative MCF-7 tumor sites in m
tumor regions in (c), and the overall average value of the absolute miR-21
corresponding absolute concentration of miR-21 in MCF-7 tumor tissue
Error bars represent standard deviation (n = 3).

© 2023 The Author(s). Published by the Royal Society of Chemistry
a representative, the absolute concentration of miR-21 inMCF-7
tumors was calculated based on the standard curve, which
corresponded to the mapping of the I2226/I1378 ratio in the tumor
region (Fig. 6c). Fig. 6d shows the value of the absolute miR-21
concentration at randomly chosen ve different tumor regions;
the overall average value of the absolute miR-21 concentration
was calculated at 942 pixels in the tumor. The value of the
absolute miR-21 concentration at other points in the tumor
region is shown in Fig. S29.† The overall average value of the
miR-21 concentration in theMCF-7 tumor region was calculated
to be 83.8 ± 24.6 pM at 12 h. In addition, the corresponding
absolute concentrations of miR-21 over time in the tumor tissue
are shown in Fig. 6e. The absolute concentration of miR-21 in
the MCF-7 tumor rapidly increased from 12.6 ± 8.7 pM at 8 h to
83.8 ± 24.6 pM at 12 h, and no obvious changes were observed
subsequently. In general, the proposed strategy that combined
PA and ratiometric SERS imaging was able to accurately quan-
tify the concentration of miR-21 at any tumor site and will pave
the way for the quantitative detection of microRNAs in the
future.

Furthermore, H & E staining of tissue sections of major
organs (i.e., liver, kidney, heart, spleen, or lung) of AuNNP
probe/AuNP probe treated MCF-7 tumor-bearing mice showed
no evident histopathological abnormalities and lesions in each
organ, indicating that the AuNNP probe/AuNP probe has
excellent biocompatibility in vivo (Fig. S30†).
lb/c nude mice bearing MCF-7 tumors using the AuNNP probe/AuNP
6 cm−1 and I2226/I1378 of the AuNNP probe/AuNP probe treated Balb/c
ar is 10 mm. (b) The average relative miR-21 expression levels in MCF-7
nd qRT-PCR. Error bars represent standard deviation (n = 3). (c) The
ice. (d) The value of the absolute miR-21 concentration from different
concentration. Error bars represent standard deviation (n = 6). (e) The
at 8 h, 12 h, and 18 h post-injection of the AuNNP probe/AuNP probe.
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Conclusions

In summary, we developed a ratiometric nanoprobe triggered by
miR-21 in situ self-assembly, built on the AuNNP probe/AuNP
probe with enhanced PA signals and ratiometric SERS signals
for accurately quantifying the miR-21 concentration in vivo for
the rst time and tracking its dynamic distribution. Notably, the
I2226/I1378 ratio increased as a function of miR-21 concentration
and positively correlated with the intensity of the SERS signal at
2226 cm−1, while remaining unchanged at 1378 cm−1, with an
LOD of 0.16 pM. The AuNNP probe/AuNP probe was biocom-
patible and showed high sensitivity and specicity for miR-21
detection. DFM, bio-TEM, and cell SERS mapping further veri-
ed the specic recognition ability of the probes toward miR-21
in cells. More importantly, the concentration of miR-21 was
quantied to be 83.8 ± 24.6 pM in MCF-7 tumor-bearing mice.
The AuNNP@AuNP core–satellite nanoprobe not only realized
dynamic tracking of the distribution of miR-21 at tumor sites
but also accurately quantied its concentration at any site. In
general, this approach provides a powerful solution for tracking
the distribution of microRNAs in real time and quantitatively
detecting their concentration in vivo, thus contributing to
clinical diagnosis and prognosis.
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