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ABSTRACT: Near-infrared light is an attractive stimulus due to its noninvasive and deep tissue penetration. Particularly, NIR
light is utilized for cancer thermotherapy and on-demand release of drugs by the disruption of the delivery carriers. Here we have
prepared a novel NIR-responsive DNA-hybrid-gated nanocarrier based on mesoporous silica-coated Cu, ¢S nanoparticles. Cu, gS
nanoparticles, possessing high photothermal conversion efficiency under a 980 nm laser, were chosen as photothermal agents.
The mesoporous silica structure could be used for drug storage/delivery and modified with aptamer-modified GC-rich DNA-
helix as gatekeepers, drug vectors, and targeting ligand. Simultaneously, the as-produced photothermal effect caused denaturation
of DNA double strands, which triggered the drug release of the DNA-helix-loaded hydrophilic drug doxorubicin and mesopore-
loaded hydrophobic drug curcumin, resulting in a synergistic therapeutic effect. The Cu,sS@mSiO, nanocomposites
endocytosed by cancer cells through the aptamer-mediated mode are able to generate rational release of doxorubicin/curcumin
under NIR irradiation, strongly enhancing the synergistic growth-inhibitory effect of curcumin against doxorubicin in MCEF-7
cells, which is associated with a strong mitochondrial-mediated cell apoptosis progression. The underlying mechanism of
apoptosis showed a strong synergistic inhibitory effect both on the expression of Bcl-2, Bcl-xL, Mcl-1, and upregulated caspase 3/
9 activity and on the expression level of Bak and Bax. Therefore, Cu, {S@mSiO, with efficient synergistic therapeutic efficiency is

a potential multifunctional cancer therapy nanoplatform.
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B INTRODUCTION

The advancement of nanomedicine is currently focused on
amplifying in vivo stability and pharmacokinetics of formula-
tions in an effort to enhance drug delivery.” However,
traditional cancer chemotherapy accompanied by side effects
to the patient and multidrug resistance (MDR) play a
significant role in hampering therapeutic efficacy and could
result in undesirably low penetration.”’ Specifically, most
chemotherapeutic drugs have to be used at maximum tolerated
dose (MTD) to gain a clinical meaningful therapeutic efficacy.”
Therefore, an ideal solution to improve the therapeutic index of
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anticancer drugs would both reduce the minimum effect dose
(MED) and raise MTD. The application of combination
therapy can be achieved through nanoparticle codelivery of an
antitumor drug along with a sensitizer."”™” The synergistic
action between two drugs can improve treatment response and
minimize the development of resistance or adverse events.’
Therefore, nanoparticle formulations, which are able to carry
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Scheme 1. Synthetic Process, Anticancer Drug Loading, and Possible Receptor-Mediated Endocytosis Pathway of the Targeting
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and deliver various drugs with different physicochemical
properties while processing stimulus-responsive and targeting-
delivery capability, are highly desired.

Curcumin (Cur), a dietary polyphenol constituent, inhibits
tumor cell growth through decreasing the expression level of
nuclear factor-kappaB (NF«kB), ATP-binding cassette (ABC)
drug transporters, and antioncogenes, e.g, Bcl-2 and Bdl-
xL.”~"* Recent studies have shown that Cur also synergizes the
therapeutic potential of doxorubicin (Dox) coencapsulated in
poly(butyl cyanoacrylate) nanoparticles (PBCA NPs), reversing
MDR through decreasing the expression level of P-
glycoproteins in MCE-7/ADR cells.'” While Cur cannot be
effectively used in clinical application due to the low water
solubility and poor bioavailability, its hydrophobicity can be
utilized to facilitate the encapsulation of Cur into mesoporous
silica nanoparticles (MSNs).' "7 Consequently, combination
therapy of both Cur and Dox can employ synergy between the
two drugs for enhancing antitumor efficacy. However, current
efforts on encapsulating Cur and Dox into mesopores of MSNs
are severely limited owing to some main problems associated
with burst drug release and different polarities of drug
molecules.

