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ABSTRACT: A novel drug-delivery vehicle for mitochondria-
targeted chemo-photothermal therapy was demonstrated. A
cytochrome c-specific binding aptamer was employed to make
the mesoporous silica-encapsulated gold nanorods efhiciently
accumulate in the mitochondria of cancer cells. This nanocarrier
can load various hydrophobic therapeutic agents acting on
mitochondria to enhance the therapeutic efficiency and simulta-
neously depress the toxic side effects. In addition, near-IR
treatment could induce cytochrome c¢ release and initiation of the
mitochondrial pathway of apoptosis. Importantly, this multifunc-
tional platform could integrate targeting, light-triggered release, and

-

b %
°o. &

chemo-photothermal therapy into one system. We hope that such a system could open the door to the fabrication of a
multifunctional mitochondria-targeted drug-delivery vehicle for cancer therapy.
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1. INTRODUCTION

The advent of advanced molecular biology technology has
conferred a deeper understanding of the mechanisms of
diseases, which leads to the rational design of drugs working
on specific sites within cells.' The molecular targets of many
drugs are related to certain organelles inside mammalian cells. If
drugs could be delivered specifically to the organelle of
interests, such as anticancer drug doxorubicin to the nucleus or
paclitaxel to the mitochondria, their therapeutic effect could be
greatly enhanced.”™* However, it is insufficient to ensure the
maximum utilization of drugs just by means of simple diffusion
and random interaction. Therefore, organelle-targeted drug-
delivery systems (DDSs) are highly desired because of the fact
that they can improve the therapeutic efficiency and
simultaneously depress the toxic side effects. Recently,
mitochondria-targeted nanocarriers have attracted much
attention because of the progressive evidence that mitochon-
drial dysfunction is responsible for a number of diseases
including neurodegenerative and neuromuscular diseases,
obesity and diabetes, ischemia-reperfusion injury, and cancer.>®
Mitochondria exert vital functions in physiological and
pathological scenarios as well as energy production, which is
essential for the survival of eukaryotic cells.” On the other hand,
mitochondria are decisive regulators of the intrinsic pathway of
apoptosis, which is regarded as the major mode of cell death in
cancer therapy.® Because mitochondria play a pivotal role in cell
death, a strategy based on mitochondria-targeted treatment
represents a promising approach for cancer therapy. For
instance, single-walled carbon nanotubes and bacterial magnetic
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nanoparticles were used to target mitochondria for cancer
photothermal therapy.”'® When exposed to a 980-nm laser
energy or external magnetic field, cells would receive an
apoptotic stimulus, leading to mitochondrial depolarization,
cytochrome ¢ (Cyt c) release, and caspase activation. Also,
surface modification of drug-loaded liposomes with various
mitochondriotropic ligands, such as lipophilic cations, mito-
chondria-targeting signal peptides, and mitochondrial protein
import machinery, showed significant improvement in drug
action."'™'® However, to the best of our knowledge, no study
has yet been reported about the construction of a
mitochondria-targeted light-triggered drug-delivery vehicle
combining both chemotherapy and photothermal therapy.'®~>*

Herein, for the first time, we report an efficient
mitochondria-targeted drug carrier based on aptamer-con-
jugated mesoporous silica-encapsulated gold nanorods
(AuMPs) for chemo-photothermal therapy. Aptamers are
single-stranded oligonucleotides that can act like antibodies
and bind a wide array of biological targets with high affinity and
specificity. With numerous advantages over antibodies,
aptamers are easy to synthesize, are nonimmunogenic, and
can be modified to resist denaturation and biodegraldation.23
Within the past few years, numerous studies have combined
aptamer with nanomaterials and realized highly selective and
efficient drug delivery.”*">® Previously, Lau et al. reported a
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Figure 1. (a) Schematic illustration of the structure of the polyvalent aptamer-functionalized mesoporous silica-encapsulated AuMP-based
nanocarriers and the targeted delivery of drug to the mitochondria of cancer cells. (b) Schematic illustration of the polyvalent modification procedure
of the aptamer to the surface of AuMPs. (c) SEM and (d) TEM images of AuMPs. (e) UV/vis—NIR absorbance spectra of gold rods, AuMPs, and a

AuMPs—Cyt ¢ aptamer aqueous solution.

