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ABSTRACT: Integration of cancer cell imaging and therapy is
critical to enhance the theranostic efficacy and prevent under- or
overtreatment. Here, a multifunctional gold nanoprobe is designed
for simultaneous miRNA-responsive fluorescence imaging and
therapeutic monitoring of cancer. By assembling with folic acid as
the targeted moiety and a dye-labeled molecular beacon (MB) as
the recognition element and signal switch, the gold nanoprobe is
folate receptor-targeted delivered into the cancer cells, and the
fluorescence is lighted with the unfolding of MB by intracellular
microRNA (miRNA), resulting in an efficient method for imaging
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and detecting nucleic acid. The average quantity of miRNA-21 is measured to be 1.68 pg in a single HeLa cell. Upon the near-
infrared irradiation at 808 nm, the real-time monitoring and assessing of photothermal therapeutic efficacy is achieved from the
further enhanced fluorescence of the dye-labeled MB, caused by the high photothermal transformation efficiency of the gold
nanocarrier to unwind the remaining folded MB and depart the dye from the nanocarrier. The fluorescence monitoring is also
feasible for applications in vivo. This work provides a simple but powerful protocol with great potential in cancer imaging,

therapy, and therapeutic monitoring.
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B INTRODUCTION

MicroRNAs (miRNAs), a class of small, noncoding, endoge-
nous RNAs (approximately 19—25 nucleotides),"”” have
essential functions in RNA silencing and post-transcriptional
regulation of gene expression.” ® The growing evidence
indicates that miRNAs have potential as diagnostic and
prognostic biomarkers,”® and their expression level is closely
related to some major human diseases.” Therefore, quantitative
detection and analysis of miRNAs expression are crucial to the
early diagnosis, diseases cure, and the optimization of gene
drugs correlated with miRNAs’ regulation mechanism. To date,
researchers have disclosed a number of methods,'™"* including
real-time polymerase chain reaction,"*™ "> Northern blot-
'917 and DNA microarrays,*™*' to face this challenge.””
Significantly, benefiting from the rapid development of
nanomaterials, several imaging methods were established for
intracellular miRNA.**~*” For example, a multifunctional SnO,
nanoprobe conjugated with a recognition gene and a cell-
targeting moiety is developed for specific detection of
intracellular miRNA in our group.”® Gold-nanobeacons are
designed for simultaneous an endogenous miRNA-21 silencing
and intracellular tracking of the silencing events.”” But little
research involved the integration of miRINAs-targeting imaging,
real-time therapy and therapeutic monitoring of cancer cells,
which is desirable and interesting in clinical diagnosis. To
achieve this goal, a multifunctional nanocarrier is significantly
needed.
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Noble metal nanostructures have received a great deal of
research interest in photothermal therapy, due to the good
biocompatibility, strong absorption in near-infrared (NIR)
region, and high photothermal conversion efficiency.”’”’' A
series of metal nanocages,32’33 hollow namospheres,34’3’5 nano-
rods,**™** and nanocomposites®”*’ are successfully applied as
efficient photothermal reagents in therapy and imaging of
For example, the peptide functionalized gold
nanorod probe was developed for visualization of matrix
metalloprotease activity and photothermal therapy of cancer.*®
A multifunctional Fe;O,—Au core—shell nanoparticle was
designed for constructing the magnetically targeted and NIR-
responsive theranostic platform.”” Unfortunately, the therapy in
the previous methods lacks direct feedback signal for evaluating
the therapeutic effectiveness. To address this issue, it is
desirable to develop an integrated platform in a single
nanocarrier for simultaneous cancer imaging, therapy, and in
situ therapeutic monitoring.

