Microchimica Acta (2021) 188:253
https://doi.org/10.1007/s00604-021-04917-8

ORIGINAL PAPER ;.)

Check for
updates

Fluorescent detection of microRNA-21 in MCF-7 cells based
on multifunctional gold nanorods and the integration
of chemotherapy and phototherapy

Yan Gong"' - Wei Yuan' - Xinjie Guo' - Qian Zhang' - Peng Zhang' - Caifeng Ding’

Received: 15 March 2021 / Accepted: 26 June 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Austria, part of Springer Nature 2021

Abstract

MicroRNA-21 is an important biomarker of tumor early prediction and metastasis, and its accurate detection is of great signif-
icance for tumor diagnosis and treatment. It will be a meaningful work to combine the detection of RNA with chemotherapy and
photothermal therapy on the same composite material. Herein, we designed a multifunctional nanocomposite based on gold
nanorods (AuNRs), making use of microRNA-triggered drug release and near-infrared photothermal effect, which has been
developed for cancer therapy and microRNA-21detection. Firstly, the AuNRs with photothermal effect were synthesized as
carriers for drug delivery. Then the surface of gold nanorods was modified by functional DNA chains to provide an efficient site
for doxorubicin (DOX) loading. Finally, folic acid was introduced to achieve the targeted treatment of MCF-7 cells. The
microRNA competed with the double-stranded DNA, resulting in the release of DOX and the recovery of fluorescence signal
located at 595 nm with an excitation of 488 nm effectively. The nano-biosensor could not only achieve dual-function of diagnosis
and treatment of cancer cells, but also accomplish the detection of microRNA in tumor cells. It showed a high selectivity for
microRNA-21 determination with a limit of detection (LOD) of 2.1 nM from the linear relationship from 1.0 x 10° M to 5.0 x
1077 M. This scheme provides an outstanding strategy for cell imaging, treatment, and detection, which serves as a promising
candidate in the field of biomedical research.
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Introduction

MicroRNA, a short non-coding sequence, is usually com-
posed of 19-25 nucleotides [1, 2]. It can regulate genetic di-
versity by inhibiting gene translation or improving microRNA
degradation. MicroRNA plays an important role in the early
division of living cells and virus [3]. In addition, some related
reports showed that the overexpression of microRNA-21 is
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closely related to the drug resistance of tumor cells [4, 5].
Therefore, microRNA-21 has become a biomarker for tumor
early prediction and metastasis and is a potential “seed carri-
er.” For example, breast cancer, cervical cancer, lung cancer,
and pancreatic cancer are related to overexpression of
microRNA-21 [6].

At present, the traditional detection methods for
microRNA include quantitative fluorescence reverse tran-
scription PCR (RT-PCR) [7-9], northern blotting [10, 11],
and microarray [12—14]. RT-PCR has the advantages of
high sensitivity and specificity, but it needs reverse tran-
scription for the cDNA before amplification, which makes
it difficult to conduct highly parallel qRT-PCR according to
sequence specificity during primer annealing. Northern
blotting can be used for semiquantitative detection and anal-
ysis of microRNA, but the sensitivity is limited. Microarray
technology can detect multiple microRNA samples in a
short time, but it has poor repeatability and low sensitivity.
In recent years, many methods have been developed to de-
tect microRNAs, such as Raman spectroscopy, mass
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spectrometry, and electrochemiluminescence. Although
these methods have high sensitivity, they can hardly meet
the requirements of microRNAs detection in living cells.
Moreover, due to the low expression of microRNA in living
cells and the urgent need for early diagnosis and treatment,
it is important to provide a rapid and sensitive method to
detect microRNA in living cells.

Doxorubicin (DOX) is a kind of widespread anti-tumor
drug, and its mechanism of action is mainly to inhibit cell
growth through DNA interference and the formation of free
radicals [15]. Although DOX is widely used in clinic, there are
still many problems, such as non-specific drug delivery, short
half-life, drug resistance caused by long-term drug treatment,
and other side effects [16]. In order to solve these issues, we
need to improve the drug delivery method to achieve targeted
and sustained release of DOX. It is an effective method to
develop nanoparticles with multifunctional targeted drug de-
livery [17].