DNA aptamer that showed high specificity to Cyt ¢ through
systematic _evolution of ligands by exponential enrichment
(SELEX).*” Cyt ¢ is normally bound to the inner mitochondrial
membrane by anionic phospholipid cardiolipin. We envisioned
that, by taking the advantages of AuMPs and aptamers, the
nanocarriers could target and deliver drug molecules directly
into mitochondria of cancer cells. In addition, when a cell
received an apoptotic stimulus from the heat produced by
AuMPs under near-IR (NIR) light, Cyt ¢ could be released into
cytosol and it would trigger initiation of the mitochondrial
pathway of apoptosis. The combination of mitochondria-
targeted chemotherapy and photothermal therapy could
improve the tumoricidal efficiency relative to the employment
of each approach independently. Furthermore, NIR light could
also stimulate drug release and enable the tunable release of the
drug acting on mitochondria.

2. EXPERIMENTAL SECTION

2.1. Reagents and Materials. Tetrachloroauric acid (HAuCl,),
tetraethyl orthosilicate (TEOS), (3-aminopropyl)triethoxysilane
(APTES), sodium borohydride (NaBH,), ascorbic acid, silver nitrate
(AgNO;), and rotenone were obtained from Sigma-Aldrich.
Cetyltrimethylammonium bromide (CTAB) and fluorescein isothio-
cyanate (FITC) were purchased from Alfa Aesar. All of the chemicals
were used as received without further purification. Nanopure water
(18.2 M€2) was used in all experiments. Cyt c-specific binding aptamer
used in this article was synthesized by Sangon Biotechnology
(Shanghai, China). The sequence is designed as follows: S-CCG
TGT CTG GGG CCG ACC GGC GCATTG GGT ACGTTGTTG
CTT TTT TTT-thiol-3'.

2.2. Preparation of AuMPs. First, HAuCl, (0.5 mM, 1.0 mL) and
CTAB (0.2 M, 1.0 mL) were mixed together. Then, 0.12 mL of an ice-
cold NaBH, aqueous solution (0.01 M) was added. A brownish-yellow
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solution was obtained as a seed solution kept at 25 °C at least 2 h
before use. Next, CTAB (0.2 M, 100 mL), AgNO; (4 mM, 5.6 mL),
HAuCl, (23 mM, 6.5 mL), and H,0 (95 mL) were mixed together,
and ascorbic acid (0.08 M, 2.5 mL) was successively added to obtain a
growth solution. Finally, 1.8 mL of the seed solution was mixed with
the growth solution, and the solution was kept at room temperature
for at least 6 h.

2.3. Preparation of Mesoporous Silica Coated AuMPs. The
as-synthesized AuMPs were washed by centrifugation (75 mL aliquots
at a time, 12000 rpm for 25 min). The residue was diluted to SO mL by
adding water. Then, NaOH (0.1 M, 500 yL) was added to adjust the
pH of the solution. Following this step, three injections of 20% TEOS
in methanol (150 uL) were added every 30 min, and the mixture was
kept stirring for 6 h. CTAB was removed by refluxing in acidic
methanol. To get amino-modified particles, 10 4L of APTES in 100 L
of methanol was added under stirring for another 5 h. As for
fluorescein-labeled AuMPs, 1 mg of FITC was first reacted with 22 uL
of APTES in 1 mL of ethanol for 2 h in the dark, and then 100 yL was
added to the AuMP solution.