In this work, using gold nanorod (AuNR) as the model of
both nanocarrier and photothermal reagent inducing cell
apoptosis, a functionalized gold nanoprobe was designed for
in situ miRNA-responsive cancer cell imaging and therapeutical
monitoring (Scheme 1). The multifunctional Au nanoprobe
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Scheme 1. Schematic Illustration of in Situ Monitoring of
Intracellular MiRNA and Theranostic Efficacy with Au
Nanoprobe
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was assembled with fluorescein isothiocyanate (FITC)-labeled
molecular beacon (MB) as the signal and recognition elements
and folic acid (FA) as a target-specific moiety. The fluorescence
of the probe was initially quenched via energy transfer from
FITC to AuNR with transverse surface plasmon resonance
(SPR) absorption, which is defined as the “off’ state. Upon
endocytosis, the fluorescence of the nanoprobe was recovered
when the stem of MB was unfolded and the FITC dye was far
from the AuNR, due to the specifical recognition of MB to the
complementary sequence of intracellular miRNA-21, leading to
a sensitive way for cancer cell-specific imaging and fluorescent
detection of miRNA, therefore, the probe was in the “on” state.
After NIR irradiation, cell apoptosis was induced by the heat
from photothermal effect of AuNRs, and the fluorescence was
further enhanced because the remaining folded MB could be
unwinded into the single DNA in the condition of high
temperature.”” The further enhanced fluorescence signal
defined as “enhanced on” state. Therefore, the fluorescence
of the AuNR probe was a direct feedback of photothermal
effect induced by the NIR irradiation and offered an efficient
way for the monitoring the therapeutic efficiency in real time.

B EXPERIMENTAL SECTION

Materials and Reagents. Hexadecyltrimethylammonium bromide
(CTAB), chloroauric acid (HAuCl,-4H,0), silver nitrate (AgNOs),
sodium borohydride (NaBH,), and ascorbic acid were purchased from
Sinopharm Chemical Reagent Co., Ltd. (China). Dicyclohexylcarbo-
diimide (DCC), N-hydroxysuccinimide (NHS), folic acid (FA), tris(2-
carboxyethyl)phosphine(TCEP), and 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were purchased from Sigma-
Aldrich (St. Louis, MO). Lipofectamine 2000 (Lp2000) and serum-
free medium (Opti-MEM) were obtained from Invitrogen Corpo-
ration (Grand Island, NY). LysoTracker Deep Red was purchased
from Life Technologies (Grand Island, NY). HS-poly(ethylene glycol)
(PEG)-NH, (M.W. 5000) was obtained from JenKem Technology
Co. Ltd. (China). PE Annexin V apoptosis detection kit was purchased
from BD Biosciences (San Jose, CA). Phosphate buffer saline (PBS,
pH 7.4) contained 136.7 mM NaCl, 2.7 mM KCl, 8.72 mM Na,HPO,
and 1.41 mM KH,PO,. All other reagents were of analytical grade. All
aqueous solutions were prepared using ultrapure water (>18 MQ,
Milli-Q, Millipore). All RNA and DNA sequences were purchased
from Shanghai GenePharma Co. Ltd. and Sangon Biological

Engineering Technology Co., Ltd. (Shanghai, China), respectively.
The DNA and RNA sequences included

MB: 5'-HS-AAAAAAAAAATACTCGTCAACATCAGTC-
TGATAAGCTACG AGTA-FITC-3;

MiRNA-21:5'-UAGCUUAUCAGACUGAUGUUGA-3;

MiRNA-21 inhibitor: $-UCAACAUCAGUCUGAUAAGCUA-3’;

Single-base mismatched strand: 5-UAGCUUAUCAGACUGAU-
GUUCA-3;

Two-base mismatched strand: 5'-UAGCUUAUCAGACAGAUGU-
UCA-3;

Three-base mismatched strand: S’-UAACUUAUCAGACAGAUG-
UUCA-3".

The underlined letters represent the mismatched base.

Apparatus. The transmission electron microscopic (TEM) images
were obtained on a JEM-2100 transmission electron microscope
(JEOL Ltd., Japan). The UV-—vis-NIR absorption spectra were
obtained with a UV-3600 UV—vis-NIR spectrophotometer (Shimadzu
Co., Kyoto, Japan). Zeta potential analysis was performed on a
Zetasizer (Nano-Z, Malvern, UK). Raman spectra were recorded on a
Laser Confocal Micro-Raman Spectroscopy (Via-Reflex, Britain).
"HNMR spectra were recorded with a Bruker 500 MHz spectrometer.
Fluorescence spectra were recorded on a RF-5301PC spectrofluor-
ometer (Shimadzu, Japan). Laser scanning confocal microscopic
(LSCM) images were gained on a TCS SPS laser scanning confocal
microscope (Leica, Germany). Flow cytometric analysis was
performed on a Coulter FC-500 flow cytometer (Beckman Coulter,
Pasadena, CA). MTT assay was performed on a microplate reader
(680, Bio-Rad, Hercules, CA). Cell number was determined using a
Petroff-Hausser cell counter (Radnor, PA). The size distribution of
nanoparticles were evaluated by dynamic light scattering (DLS) using
a Brookheaven BI9000AT system (Brookheaven Instruments Corpo-
ration, Holtsville, NY).