In recent years, AuNRs have attracted much attention be-
cause of the unique optical and chemical properties. Various
molecules, such as antibodies, peptides, nucleic acids, and
carbohydrates, can be modified on the surface of AuNRs by
ligand exchange, so as to further enhance biocompatibility and
the ability of targeted drug delivery [18, 19]. In addition,
AuNRs show strong absorption in the near-infrared (NIR)
and visible region. The excitation light of surface plasmon
resonance (SPR) can be used as a photothermal contrast agent
for cancer diagnosis and imaging [20]. In general, it is difficult
for drugs to directly enter the tumor tissue through the blood
circulation. To increase the volume of blood flow around the
tumor tissue and vascular permeability by means of
photothermal therapy [21-28], the ability of target drug deliv-
ery needs further enhancement. AuNRs will produce strong
photothermal effects after absorbing photons. Therefore,
photothermal therapy and chemotherapy can be combined to
improve the delivery and accumulation of drugs in tumor
cells.

In this work, AuNRs were used as a model of nano-carrier
for drugs and photothermal agent to induce cell apoptosis, and
a functional gold nanoprobe for in situ microRNA-21 imaging
and cell diagnosis was designed. As shown in Scheme 1, the
molecular beacons (MBs) that the ends of two hybrid DNA
strands were in a state of base mismatch were connected with
AuNRs to build functional fluorescence probes. Folic acid
(FA) was modified on the surface of AuNRs as a signal mol-
ecule to specifically recognize breast cancer cells (MCF-7),
and then DOX was inserted into the grooves of double-
stranded DNA to successfully prepare AuNRs-DNA/FA:
DOX nanoprobe. The fluorescence signal of DOX was effec-
tively quenched by AuNRs due to fluorescence resonance
energy transfer (FRET). Because the receptor protein on the
membrane surface of MCF-7 cell can specifically recognize
FA, the nanoprobe entered the cancer cells through
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endocytosis after the AuNRs-DNA/FA: DOX probe was in-
cubated with MCF-7 cells. MicroRNA-21 was overexpressed
in MCF-7 cells, and one of the DNA strands was complemen-
tary to microRNA-21, so microRNA-21 will compete with the
double-stranded DNA of the nanoprobe, leading to the open
of double-stranded MB, the release of DOX from the double-
stranded DNA, and the recovery of fluorescence signal. The
photothermal effect of AuNRs under the irradiation of NIR
light, along with DOX chemotherapeutic performance, en-
dows the nanocomposite with both photothermotherapy and
chemotherapy, which can promote cell apoptosis and provide
an effective way for real-time monitoring of microRNA-21
content and treatment of tumor.

Experimental section
Preparation of AuNRs-DNA/FA

Firstly, 2 mg EDC was added into 500 pL of 9 mM FA and
stirred for 20 min, and then 0.1 mg NHS was added into the
mixture, and the mixture reacted for 1 h. The activated FA was
reacted with SH-PEG-NH, for 12 h, and the product was
filtered by dialysis (MWCO = 1000) for 24 h to obtain the
pure SH-PEG-FA. Finally, 10 uL SH-PEG-FA was reacted
with AuNRs-DNA for 12 h, and the pure AuNRs-DNA/FA
solution was obtained by centrifugation (10 min, 9000 rpm).

Preparation of AuNRs-DNA/FA: DOX

Ten microliters of 1 uM DOX was reacted with AuNRs-
DNA/FA at room temperature for 12 h, and the pure nano-
composite probe (AuNRs-DNA/FA: DOX) was obtained by
centrifugation (10 min, 9000 rpm) and washing.

AuNRs-DNA/FA: DOX for microRNA-21 detection

Ten microliters of AuNRs-DNA/FA: DOX nanoprobe was
incubated with different concentrations of microRNA-21
(8.0x107°,5.0x107>,2.5x107°, 1.0x 107>, 8.0x 107,
50x107°2.5%107°% 1.0x107° 5.0x1077, 1.0x 107,
50x10°% 1x107% 5%x107°, 1.0 x 10~ M) at room temper-
ature for 2 h, and the fluorescence intensity of the supernatant
was measured (A, =488 nm, A\, =595 nm).