2.4. Cyt c-Specific Binding DNA Aptamer Conjugation. A
heterobifunctional cross-linking reagent, N-(y-maleimidobutyryloxy)-
succinimide, was employed to functionalize AuMPs with aptamer.
AuMPs (3 mg) were first suspended in a solution of a phosphate-
buffered saline (PBS) buffer (100 mM PBS, 150 mM NaCl, pH 7.3)
and N,N-dimethylformamide (DMF) (7:3) containing N-(y-
maleimidobutyryloxy)succinimide for 1 h. The resulting particles
were centrifuged and washed with DMF twice. Before functionaliza-
tion of the aptamer, we first incubated DNA (100 xM, 100 L) with
S0 puL of tris (2-carboxyethyl) phosphine (TCEP) to obtain free
sulfhydryl groups. Then, the aptamer was mixed with maleimide-
modified AuMPs in a PBS buffer (100 mM, 1 M NaCl, pH 7.3), and
the solution was stirred at room temperature for 24 h. Finally, the
nanoparticles were centrifuged and washed with a PBS buffer. All of
the supernatant was collected for UV/vis absorbance measurement.
Through calculation of the difference of absorbance at 260 nm
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between the DNA solution before and after reaction, the DNA
immobilization efficiency was determined as 3 ymol/g AuMPs.

2.5. Drug-Loading and -Release Experiments. The AuMP
nanoparticles (1 mg/mL) were incubated in dimethyl sulfoxide
(DMSO) of rotenone (1 mg/mL) for 24 h followed by centrifugation
and repeated washing with DMSO to remove the physisorption of
rotenone. The washing solutions were collected, and the loading
efficiency was calculated from the difference of the initial and final
drugs. Rotenone-loaded AuMPs were then conjugated with aptamers
as in the method mentioned above. Drug-release experiments were
conducted as follows: a drug-loaded AuMPs—Cyt ¢ aptamer complex
was placed in a cuvette, and 10% ethanol was added. An excitation
laser of 808 nm was exposed to excite the release of the drug. The
absorption at 299 nm in the supernatant was determined for
monitoring the release of the drug.

2.6. Apparatus and Characterizations. Fourier transform
infrared (FT-IR) analyses were performed on a Bruker Vertex 70
FT-IR spectrometer. Scanning electron microscopy (SEM) images
were recorded on a Hitachi S-4800 field-emission scanning electron
microscope. Transmission electron microscopy (TEM) images were
obtained with a FEI TECNAI G2 20 high-resolution transmission
electron microscope operating at 200 kV. N, adsorption-desorption
isotherms were recorded on a Micromeritics ASAP 2020M automated
sorption analyzer. The specific surface areas were calculated from
adsorption data in the low-pressure range using the Brunauer—
Emmett—Teller model, and the pore size was determined following
the Barrett—Joyner—Halenda method. Absorption spectra were
measured on a Jasco V-550 UV/vis spectrometer. A continuous-
wave diode laser (LSR808NL-2000) with a wavelength of 808 nm was
used for the laser irradiation experiment.

2.7. Cell Culture. HeLa cells, human cervical cancer, were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% (v/
v) fetal bovine serum at 37 °C in a humidified atmosphere containing
5% (v/v) CO,.

2.8. Cell Viability Assay. In vitro cytotoxicity was assessed by
using 3-(4,5-dimethylthiazol-2-yl)-2,S-diphenyltetrazolium bromide
(MTT) reduction assays. In a typical procedure, about 3000 cells
were plated in 96-well plates for 24 h to allow the cells to attach and
then incubated with nanoparticles. After incubation for 4 h, every well
was washed two times with PBS. Fresh DMEM was then added to the
wells. After NIR laser irradiation, the cells were incubated for 24 h. At
the end of the incubation time, a MTT solution (S mg/mL) was added
to each well and the mixture was incubated for another 4 h. Finally, the
incubation solution was removed, and DMSO (100 uL) was added.
The absorbance of MTT was determined with Bio-Rad model 680
microplate reader at 490 nm (corrected for background absorbance at
630 nm).