Synthesis of AuNRs. AuNRs were synthes1zed according to a
typical seed-mediated growth method.*’ Briefly, gold seeds were
prepared by adding freshly prepared ice-cold sodium borohydride
(0.01 M, 3.6 mL) into a solution containing CTAB (0.2 M, 22.5 mL)
and HAuCl, (0.01 M, 1.5 mL), with the addition of 22.5 mL ultrapure
water and then stirring for S min. The resulting gold seed solution was
left for 3 h. Meanwhile, growth solution was prepared by mixing
CTAB (0.1 M, 240 mL), HAuCl, (0.01 M, 10.2 mL), AgNO; (0.01 M,
1.5 mL) and ascorbic acid (0.1 M, 1.62 mL). The AuNRs were finally
obtained after the seed solution (1.2 mL) was gently added into the
growth solution and left for 10 h.

Synthesis of MB Functionalized AuNRs. Before MB immobi-
lization, 0.1 mM MB was incubated with S mM TCEP in 50 mM Tris/
HCI (pH = 7.5) buffer for 1 h at room temperature to reduce S—S to
SH group. Then the prepared AuNR solution was centrifuged at 8000
rpm at 25 °C for S min twice to remove excess CTAB and
resuspended in 100 uL of ultrapure water. Then, 440 uL of tris-HCI
buffer, 50 uL of 10 uM HS-PEG-NH,, and 10 uL of 100 uM MB were
added to the AuNR solution and incubated for 24 h at room
temperature in the dark. The reaction solution was centrifuged at 8000
rpm for S min at 25 °C, and the obtained precipitate was washed twice
to remove the unbound MB and HS-PEG-NH, as the supernatant.
MB and HS-PEG-NH, could be immobilized onto AuNR surface via
the Au—S bond. The resulting MB functionalized AuNRs were
resuspended in ultrapure water for further experiments.

Preparation of Au Nanoprobe. NHS-FA was first synthesized
for the coupling of HS-PEG-NH, on the surface of MB-functionalized
AuNRs. Briefly, DCC (25 mg) and NHS (26 mg) were added to S mL
of dimethylsufoxide (DMSO) containing FA (S0 mg), and the
reaction mixture was stirred overnight in the presence of triethylamine
(30 uL) in the dark at room temperature. After filtration, the
supernatant was concentrated to precipitate NHS-FA in anhydrous
ether. NHS-FA as a yellow powder was obtained after the supernatant
was washed with anhydrous ether and dried under vacuum.***
Afterward, 1.0 mL of the MB-functionalized AuNR solution (OD;g;
= 0.4) reacted with 20 uL of NHS-FA (0.1 M, in DMSO) in the
condition of pH 11 for 15 min. The reaction solution was then
centrifuged at 8000 rpm for 5 min to get the precipitates. The obtained
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precipitates were washed twice with PBS and finally resuspended in
PBS as the AuNR probe for further use. The OD (optical density)
value of the AuNR probe at 787 nm used in this work was 0.4 unless
noted otherwise. Therefore, the concentration of the AuNR probe was
2.0 nM according to the OD value.*®

Gel Electrophoresis Experiments. The 12% native polyacryla-
mide gel electrophoresis (PAGE) was performed by using the buffer of
1 X tris-borate-EDTA (TBE). Then, a 14 uL DNA sample was mixed
with 3 yL 6 X loading buffer and 3 uL UltraPower dye to obtain the
loading sample. The loading sample was placed for 3 min for the
complete integration with DNA and applied onto the lane. The gel
was run at 90 V for 90 min in 1 X TBE buffer and then scanned using
a Molecular Imager Gel Doc XR (Bio-Rad, Hercules, CA).

Evaluation of the Amount of MB Loaded on AuNRs. The
loading amount of MB on the AuNRs was determined by fluorescence
measurement of the labeled dye. The fluorescence intensity of the
supernatant, containing free MB removed from the particle, was
converted to concentration of the corresponding MB with a standard
linear calibration curve. The standard curve was obtained with known
concentrations of MB. Finally, the average number of MB per particle
was obtained by dividing the subtracted concentration of MB by the
AuNR concentration.