Culture of MCF-7 and Hela cells

Firstly, the environment of culture was sterilized with ultravi-
olet lamp, then the culture medium of MCF-7 cells and HeLa
cells was poured out, and 0.5 mL trypsin was added to the two
bottles respectively to harvest the cells. After incubating for
2 min, it was observed that the shape of the cells became round
and shiny under microscope, and then 2 mL of the culture
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Scheme 1 A Schematic
illustration of synthesis of
AuNRs-DNA/FA: DOX and its
response to microRNA-21. B
Detection and treatment
mechanism of AuNRs-DNA/FA:
DOX in cell

media was added to the two bottles to quench the reaction.
Finally, the cells were dispersed in petri dishes for culture.

Cytotoxicity evaluation by CCK-8

The 96-well plate was disinfected with UV light, and then
10 uL PBS was added to the outermost hole of the plate
to prevent liquid volatilization. After that, 100 puL of har-
vested MCF-7 cells were added to the inner layer and
cultured in the incubator for 48 h. After the bottle wall
was covered by the cells, the culture medium in the inner
layer of the plate was changed, and 5 pL. AuNRs-DNA/
FA nanocomposites were added into three holes respec-
tively and incubated. After that, AuNRs-DNA/FA nano-
composites were added to the three holes every 1 h, 2 h,

4 h, 8 h, 12 h, 24 h, and 48 h, respectively. Finally, 10 uL
CCK-8 stain was added into each well, and the cell sur-
vival rate was measured by enzyme labeling instrument
after incubating for another 5 h.

Confocal fluorescence imaging after NIR irradiation

MCF-7 cells and HeLa cells were seeded into petri dishes
and incubated in CO, incubator for 48 h. The prepared 5 uL
nanoprobe was added to the petri dish and incubated for 2 h.
After being irradiated for 5 min with 808 nm pulse laser
(1000 mW), the fluorescence signals of the cells were ob-
served from 570 to 630 nm by confocal laser scanning mi-
croscope with the excitation wavelength of 488 nm.
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Transfection of Hela cells

The expression of microRNA-21 in HeLa cells was regulated
by cell transfection. First, 190 uL and 200 uL. DMEM were
added into two centrifuge tubes after treated with DEPC la-
beled A and B. Twelve microliters of RNATrans Mate was
added into tube A, and 2 uL microRNA-21 mimic (or
microRNA-21 inhibitor) (20 uM) was added into tube B,
respectively. Then tube A and B were mixed and incubated
at room temperature for 10 min to form a microRNA-21 mim-
ic (or microRNA-21 inhibitor)/RNATrans Mate complex.
After that, 100 uL microRNA-21 mimic (or microRNA-21
inhibitor)/RNATrans Mate complex was added to the petri
dish (containing 400 uL. DMEM) and incubated with HeLa
cell for 24 h at 37 °C to obtain the transfected HeLa cells.

Apoptosis analysis by flow cytometry

MCEF-7 cells were seeded into petri dishes and incubated for
48 h, and then AuNRs, AuNRs-DNA, AuNRs-DNA/FA,
and AuNRs-DNA/FA: DOX nanocomposites were added
to different petri dishes. In addition, the other two dishes
were treated with PBS and complex respectively and irradi-
ated with 808 nm pulse laser for 5 min (1000 mW). After
incubation for 2 h, 100 uL trypsin was added to the petri
dish respectively to harvest the cells. Then the cells were
washed with cold PBS, and finally the dispersed cells were
put into the 2-mL centrifuge tube. The collected cells were
centrifuged at 559 g for 2 min, and 5 puL. AnnxinV-FITC
and 5 pL. 7-AAD were added to the cells. After incubation
for 10 min, the cells were centrifuged at 559¢ for 2 min.
Finally, the cells were re-dispersed in the 0.5-mL centrifuge
tube, and the apoptosis rate was detected by flow cytometry.

B
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Results and discussion
Characterization of AuNRs and nanocomposites