2.9. Fluorescence Microscopy. HeLa cells were plated in 24-well
culture plates. After 24 h, FITC—AuMPs and FITC—AuMPs—Cyt ¢
aptamer complexes (S0 ug/mL) were added to the cells, and the
mixture was incubated for 2 or 4 h. After 2 times of washing with PBS,
MitoTracker Red CMXRos (Invitrogen, USA) or LysoTracker
(Invitrogen, USA) was used for staining for 15 min. The cells were
then washed twice with PBS, and pictures were taken with an Olympus
digital camera.

3. RESULTS AND DISCUSSION

As shown in Figure la, we first synthesized AuMPs and
subsquuently coated the nanoparticles with a mesoporous silica
layer.”®*™** To functionalize the AuMPs with Cyt ¢ aptamer,
AuMPs were modified with amine groups through reaction
with APTES (Figure 1b). The amine-modified AuMPs were
then reacted with a heterobifunctional cross-linking reagent to
obtain maleimide-terminated AuMPs. A AuMPs—Cyt ¢ aptamer
complex was finally synthesized through conjugation between
maleimide-terminated AuMPs with a 3-thiol-modified aptamer.
SEM and TEM showed that the AuMPs were homogeneously
and individually coated by a mesoporous silica shell (Figure
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lc,d). The silica shell was estimated to have a homogeneous
thickness of ~20 nm and was composed of disordered
mesopores, offering an opportunity for AuMPs to be employed
as a general drug carrier (Figure S1 in the Supporting
Information, SI). The successful conjugation of aptamer onto
AuMPs was proved by a decrease of absorbance of DNA (260
nm) in the supernatant (Figure S2 in the SI), which was also
verified by the appearance of the characteristic asymmetric
stretching mode of the imidyl group (1733 cm™) and the
amide vibrations (1570 cm™') (Figure S3 in the SI). The
optical properties of gold rods, AuMPs, and AuMPs—Cyt ¢
aptamer were studied by UV/vis spectra (Figure le). All
spectra possessed two absorption bands. The band at 510 nm
corresponded to a transverse plasmon resonance, and the other
at around 800 nm represented a longitudinal plasmon
resonance. To demonstrate the potential of a AuMPs—Cyt ¢
aptamer complex for photothermal cancer therapy, we carried
out a control experiment by exposing aqueous solutions of
AuMPs—Cyt ¢ aptamer to NIR laser irradiation at 808 nm with
different power densities. As shown in Figure S4 in the SI, the
temperature increased monotonically with the radiant energy,
indicating that the nanocarrier could be irradiated by the NIR
light, which could potentially provide deep-tissue penetration
with high spatial precision.

To evidence the decisive role of the conjugated Cyt ¢
aptamer in the mitochondria localization, fluorescein isothio-
cyanate was attached to AuMPs to make the NPs have
bioimaging functionality. Then, AuMPs and a AuMPs—Cyt ¢
aptamer complex were incubated with HeLa cells for 4 h, and
its subcellular locations were observed. As shown in Figure 2,
AuMPs that were not functionalized with the Cyt ¢ aptamer
randomly distributed inside the cells, with no particular
mitochondrial localization. In contrast, most of the internalized
AuMPs—Cyt ¢ aptamer complex was colocalized with
mitochondria (yellow color), indicating that the internalized
AuMPs—Cyt ¢ aptamer complex was effectively and specifically

+aptamer -aptamer

Figure 2. Specific targeting of the FITC—AuMPs—Cyt ¢ aptamer
complex to mitochondria inside HeLa cells. The mitochondria of the
cells were stained with Mitotracker Red CMXRos. Scale bar equals 50

pum.
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targeted to the mitochondria. It can be concluded that the Cyt ¢
aptamer was an indispensable medium for interacting with Cyt
¢ and realizing mitochondria targeting. We also incubated
nanoparticles with cells with 1 and 4 h, followed by incubating
with red fluorescent lysotracker to stain the lysosomal
compartments. As shown in Figure 3, the fluorescence of
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Figure 3. Spatial distributions of AuMPs and the AuMPs—Cyt ¢
aptamer in HeLa cells. Cells were incubated with nanoparticles (a) for
1 h and (b) for 4 h. Lysosomes were stained by Lysotracker Red. Scale
bar equals 50 pm.