Previously, various drug delivery carriers based on MSNs
have been fabricated on the basis of their mesoporous structure,
large surface area and pore volume, high loading capacity,
functionalization at their outer and/or inner surface, and
tunability of their pore geometry.'® Furthermore, MSNs are
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effective carriers for achieving “zero” premature release of drugs
and obtaining high local concentrations of the drug at the target
site by employing nanoparticles, supramolecular assemblies,
polymer multilayers, DNA, or proteins as gatekeepers.'”™ >’
Especially, DNA double strands, which contain sequential GC
base pairs, provide loading sites for Dox.”* By changing the
number of GC base pairs, Dox-loading can be exactly
adjusted.” Apart from serving as a Dox-loading scaffold, one
thiolated DNA strand (denoted as anchor strand) is capable of
anchoring to the surface of nanocomposites, and the
complementary strand (denoted as targeting strand) is
preconjugated with an aptamer for targeting delivery and zero
premature release. Therefore, an aptamer-modified guanine-
rich DNA segment can be utilized as a drug carrier for a
combination of multidrug526 or drug/gene to give rise to a
synergistic effect.””

Besides the above advantages, researchers are exploring the
possibility of integrating NIR light, which is highly attractive
due to high detection sensitivity, increased image contrast,
decreased damage to live cells, and deep tissue penetra-
tion,”* ™" in controlled drug-delivery systems. The combination
of synergistic chemotherapy, on-demand drug release, and
targeting delivery would obtain optimal therapeutic effect in
cancer therapy. For example, Yuan et al.’* have fabricated sgc8-
guided, G-quadruplex DNA-conjugated, photosensitizer-loaded
upconversion nanoparticles, which integrates the beneficial
features of the DNA aptamer and NIR light to develop an
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intelligent cancer-specific imaging and NIR-triggered photo-
dynamic therapy (PDT) nanoplatform. Another method for
fabricating targeted NIR-stimulus nanoparticles requires
copper-based photothermal materials including copper sulfide*
and copper selenide’® as NIR light-to-heat transducers for
denaturing the DNA double stands under NIR light irradiation
and triggering the release of loaded drugs at the target site for
combination therapy. Most notably, DNA hybridization on
silica-coated nanocomposite surfaces enhances the solubility of
nanoparticles due to the amphiphilic nature.”> Besides, the
aptamer can be utilized as a “gatekeeper” to protect the
premature release of loaded drug.”

Herein we report the design and construction of NIR-
responsive controlled release systems for two kinds of
anticancer drugs by using mesoporous silica-coated Cu, ¢S as
nanovehicles. Through covalent conjugation on the surface of
Cu, S@mSiO, (denoted as NC), GC-rich DNA-helix and
AS1411 could make it possible to load an anticancer drug and
target the tumor cell. The synthetic process for T-DNA(Dox)—
NC—Cur nanocomposites is summarized in Scheme 1. T-
DNA(Dox)—NC—Cur can recognize the tumor cells and
penetrate the cell membrane through the receptor-mediated
endocytosis pathway. Upon being irradiated with 980 nm laser
light, the hybrid nanoplatform T-DNA(Dox)—NC—Cur can
release Cur and Dox simultaneously for multiple anticancer
therapy, such as combination therapy and targeting delivery.
The biocompatibility, drug loading and release, synergistic
effects, and apoptotic molecular mechanism for the MCE-7
cells in vitro were investigated in detail.