AuNRs were prepared by the seed-mediated growth method
and were characterized by TEM image. It can be seen from
Fig. 1A that the nanomaterial showed regular rod-like struc-
ture and was dispersed in aqueous solution with CTAB as a
protective agent. TEM image of Fig. 1 A and Fig. S1A showed
that the aspect ratios of AuNRs are 3:17 and 3:10, respective-
ly. In addition, the absorption spectra of different nanoprobes
were determined by UV-vis spectrometer, revealing a strong
absorption in NIR region around 800 nm arising from AuNRs.
After DNA was connected to the surface of AuNRs, a new
absorption peak arose at 260 nm, which further proved that
double-stranded DNA has been successfully modified to the
surface of AuNRs. In order to realize the specific recognition
ability of nanoprobe to MCF-7 cells, FA was modified to the
surface of AuNRs-DNA, which could be confirmed by a new
absorption peak at 380 nm. After that, DOX was inserted into
the double-stranded DNA, and the related absorption peak of
DOX was observed at 480 nm, as shown in Fig. 1B.
Moreover, the surface charge of AuNRs, AuNRs-DNA,
AuNRs-DNA/FA, and AuNRs-DNA/FA: DOX was deter-
mined by zeta potential analysis, as shown in Fig. S1B. At
the beginning, AuNRs carried an amount of positive elec-
tricity because of the protection by CTAB, and the zeta
potential of surface became negative after being modified
by DNA. Then, AuNRs-DNA was connected with FA, and
the zeta potential increased gradually from —22.6 to
—26.7 mV because of the introduction of negative-charged
FA. Finally, DOX was inserted into double-stranded DNA,
and the nanoprobe has been successfully prepared, and the
zeta potential turned positive. The surface of cell membrane

AuNRs-DNA

AuNRs
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Fig.1 A TEM image of AuNRs (The scale bar is 100 pm). B UV-vis absorption spectra of AuNRs, AuNRs-DNA, AuNRs-DNA/FA, and functionalized

AuNRs-DNA/FA: DOX nanoprobe
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is known to carry an amount of negative electricity, which
can promote the uptake of nanoprobe by MCF-7 cells.

Optimization of pH conditions in vivo and in vitro

In order to improve the sensitivity of the nanocomposite for
the detection of microRNA-21, the pH condition of the reac-
tion was optimized. As shown in Fig. S4, the fluorescence
signal of the nanoprobe interacting with the microRNA-21
in different pH conditions in vitro was explored, including
pH value of 6, 6.5, 7, 7.3, 7.4, 7.5, 8, and 8.5. As shown in
Fig. S4, the fluorescence signal reached the maximum in PBS
of pH 7.4, whereas a higher or lower pH yielded the decreased
fluorescence value due to RNA decomposition. In addition,
the pH condition of the nanocomposite for the detection of
microRNA-21 in vivo was optimized by confocal microscopy
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Fig. 2 A Fluorescence spectra of DOX (red curve) and AuNRs-DNA/
FA: DOX in the presence (blue curve) or absence (black curve) of
microRNA-21. B Fluorescence spectra of DOX with different
concentrations of microRNA-21 (8.0x 107>, 5.0x 10>, 2.5x 1073,
1.0x107°, 8.0x 1076, 5.0x 107, 2.5x 1075, 1.0x 1075, 5.0 x 1077,

images, as shown in Fig. S5, and the maximum red fluores-
cence signal was obtained in PBS with a pH value of 7.4.

Detection of microRNA-21 in vitro

The prepared AuNRs-DNA/FA: DOX nanocomposite reacted
with microRNA-21 and the fluorescence spectra of free DOX
were measured for the purpose of verifying the feasibility of the
experimental scheme. As shown in Fig. 2A, the free DOX
showed a strong emission (red curve). After the connection of
AuNRs with DOX, the fluorescence of DOX was quenched
effectively by AuNRs due to Forster resonance energy transfer
(FRET, black curve). The binding strength of the double-
stranded DNA was weak, because there were three bases mis-
matched. When the nanoprobe was incubated with microRNA-
21, it will compete with the double-stranded DNA, leading to
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1.0x107,5.0x10°% 1x107%, 5% 107, 1.0 x 10~° M). C The relation-
ship curve of the fluorescence intensity at 595 nm versus the concentra-
tions of microRNA-21. D Fitting logarithmic curve of the relative fluo-
rescence intensity and the target microRNA-21 concentrations (1.0 x
10°,80%x107°50%x107%25%x10° 1.0x107° 50107 M)
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the release of DOX from the double-stranded DNA and the
recovery of its fluorescence (blue curve). The fluorescence sig-
nal of DOX was measured after the nanocomposite probes
were incubated with different concentrations of microRNA-
21 at 37 °C, as shown in Fig. 2B and C. DOX exhibited red
emission with a maximum fluorescence at 595 nm. With the
increase of microRNA-21 concentration, the fluorescence in-
tensity of DOX enhanced gradually. Additionally, there was a
good linearity within microRNA-21 concentration range of
1.0x 107 to 5.0 x 107 M (R*=0.9993), offering a limit of
detection as low as 2.11 nM according to the 3o/k (where o
is the standard deviation of the blank and % is the slope of the
calibration plot), as shown in Fig. 2D.