In Vitro Detection of MiRNA-21. Twenty microliters (20 yL) of
AuNR probe (ODyg; . = 0.4) was incubated with different amounts
of miRNA-21 dissolved in diethy pyrocarbonate (DEPC) water (100
uL) at 37 °C for the designed times in DNA hybridization buffer (10
mM tris-HCl, pH = 7.5, and 50 mM NaCl), and the change of
fluorescence intensity was measured. The fluorescence spectra were
collected from S00 to 700 nm under an excitation at 490 nm.

Cell Culture. HeLa, A549 and HaCat cells were cultured in a flask
in Dulbecco’s modified Eagle’s medium (DMEM, Gibco), and MCF-7
cell lines were cultured in Roswell Park Memorial Institute (RPMI)-
1640 (Gibco), supplemented with 10% fetal calf serum (FCS, Gibco),
penicillin (100 ug mL™"), and streptomycin (100 g mL™") at 37 °C in
a humidified atmosphere containing 5% CO,.*" Cell numbers were
determined with a Petroff-Hausser cell counter (Radnor, PA).

Cytotoxicity Evaluation. MTT assay was used to estimate the
cytotoxicity of the nanoprobe, NIR irradiation, or both. Briefly, HeLa
cells (100 pL, 1.0 X 10°) were seeded in each well of 96-well plate
containing 200 4L DMEM for 24 h. After rinsing with PBS, HeLa cells
were incubated with 200 uL fresh culture media containing serial
concentrations of AuNR probe for 3 h, exposed to NIR irradiation for
different times, or both. As the control, the cells were incubated with
200 pL of culture medium without AuNR probe. Then, 20 yL of S mg
mL™" MTT solution in PBS was added to each well. After 4 h of
incubation, the medium containing unreacted MTT was removed
carefully, and 150 L DMSO was added to each well to dissolve the
produced blue formazan. After the cell plate was vibrated for 15 min,
the absorbance at a wavelength of 560 nm was measured with a
microplate reader. The cell viability (%) was then determined by
(Awest/Acontrol) X 100. The cytotoxicity of HaCat cells incubated with
AuNR probe and then exposed to NIR for different times was
evaluated by using the same procedure.

Colocalization Assay. For colocalization assay of the nanoprobe-
transfected HeLa cells, HeLa cells were seeded into 35 mm confocal
dishes (5 x 10*) and incubated for 12 h at 37 °C. After incubated with
AuNR probe for 3 h and washed with PBS, the cells were stained with
75 nM LysoTracker Deep Red for 15 min. The fluorescence of
LysoTracker Deep Red was collected from 660 to 720 nm with a 633
nm laser.

Detecion of Intracellular MiRNA-21. MiRNA mimic is a kind of
synthetic single-stranded RNA which can simulate the endogenous
miRNA-21 of mature cells in a high-level expression. Therefore, the
amount of intracellular miRNA can be measured with standard curve
extrapolation using miRNA-21 mimic.*® Different amounts of miRNA-
21 mimic in Lp2000 were delivered into the living cells for 6 h. The
quantity of miRNA-21 mimic internalized by the cells was calculated
by the absorbance change of the media at 260 nm. The treated cells in
35 mm confocal dish were then incubated with fresh 500 yL Opti-
MEM containing 20 4L AuNR probe for another 3 h, and then washed

with PBS to perform confocal imaging analysis or collected and
resuspended in binding buffer for flow cytometric analysis over FL1
channel. The inhibition experiment was carried out using the similar
method by mixing with 500 nM anti-miRNA and the miRNA-21
mimic to treat the cells for 6 h.

Confocal Fluorescence Imaging After NIR Irradiation. HeLa
cells were seeded in 35 mm confocal dishes at a density of 5 X 10* per
dish and incubated for 12 h at 37 °C. The medium was then replaced
with Opti-MEM containing 20 nM miRNA-21 mimic and incubated
with the living cells for 6 h. The mimic-transfected cells were then
treated with 20 uL of AuNR probe for another 3 h in Opti-MEM.
After being irradiated for different times and gently washed with PBS,
the fluorescence of cells was collected from S00 to 560 nm on a
confocal laser scanning microscope with the excitation wavelength of
488 nm.