both AuMPs and the AuMPs—Cyt ¢ aptamer complex was
colocalized with lysotracker within 1 h, whereas after 4 h of
incubation, nanoparticles were found to be escaping from the
lysosome. These observations could be explained based on the
surface charge reversal that negatively nanoparticles undergo
because of the transfer of protons from the bulk solution to the
surface of the nanoparticles under acidic conditions, better
known as the “proton sponge effect”.>**> Combined with
Figures 2 and 3, we concluded that the AuMPs—Cyt ¢ aptamer
complex was first taken up in cells and translocated into
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lysosome, and then the nanoparticles escaped from lysosome.
Through the binding action between Cyt ¢ and aptamer, the
nanoparticles were finally accumulated at the mitochondria.
As a direct test of mitochondria-targeted drug delivery of the
AuMPs—Cyt ¢ aptamer, rotenone, a specific inhibitor of
mitochondrial electron transport complex I, was chosen as a
proof-of-principle drug in this study. Rotenone could induce
apoptosis although the generation of reactive oxygen species as
well as the activation of c-jun N-terminal kinase and p38
mitogen-activated protein kinases.’® The drug loading was
accomplished by soaking the AuMPs—Cyt ¢ aptamer in a
solution of 1 mg/mL rotenone of DMSO. The loading
percentage by weight of rotenone in the AuMPs—Cyt ¢
aptamer was calculated to be 7.3%. Next, we investigated the
release kinetics of the rotenone-loaded AuMPs—Cyt ¢ aptamer
(Rot@AuMPs—Cyt ¢ aptamer). It should be mentioned that
the photothermal effect of AuMPs that we employed here
played two vital roles. First, the stimulus of heat made Cyt ¢
release into the cytosol from the mitochondria, and it triggered
programmed cell death through apoptosis, which can be used
for cancer therapy. Second, this photothermal effect could also
stimulate drug release. As shown in Figure 4, a control
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Figure 4. Rotenone release profile in the Rot@AuMPs—Cyt ¢ aptamer
complex with and without laser irradiation (808 nm, 2 W/ cm?, 10
min).

experiment was first carried out to display that the model drug
did not exhibit a significant release. However, an obvious
increase in the amount of drug release was observed after NIR
irradiation, and the drug molecules in the pores exactly
followed the signal switching from burst to slow release for each
operation. The release of the drug was due to the absorption of
NIR irradiation, which quickly heated the nanoparticles,
resulting in acceleration of desorption and release of the
rotenone hosted on the nanoparticle pores. At the same time,
the heating of the surrounding fluid decreases its viscosity,
favoring diffusion of the drug away from the nanoshells.
However, the second NIR irradiation could only cause 7% drug
release, while the first irradiation led to nearly 17% drug release.
We speculated that this phenomenon was caused by the low
photostability of AuMPs. That is, the NIR absorbance peak of
the AuMPs would diminish after a period of laser irradiation
due to the “melting effect”. As a result, the photothermal
conversion efficiency would decrease, which leads to a
decreased drug release upon the second irradiation. The
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Figure S. (A) Cytotoxicity assays of HeLa cells treated with AuMPs, the AuMPs—Cyt ¢ aptamer, the Rot@AuMPs—Cyt ¢ aptamer and those upon
808-nm laser irradiation with a power density of 1.5 W/cm? for $ min. (B) Fluorescence microscopy images of HeLa cells incubated with (a) AuMPs
with NIR irradiation, (b) the AuMPs—Cyt ¢ aptamer with NIR irradiation, (c) the Rot@AuMPs—Cyt ¢ aptamer without NIR irradiation, and (d) the
Rot@AuMPs—Cyt ¢ aptamer with NIR irradiation. Viable cells were stained green with calcein AM, and dead cells were stained red with PI.