In the previous reports for microRNA-21 detection
methods, the materials showed limited biocompatibility and
stability. Moreover, the application scope of the detection can
only be confined to the solution due to the limitations of the
materials, besides the low level of microRNA-21 expression
in living cells. Therefore, it is still a challenge to achieve the
goal of rapid and sensitive detection for microRNA-21 in
living cells. In this work, AuNRs were used as the carrier,
and the modified PEG on the surface was to enhance the
biocompatibility. FA was used as the receptor to achieve the
targeted detection for microRNA-21 in MCF-7 cells.
Moreover, compared with traditional biosensors, this method
showed higher specificity. It can not only distinguish single
base mismatch, but also has higher selectivity for other organ-
ic compounds in serum (Table S1) [29-33]. In addition,
AuNRs showed a strong absorption in near-infrared (NIR)
region due to the excitation of surface plasmon resonance
(SPR) as descripted in Fig. 1B, so it can be used as a
photothermal agent for cancer imaging and treatment.

Selectivity of AuNRs-DNA/FA: DOX nanocomposite

For practical biosensors, specificity is very important to pre-
vent false positive or false negative signals. As shown in Fig.
S2A, in order to distinguish the miRNAs with single base
mutation, the prepared nanocomposites were reacted with
ST1 (1 mismatch base), ST2 (two mismatch bases), and ST3
(three mismatch bases). The results showed that when the
fluorescence signal of target microRNA-21 was defined as
100%, the relative fluorescence intensity of ST2 (two mis-
matched bases) and ST3 (three mismatched bases) was less
than 11%. Even if there was only one single base mismatch,
the relative fluorescence intensity of ST1 was below 24%. As
shown in Fig. S2B, the nanocomposites showed good fluo-
rescence response to target microRNA-21, and other RNA or
interference compound in serum triggered little response. It is
further confirmed that the probe has excellent selectivity,
which provides a reliable guarantee for cell imaging.
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Cytotoxicity assay of nano-drug carrier and
nanocomposites

To evaluate the cytotoxicity of AuNRs-DNA/FA nanoparti-
cles for MCF-7 cells and AuNRs-DNA/FA: DOX nanocom-
posites for normal cells (HEK 293 T cells), the survival rate
was determined by CCK-8 in this study. As shown in Fig. S3,
after incubation with 5 uL AuNRs-DNA/FA and AuNRs-
DNA/FA: DOX for 0 h, 2 h,4 h, 6 h, 8 h, 10 h, 12 h, 24 h,
and 48 h respectively, MCF-7 and HEK 293 T cells were
stained with CCK-8, respectively. After detection by enzyme
labeling instrument, the cell survival rate was calculated by
(Agest / Acontrol) X 100%. Learning from Fig. S3, the apoptosis
rate rose slightly with the increase of incubation time, and the
cell survival rate remained above 90% and 80% respectively
after being incubated for 48 h. This result indicated that the
nano-carrier exhibited good biocompatibility and low cyto-
toxicity, and AuNRs-DNA/FA: DOX composites have low
damage to normal cells due to the unique targeting.

Imaging and detection of microRNA-21 in living cells

In this study, MCF-7 cells with a high microRNA-21 expres-
sion level were utilized as the cell model, and HeL a cells with a
low microRNA-21 expression level were chosen as control.
AuNRs-DNA/FA: DOX nanoprobes were incubated with
MCF-7 cells and HeLa cells respectively at 37 °C for 2 h.
The fluorescence imaging of cancer cells was observed by laser
confocal microscope. As shown in Fig. 3, nanoprobe can spe-
cifically recognize MCF-7 cells because the surface of AuNRs-
DNA/FA: DOX nanoprobe was modified with FA. Therefore,
the uptake ability of MCF-7 cells for nanoprobe was much
higher than that of HeLa cells, leading to a stronger fluorescent
response in MCF-7 cells than that in HeLa cells.