Flow Cytometric Assay to Monitor Cell Apoptosis. Briefly,
HeLa cells (5.0 X 10°) were seeded in a 6-well plate for 12 h
containing 2 mL fresh DMEM in each well. These cells were
sequentially treated with miRNA-21 mimic for 6 h, AuNR probe for 3
h and then NIR irradiation for different times. The treated cells were
collected, stained with the mixture of 5.0 uL of Annexin V-PE and 5.0
uL of 7-amino-actinomycin D (7-AAD) for 15 min, and analyzed with
flow cytometry over FL2 (Annexin V-PE) and FL3 (7-AAD).

Animal Experiments. The animal operations meet the require-
ments of institutional animal use and care approved by the Model
Animal Research Center of Nanjing University. Specific pathogen-free
female 5—6 weeks-age BALB/c nude mice were purchased from
Shanghai Laboratory Animal Center, Chinese Academy of Sciences
and bred in an axenic environment. The HeLa tumor model was
established by subcutaneous injection of HeLa cells (1.0 X 10°) into
the selected position of the nude mice. During the experiment, mice
were anesthetized with 2.5% isoflurane in oxygen at a flow rate of 1.5L
min~". For time-dependent in vivo imaging, one HeLa tumor-bearing
mouse was intravenously injected with 100 uL AuNR probe via tail
vein, and imaging was conducted on a Maestro EX in vivo Imaging
System at 6, 12, 24, and 48 h postinjection. For the photothermal
therapy (PTT), the HeLa-tumor-bearing mice were intravenously
injected with 100 uL of 2.0 nM AuNR probe via tail vein and then
treated with NIR irradiation for 40 min 24 h postinjection, for
fluorescence imaging in vivo at different postirradiation times. To
acquire the images, 2.5% isoflurane in oxygen was delivered at a flow
rate of 1.5 L min~" to anesthetize the mice in the PTT process. In vivo
treatment outcome was studied by using a vernier to measure the
tumor volume after treatment. The greatest longitudinal diameter
(length) and the greatest transverse diameter (width) of each tumor
were determined using a vernier caliper, and the tumor volume was
calculated using length X width* x 0.5."% After the in vivo imaging, the
excised organs and tumor tissue were obtained from the euthanized
mice for ex vivo imaging.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Gold nanorods were
first synthesized according to the seed-mediated growth
method and were characterized by UV—vis spectra and TEM
image (Figure 1A). The prepared AuNRs showed an aspect
ratio of 3.8 with 11 nm in diameter and 42 nm in length, and a
longitudinal SPR at 787 nm. To prepare AuNR probe, HS-
poly(ethylene glycol) (PEG)-NH, was used to protect AuNRs
from aggregation (Figure S1) and bind N-hydroxysuccinimide
of FA (NHS-FA),* which was characterized by 'HNMR
spectra (Figure 1B). After functionalization with HS-PEG-NH,
and MB, the characteristic absorption at 260 nm for DNA was
observed in the UV—vis spectrum, while the binding of NHS-
FA to the PEG produced a characteristic absorption peak at
280 and 320 nm assigned to FA.>’ The surface profile of AuNR
did not change after the functionalization with PEG and MB
(Figure S2). The loading amount of MB on the AuNR surface
was determined to be 109 by using the fluorescence
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Figure 1. (A) UV—vis-NIR absorption spectra of (a) raw AuNRs, (b)
HS-PEG-NH, and MB functionalized AuNRs, and (c) AuNR probe;
(inset) TEM image of raw AuNRs. (B) '"HNMR spectra of FA and
NHS-FA. (C) Zeta potential and (D) Raman spectra of raw AuNRs
and AuNR probe.

measurement of the dye labeled to MB (Figure S3A), and the
loading amount of FA was calculated to be 121 via UV—vis
spectroscopy according to the similar procedure (Figure S3B).
What’s more, the Zeta potential of AuNR surface changed from
postive to negative with the functionalization of MB (Figure
1C). From Raman spectra, the raw AuNRs showed an Au—Br
peak at 181 cm™' due to the presence of CTAB, which shifted
to 262 cm™' for the Au—S bond (Figure 1D). These results
indicated that the Au nanoprobe was successfully synthesized
for the following assays.