B EXPERIMENTAL SECTION

Materials. Oleylamine (OM, 70%), oleic acid (OA, technical grade,
90%), Cur, 3-(4,5-dimethylthiazol-2-yl)-2,S-diphenyltetrazolium bro-
mide (MTT), and l-octadecene (ODE, 90%) were purchased from
Sigma-Aldrich. Sulfur (99.98%), copper(I) chloride (CuCl, 97%),
cetyltrimethylammonium bromide (CTAB, >99%), tetraethylorthosi-
licate (TEOS), sodium hydroxide (NaOH, reagent grade, >98%), and
ammonium nitrate (NH,NO;, >99.0%) were obtained from Beijing
Fine Chemical Reagent Company (China). Doxorubicin hydro-
chloride was purchased from Nanjing Duodian Chemical Limited
Company (China). Dulbecco’s Modified Eagle Medium (DMEM) and
FBS were purchased from GIBCO-BRL (Grand Island, NY). Annexin-
V—FITC Apoptosis Detection Kit and Caspase Activity Assay Kit were
purchased from Bestbio Co. (Shanghai, China). PVDF membrane was
purchased from Millipore Co. (Billerica, MA). Antibodies against Pro-
caspase-3, Pro-caspase-8, Pro-caspase-9, PARP, Bcl-2, Bcl-xL, Mcl-1,
Bax, Bak, apaf-1, cytochrome ¢, p-actin, and HRP-labeled goat
antimouse IgG were obtained from Santa Cruz Biotechnology (Santa
Cruz, CA). Unless specified, all the analytical grade chemical reagents
were used as received without additional purification.

General Procedure for Preparation of Cu; gS@mSiO, Nano-
particles. First, Cu, ¢S nanoparticles were fabricated according to a
previously published protocol with some modifications.®” Briefly, 0.5 g
of CuCl was mixed with 4 mL of OM and S mL of OA, heated to 130
°C, and cooled to room temperature under a nitrogen atmosphere,
resulting in the formation of copper precursor. Then 0.16 g of sulfur
powder and 40 mL of ODE were added to a three-necked bottle that
was connected to a standard Schlenk line. Afterward, when the liquid
was heated to 200 °C, copper precursor was injected rapidly into the
bottle. The as-obtained black colloidal solution was cooled to 60 °C
after 30 min and precipitated with ethanol followed by centrifugation.
The resultant Cu,; ¢S nanoparticles were dissolved in chloroform for
further experiments.

Next, surfactant-assisted sol—gel methodology was used to
synthesize Cu, sS@mSiO, nanocomposites in which the mesoporous
silica shell was coated directly onto a single Cu,gS nanoparticle. A

chloroform solution containing Cu, ¢S nanoparticles (about 10 mg)
was dispersed into a solution of CTAB (0.1 g) in H,O (30 mL) and
sonicated to evaporate the organic solvent, affording CTAB-stabilized
Cu, ¢S water solution. Then 3 mL of ethanol and 150 uL of NaOH (2
M) were introduced into the above solution. The sample was
magnetically stirred and heated to 70 °C before dropwise addition of
150 uL of TEOS. After 2 h of reaction, the as-obtained materials were
centrifuged and washed with ethanol. Finally, the surfactant CTAB was
removed in NH,NO;/ethanol via an ion exchange method so as to
obtain Cu, {S@mSiO, nancvcompc»sites.38

In Vivo Photothermal Imaging of Cu,;sS@mSiO, Nano-
particles. A 100 pL amount of CugS@mSiO, (400 ug/mL) or
saline was injected into the subcutaneous tissues of mice bearing H22
tumors, respectively. At different times, the thermal imaging was
recorded by a R300SR-HD infrared camera (NEC) with 980 nm laser
irradiation at a power density of 1 W cm™.

Measurement of Photothermal Performance. For determining
the temperature change owing to the photothermal conversion of as-
obtained Cu,S@mSiO, core/shell nanocomposites, 980 nm NIR
laser light was delivered through a quartz cuvette containing an
aqueous dispersion (0.3 mL) of different Cu, ;S@mSiO, core/shell
nanocomposite concentrations (ie, 0, 0.0625, 0.125, 0.25, 0.5 mg
mL™!). The light source was an external adjustable 980 nm
semiconductor laser device (0—0.3 W) with a S mm diameter laser
module (Xi'an Tours Radium Hirsh Laser Technology Co. Ltd.
China). The output power was independently calibrated using a hand-
held optical power meter and was found to be ~1 W cm™2. A thermal
couple with an accuracy of +0.1 °C was inserted into the aqueous
dispersion perpendicular to the path of the laser. The temperature
change was measured one time per 30 s.