In order to explore the drug release behavior of the
nanoprobe in vivo, the AuNRs-DNA/FA: DOX nanoprobe
was incubated with MCF-7 cells, and laser confocal micro-
scope imaging was applied to track the fluorescence response.
When the nanoprobe entered the cancer cell by endocytosis,
microRNA-21 could compete with the double-stranded DNA
with the release of red fluorescence signal. With the increase
of incubation time, more nanocomposites were absorbed by
cells with untied double-stranded DNA, leading to the gradual
increase in the amount of drug release and the stronger red
fluorescence signal, as shown in Fig. 4. In addition, under the
irradiation of 808 nm NIR pulse laser (1000 mW), AuNRs
could exert its intrinsic photothermal properties, which could
accelerate the accumulation of drugs in the nucleus and further
promote cell apoptosis.

MicroRNA-21 inhibitor is a single stranded RNA molecule,
and its sequence can be complementary to the base sequence of
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Fig. 3 Confocal microscopy images of MCF-7 cells and Hela cells after incubation with AuNRs-DNA/FA: DOX nanoprobes for 2 h
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Fig. 4 Time-dependent fluorescence images of MCF-7 cells after incubation with AuNRs-DNA/FA: DOX nanocomposites for 0.0, 2.0, 6.0, and 8.0 h,
respectively, and irradiation with 808 nm pulse laser for 5 min (1000 mW)
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Fig. 5 Confocal microscopy
images of HeLa cell incubated
with nanocomposites for 2 h after
pretreatment with microRNA-21
mimic and microRNA-21 inhibi-
tor, respectively
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+
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miRNA-21 in HeLa cells and reduce the concentration of
microRNA-21 in cells. On the contrary, microRNA-21 mimic
has the opposite effect, which can increase the concentration of
microRNA-21 in cells. As shown in Fig. 5, compared with the
untreated cells, the fluorescence signal of the cells treated with
microRNA-21 inhibitor was significantly decreased. On the

—=—PBS

—8— AuNRs

40 —A— AuNRs-DNA
—¥— AuNRs-DNA/FA
—&— AuNRs-DNA/FA:D

30

20

AT(C)

Time (min)

Fig.6 The photothermal effects of PBS, AuNRs, AuNRs-DNA, AuNRs-
DNA/FA, and AuNRs-DNA/FA: DOX with 808 nm pulse laser for 5 min
(1000 mW)
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contrary, the fluorescence signal of the cells treated with
microRNA-21 mimics was significantly enhanced.

Photothermal effects of different nanocomposites

To evaluate the photothermal effects of different nanocompos-
ites, PBS, AuNRs, AuNRs-DNA, AuNRs-DNA/FA, and
AuNRs-DNA/FA: DOX complex were irradiated by 808 nm
NIR laser, as shown in Fig. S3. The temperature of PBS was
hardly raised after being irradiated by laser lamp. However,
the temperature of AuNRs and its complex gradually went up
under the irradiation of laser lamp, which reached the maxi-
mum within 8 min. It can be seen from Fig. 6 that the temper-
ature of AuNRs and AuNRs DNA can reach 45 °C after being
irradiated with 808 nm pulse laser for 5 min, while the tem-
perature of AuNRs DNA/FA and AuNRs DNA/FA: DOX can
reach 52 °C after being irradiated. The main reasons for the
difference of photothermal effects of different composites are
as follows. On the one hand, the irradiated area by pulse laser
was uneven, and the photothermal effect was relatively poor
because of the lower dispersion and higher aggregation of
AuNRs or AuNRs-DNA. On the other hand, part of the
AuNRs can be dissolved at high temperature under irradiation
of laser, resulting in the decrease of photothermal effect. The
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Fig. 7 Analysis of cell apoptosis for MCF-7 cells upon treatment with
PBS solution (A), AuNRs (B), AuNRs-DNA (C), AuNRs-DNA/FA (D),

DOX (E), 808 nm pulse laser for 5 min (1000 mW) (F), AuNRs-DNA/

introduction of PEG with good biocompatibility can increase
the dispersion of AuNRs DNA/FA and AuNRs DNA/FA:
DOX, and the modification of PEG can effectively protect
AuNRs from the thermal decomposition, thus significantly