In Vitro Fluorescent Response to MiRNA-21. Because
the emission of FITC overlapped with the transverse SPR
absorption of AuNRs, the probe fluorescence was quenched via
FRET (Figures S4 and SS). After incubating the mixture of the
probe and the miRNA-21 in DEPC water at 37 °C, the
fluorescence intensity was significantly enhanced at 517 nm,
which was caused by the hybridization of the target with MB to
unfold the hairpin, leading to the departure of FITC dye from
the AuNRs. At the optimal reaction time of 180 min (Figure
2A), the fluorescence intensity linearly increased with the
increasing concentration of miRNA-21 (Figure 2B). The
hybridization reaction could be confirmed by the PAGE
analysis (Figure 2C). Compared with individual MB and
miRNA-21 (lanes a and b), the two-component mixture
showed the band at shorter electrophoresis distance (lane c),
indicating the successful formation of MB-target complex. No
obvious band was observed when the MB was immobilized on
AuNR with or without the addition of miRNA (lanes d and e),
resulting from the big size of the AuNR, which hindered the
migration. With the specific biorecognition, the prepared probe
showed good selectivity to target miRNA against other base-
mismatched miRNAs (Figure 2D). The signal change of
perfectly complementary target was about 5.0 times of that for
single-base mismatched sequence and the response to two/
three-base mismatched strand was only 14.4 and 0.9% of that to
miRNA-21, respectively.

FR-Mediated Endocytosis of Au Nanoprobe. Before
intracellular usage, the cytotoxicity of AuNR probe was exactly
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Figure 2. (A) Time-dependent fluorescence response of AuNR probe
(ODyg7 ym = 0.4, 20 pL) to miRNA-21 at the concentration of 5 M at
517 nm. (B) Fluorescence response of AuNR probe to miRNA-21 at
the concentrations of (bottom to top) 0, 0.001, 0.05, 1, 2, 3, 4, and S
uM; (inset) calibration curve of logarithmic value of F — F, vs miRNA-
21 concentration, where F, and F are the fluorescence intensity of
AuNR probe without and with target miRNA after incubation for 180
min at 37 °C, respectively. (C) PAGE images of MB (a), miRNA-21
(b), MB + miRNA-21 (c), MB functionalized AuNRs (d) without and
(e) with the addition of miRNA-21. (D) Fluorescence response of
AuNR probe to the target miRNA (S M) and single/two/three-base
mismatched miRNAs (50 uM).

evaluated with the MTT assay. After HeLa cells were treated
with the probe from 0 to 50 4L for 3 h, the cells still exhibited a
high viability of ~96.1% (Figure 3A), suggesting that AuNR
probe possessed good biocompatibility. The 95.9% viability of
HelLa cells after treated with NIR irradiation for different times
indicated the low cytotoxicity of NIR irradiation in the absence
of AuNR probe (Figure 3B). Compared with HaCat normal
cells with negative expresstion of FA receptor (FR), the AuNR
probe transfected HeLa cells showed obvious cytotoxicity
under the NIR irradiation for different times (Figure 3C),
which could be attributed to the FR-targeted endocytosis of the
Au nanoprobe. Meanwhile, both the HeLa cells and HaCat
normal cells transfected by the nanoprobe without folic acid
showed high viability under the NIR irradiation (Figure S6). In
the absence of NIR irradiation, the cell viability of both HeLa
and HaCat cells could still maintain about 90% after being
incubated with Au nanoprobe for 48 h (Figure S7).

The targeted delivery of the AuNR probe into cancer cells by
the recognition to FA receptor overexpressed on cell
membrane was further comfirmed by confocal fluorescence
imaging experiments. The weak fluorescence of FITC could be
observed in MCF-7 and HeLa cells with high-expression of FA
receptor, while no change was observed in A549 cells with
negative FA receptor (Figure S8). For subcellular localization of
the probe, the confocal microscopic images were taken, which
showed that the spot of AuNR probe overlapped with the
lysosomal tracker, LysoTracker Deep Red (Figure S9),
indicating the AuNR probe could be delivered into lysosome
after internalization. By the leakage from lysosome due to the
damage in lysosomal membrane integrity, AuNR probe was
then released to the cytoplasm and delivered to mitochondria.*
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Figure 3. Viability of HeLa cells after (A) incubation with different
amounts of AuNR probe for 3 h, (B) NIR irradiation at 3 W cm™? for
different times, and (C) incubation with AuNR probe (20 yL) for 3 h
and then with NIR irradiation for different times compared with
HaCat normal cells.