above indicated that the AuMPs—Cyt ¢ aptamer complex was
one kind of effective NIR laser-triggered drug-release vehicle.
To demonstrate enhancement of the anticancer efficiency of
the Rot@AuMPs—Cyt ¢ aptamer DDSs, the cytotoxicity of the
carriers was first measured by in vitro MTT assay (Figure SS in
the SI). The cell viability of HeLa cells remained above 80%
when they were treated with AuMPs up to a concentration of
500 pg/mL for 24 h. This is consistent with the previous
finding that silica is not intrinsically toxic. In this study, we
chose a low power density of the laser to avoid killing cancer
cells directly through the hyperthermic effect. As shown in
Figure SA, no obvious cytotoxicity was observed when cells
were incubated with AuMPs in the presence of NIR irradiation.
However, the viability of cells treated with the mitochondria-
targeted AuMPs—Cyt ¢ aptamer complex reduced significantly
under the condition of NIR irradiation. This phenomenon may
be attributed to the direct mitochondrial damage in the
presence of thermally sensitive AuMPs—Cyt ¢ aptamer. A
previous study has confirmed that death was induced by cell
apoptosis through detection of Cyt ¢ release and subsequent
caspase 3 activation.” In the presence of laser irradiation, the
photothermal convention materials could efliciently convert the
laser energy into heat and selectively destroy mitochondria,
inducing mitochondrial depolarization, Cyt ¢ release, and
initiation of the mitochondrial pathway of apoptosis to activate
caspase. After loading of the drug, the Rot@AuMPs—Cyt ¢
aptamer exhibited low toxicity due to the leakage of a slight
amount of rotenone from the pores. After NIR irradiation, the
cell viability decreased significantly. This was lower than
chemotherapy or photothermal therapy alone, suggesting that
chemo-photothermal therapy of the rotenone-loaded AuMPs—
Cyt ¢ aptamer complex demonstrated a synergistic effect.
Moreover, rotenone could be released fast from the carriers
after NIR laser irradiation, which meant that the NIR light
acted as a trigger to induce the release of drugs and cause
subsequent cell damage. This synergistic effect was further
confirmed by Live-Dead assay. As shown in Figure SB,
compared with chemo- and photothermal treatment alone,
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the combined treatment yielded higher cytotoxicity. Besides,
targeting the chemotherapeutic drugs toward the mitochondria
of cancer cells showed an enhanced therapeutic effect, which
could lower the cytotoxic drug dosage requirements.
Furthermore, because light could be manipulated precisely,
the AuMPs—Cyt ¢ aptamer complex provided a platform to
deliver anticancer agents with exact control of the area, time,
and dosage.

4. CONCLUSIONS

In conclusion, a novel drug-delivery vehicle for mitochondria-
targeted chemo-photothermal therapy was demonstrated for
the first time. A Cyt c-specific binding aptamer was employed
to make the AuMPs efficiently accumulate in the mitochondria
of cancer cells. This nanocarrier can load various hydrophobic
therapeutic agents acting on mitochondria to enhance the
therapeutic efficiency and simultaneously depress the toxic side
effects. In addition, NIR treatment could induce Cyt c release
and initiation of the mitochondrial pathway of apoptosis.
Importantly, this multifunctional platform could integrate
targeting, light-triggered release, and chemo-photothermal
therapy into one system. We hope that such DDSs could
open the door for the fabrication of a multifunctional
mitochondria-targeted drug-delivery platform for cancer
therapy.
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N, adsorption—desorption isotherms, UV/vis and FT-IR
spectra, plots of temperature increase, cell viability, chemical
structure, and a standard linear calibration curve of rotenone.
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