FA: DOX (G), and AuNRs-DNA/FA: DOX irradiated with 808 nm pulse
laser for 5 min (1000 mW) (H)

improving the photothermal effect. This high-efficiency
heating method can promote the permeability of the drug in
tumor tissue and blood circulation, achieving an improved
therapeutic effect ultimately.
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Fig. 8 Analysis of cell apoptosis for MCF-7 cells upon treatment with
PBS (A), AuNRs-DNA/FA: DOX nanoprobe for 1 (B), 2 (C), 6 (D), 12

(E), 24 (F), and 48 h (G), respectively. The apoptosis distribution

histogram of MCF-7 cells treated with AuNRs-DNA/FA: DOX
nanoprobe for different time (H)
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Apoptosis assay of different nanocomposites

Furthermore, the proapoptosis capability of nanocomposites
was explored. After incubation with AuNRs, AuNRs-DNA,
AuNRs-DNA/FA, free DOX, and AuNRs-DNA/FA: DOX
complex, respectively, MCF-7 cells were stained with apopto-
sis kit and analyzed by flow cytometry, as shown in Fig. 7.
The cells treated by PBS were taken as control. The apoptosis
ratio of AuNRs, AuNRs-DNA, and AuNRs-DNA/FA was
determined to be 15.45%, 16.03%, and 16.90%, respectively.
Compared with the blank group, the nano-drug carrier exhib-
ited lower cytotoxicity and favorable biocompatibility. The
apoptosis rates of free DOX and AuNRs-DNA/FA: DOX
nanoprobes were found to be 19.67% and 28.96%, respective-
ly, and AuNRs-DNA/FA: DOX nanocomposite showed a bet-
ter proapoptosis capability, which provided a reliable scheme
for biologically clinical diagnosis and treatment. In addition,
as shown in Fig. 7F, the AuNRs could exert its photothermal
effect after the cells were treated with AuNRs and irradiated
by 808 nm pulse laser for 5 min (1000 mW), with apoptosis
ratio determined to be 21.08%. After the incubation with
nanocomposites and irradiation with 808 nm pulse laser for
5 min (1000 mW), the cell apoptosis ratio was found to be
43.04% as shown in Fig. 7H, achieving the purpose of com-
bining photothermal therapy with chemotherapy.

It has been confirmed that the AuNRs-DNA/FA: DOX nano-
composite has a good therapeutic effect on MCF-7 cells by the
aforementioned experimental results. Thus, to evaluate the apo-
ptosis feasibility of the well-designed probe, MCF-7 cells were
cultured with AuNRs-DNA/FA: DOX for 1, 2, 6, 12, 24, and
48 h, respectively, and analyzed by Annex in V-FITC/7-AAD
double staining assay. As shown in Fig. 8, the apoptosis rate was
19.81% after 1 h culture, and the apoptosis rate rose significantly
with the increase of incubation time. When the nanoprobe was
incubated with cancer cells for 48 h, the apoptosis rate of ne-
crotic and late apoptotic areas gradually increased, and the apo-
ptosis rate could reach 33.46%. Meanwhile, there was a gradual
enhancement of the FITC-A fluorescence in MCF-7 cells upon
incubation time (Fig. S6).

From the above results, it is not difficult to see that
the designed nanocomposites showed effective detection
and therapeutic performance, but there are still some
shortcomings. First, the accurate determination of intra-
cellular microRNA-21 was not achieved. In the follow-
up study, we can introduce high quantum yield
fluorophores to build a ratiometric detection mode to
achieve quantitative analysis in cells. Second, the
photothermal properties of gold nanorods are limited,
so it is possible to design better photothermal materials
instead of AuNRs.

@ Springer

Conclusions

In this work, AuNRs-DNA/FA: DOX nanoprobe functional-
ized with microRNA-21-induced drug release capability was
designed as a biosensor platform for tumor-targeted therapy.
The specific recognition ability of FA can promote MCF-7
cells endocytosis of nano-drug carriers, and DOX can be effec-
tively released from double-stranded DNA. Hence, the cooper-
ative diagnosis and treatment of MCF-7 cells can be realized by
photothermotherapy and chemotherapy. This nanoprobe put
forward a feasible strategy for microRNA-21 determination
and target drug delivery with facile preparation and good bio-
compatibility, which is of significant importance in the field of
anti-tumor therapy and the diagnosis of human disease.
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