Imaging and Detection of Intracellular MiRNA. For
quantitative detection of miRNA in living cells, HeLa cells were
first transfected with different amounts of miRNA-21 mimic for
6 h, and then incubated with AuNR probe for 3 h. As shown in
Figure 4B, the confocal microscopic images showed brighter
fluorescence with the increasing amount of miRNA-21 mimic
transfected into the cells. As a control, the miRNA-21 inhibitor
(anti-miRNA) pretreated HeLa cells displayed little fluores-
cence (Figure 4A), although the addition of the same amount
of miRNA-21 mimic, as in Figure 4B, demonstrated the specific
response of intracellular miRNA-21. The plot of fluorescence
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Figure 4. Confocal fluorescence and bright-field images of HeLa cells
transfected with different amounts of miRNA-21 pretreated (A) with
and (B) without anti-miRNA and then incubated with 20 uL. AuNR
probe for 3 h at 37 °C. Scale bars: 50 pm.

intensity versus the amount of miRNA-21 mimics transfected
into the cell showed a good linear relationship, I = 1.12
CinirNA mimic + 1.88, with a related coefficient of 0.998 (Figure
SA). The average quantity of miRNA-21 in a single HeLa cell
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Figure 5. Plots of mean FL intensities from (A) confocal imaging and

(B) flow cytometric analysis vs the quantity of intracellular miRNA-21.

could be calculated as 1.68 pg from the above linear regression
equation, which was in good aggrement of the relative report.”®
To further confirm the feasibility of the proposed method, we
conducted flow cytometric analysis to detect the miRNA. The
obtained linear regression equation was I = 1.87 CirNa mimic +
3.05 (R* = 0.998, Figure SB), and the average quantity of
miRNA-21 was 1.62 pg in single HeLa cell. It was 3.5% relative
deviation between the confocal and flow cytometric methods,
demonstrating good validation of the proposed nanoprobe.
Thus, the designed Au nanoprobe could be used for in situ
imaging and detection of intracellular miRNA.

Monitoring of Therapeutic Efficacy. Although the
fluorescence was lighted with the response of intracellular
miRNA, the enhanced fluorescence after NIR irradiation
further made it possible to directly assess therapeutic efficacy
using the Au nanoprobe. To verify this capability, we tracked
the confocal fluorescence imaging of AuNR probe transfected
HeLa cells under NIR irradiation for different times in the
response of intracellular miRNA. The fluorescence was
observed to become brighter with the deepened apoptosis
degree (Figure 6A), which was proved by the flow cytometric
analysis. The mean fluorescence intensity of the treated HeLa
cells obviously increased during the NIR irradiation, and the
cell apoptosis was aggravated with the assays of Annexin V-PE/
7-AAD kit (Figure 6B,C). This phenomenon should be
explained as that the remaining locked MB on the AuNR was
not stable with the increasiq% temperature caused by the
photothermal effect of AuNRs’" and unfolded into the single-
strand DNA, thus resulting in the FITC departure from AuNRs
and then a further enhanced fluorescence. As control, the
fluorescence intensity increase induced from only NIR
irradiation was proved both in vitro and in living cells (Figure
S10 and Figure 7). Therefore, the probe fluorescence greatly
depended on the cell apoptosis induced by AuNRs-mediated
therapy. In vitro fluorescence measurement demonstrated the
similar signal changes of the designed Au nanoprobe after
sequential responding by miRNA-21 and treatment with NIR
irradiation (Figure 7). These results indicated that the
functionalized Au nanoprobe not only had the potential for
in situ detection of intracellular miRNA but also could be used
for real-time monitoring the therapeutic efficacy of targeted-
cancer cell, providing a novel tool to evaluate the therapeutic
responses.

Monitoring of Therapeutic Efficacy in Living Mouse.
The nanoprobe was applied to monitor the therapeutic effect in
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Figure 6. (A) Confocal fluorescence and bright-field images, (B) flow
cytometric detection and (C) flow cytometric analysis using apoptosis
kit with the dual fluorescence of Annexin V-PE/7-AAD of HeLa cells
sequentially treated with 20 nM miRNA-21 mimic for 6 h, AuNR
probe (20 uL) for 3 h, and NIR irradiation for different times. Scale
bars: 50 pm.
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Figure 7. Fluorescence intensities of (a) AuNR probe (ODyg; o =
0.4), (b) AuNR probe incubated with miRNA-21 at 37 °C for 180
min, AuNR probe incubated (c) without and (d) with miRNA-21 at
37 °C for 180 min and then NIR irradiation for 10 min.

living mice via real-time NIR irradiation. Usually, the
autofluorescence of melanin and hemoglobin in vivo has a
great effect on the fluorescence of FITC at 500—550 nm.
However, the autofluorescence can be greatly reduced when
excited at the NIR wavelength for cyanine-5.5 (CyS.S).
Therefore, FITC dye was replaced with CyS.5 to label MB in
this experiment. The HeLa tumor was subcutaneously
implanted on the flank of the nude mice. The tumor-bearing
mice were then intravenously injected with AuNR probe for
time-dependent imaging. By the determination of DLS and
Zeta potential, the AuNR probe showed well stability in blood
for 72 h, due to the presence of PEG components (Figure
S11).>> 53 The accumulation of the probe was observed to be
highly efficient in the tumor at 24 h postinjection (Figure 8A).
Then, the mice were irradiated with an 808 nm NIR laser for 40
min to perform the photothermal therapy. The efficacy of
AuNR-mediated therapy could be assessed by monitoring the
fluorescence change using in vivo imaging, which showed that
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Figure 8. Time-dependent in vivo fluorescence images of subcuta-
neous HeLa tumor-bearing mouse after injected with AuNR probe (A)
without and (B) with laser irradiation for 40 min. (C) Ex vivo
fluorescence image of organs and cancer tissue 24 h postirradiation
from HeLa tumor-bearing mouse treated with 24 h postinjection of
AuNR probe. (D) Change of tumor volume after treatment with 24-h
postinjection of AuNR probe and then with or without NIR irradiation
for 40 min.

the fluorescence increased gradually after 6, 12, and 24 h
postirradiation (Figure 8B), while no obvious change was
displayed from the mouse 24 h postinjection of the AuNR
probe in the absence of irradiation. The evaluation of excised
tissues further demonstrated that the strong fluorescence
occurred in the cancer tissue compared with the other organs
including heart and lung (Figure 8C), indicating that the MB
was unfolded by the photothermal effect. Meanwhile, the
fluorescence in the liver was ascribed to the low accumulation
of AuNR,** and the fluorescence in intestine originated from
the food for specially feeding the nude mice. The therapeutic
efficacy was also reflected by the tumor volume measurement
for 15 days after treatment (Figure 8D). Both the nanoprobe-
and NIR irradiation-treated mice showed significantly reduced
tumor volume, while the ones injected with the AuNR probe in
the absence of irradiation had rapidly promoted volume. In
addition, no noticeable abnormality was observed in the H&E
stained organ slices from untreated healthy mice and treated
mice with the probe injection taken 15 days after photothermal
therapy (Figure S12), demonstrating the negligible side effects
of Au nanoprobe in vivo. Overall, the designed Au nanoprobe
has the capability of monitoring the therapeutic efficiency with
fluorescence signal in vivo.

H CONCLUSION

This work designs a multifunctional Au nanoprobe for
simultaneous miRNA-responsive cell imaging and therapeutic
efficacy monitoring. The nanoprobe possesses good solubility,
good biocompatibility, targeted delivery, specificity to intra-
cellular miRNA, and high photothermal conversion efficiency.
After FA receptor-mediated endocytosis, the quenched probe
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fluorescence is recovered due to the unfolding of MB
recognized by intracellular miRNA for cancer-cell imaging,
leading to an in situ quantitative method. Furthermore, the
enhanced fluorescence upon the NIR irradiation can be used as
a direct tool to evaluate the photothermal therapeutic efficacy
with AuNRs, which is also successfully applied in vivo. The
proposed strategy not only develops a promising miRNA
quantification and imaging method but also provides an
integrated platform with the functions of cancer detection,
therapy, and therapeutic monitoring for biomedical research
and clinical diagnosis.
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