Preparation of APTES-Conjugated Mesoporous Cu, S@
mSiO, Nanospheres. To conjugate the amino functional groups
on the mesoporous Cu,gS@mSiO, nanospheres, 20 mg of silica-
coated copper sulfide sample obtained above was suspended in
anhydrous ethanol. After that, a freshly prepared solution of APTES
(44% w/v) in the desired solvent was added into the sample
suspension and the final volume of the suspension was adjusted to 15
mL. Then 15 mL of suspension was refluxed at 80 °C for 12 h under
magnetic stirring. After the reaction was finished, the resultant
suspension was centrifuged at 12000 rpm for 15 min and the
precipitate was collected. The operation of dispersion and
centrifugation was repeated for three cycles. Finally, the resulting
precipitate was redispersed into 20 mL of anhydrous ethanol by
sonication treatment. Successful amino modification on the surface of
Cu, ¢S@mSiO, was confirmed by FT-IR and XPS.

Preparation of T-DNA(Dox)-NC—Cur, Drug Storage, and
NIR-Responsive Drug Release in Vitro. The drug Cur was
dissolved in EtOH. Then 10 mg of mesoporous APTES—Cu,S@
mSiO, nanocompsite was dispersed in S mL of (3 mg mL™") Cur
solution and stirred at room temperature under dark conditions for
several days. The resultant products were washed quickly three times
with EtOH to remove the physically absorbed Cur residue on the
surface and collected by centrifugation.

The thiol-anchor strand was coupled to the APTES—Cu,S@
mSiO, NCs through Sulfo-SMCC. Excess Sulfo-SMCC (4 mg) was
added to a solution mixture of buffer 1 and DMF (7:3 v/v), and then
APTES—Cu, S@mSiO, NCs were suspended in this solution for
several hours. The resultant samples were collected through
centrifugation and extensively washed with DMF and buffer 1 three
times. The functionalization of the the thiol-anchor strand was
performed by mixing excess anchor strand (15 nM) with the
maleimide-modified NCs in conjugation buffer 2 and shaking at
room temperature overnight. The particle was recovered by
centrifugation and washed with the conjugation buffer. To calculate
the conjugation efficiency, all the washing solutions were collected and
measured at 260 nm wavelength absorbance using a UV—vis
spectrophotometer. After that, targeting strands were incubated with
ONT-NC to yield T-DNA—NCs. Two milliliters of T-DNA—-NC—
Cur sample (5 mg mL™") was mixed with 2 mL of Dox aqueous
solution (1 mg mL™") and stirred for 24 h under dark conditions. The
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Figure 1. TEM image of Cu, ¢S nanoparticles (a) and Cu, iS@mSiO, nanospheres (b). The temperature variation of aqueous solution containing
Cu, sS@mSiO, nanospheres as a function of irradiation time at various concentrations (0, 0.0625, 0.125, 0.25, and 0.5 mg mL™") upon irradiation
with a NIR laser (980 nm, 1 W em™2) (c). In vivo infrared thermal imaging of the tumor-bearing Balb/c mice treated with and without the Cu, S@

mSiO, nanospheres after a 980 nm laser irradiation for 180 s (d).

Dox-loaded sample was collected by centrifugation and denoted as T-
DNA(Dox)—NC—Cur. Then T-DNA(Dox)—NC—Cur samples were
immersed in 2 mL of pH = 7.4 phosphoric acidic buffer solution (PBS)
and irradiated with a 980 nm semiconductor laser device for 5 min at
37 °C with gentle shaking. At predetermined time intervals, samples
were subjected to centrifugation, followed by replacing the supernatant
with 2 mL of fresh PBS. The amount of released Cur and Dox was
analyzed with a UV—vis spectrophotometer at a wavelength of 340 and
480 nm, respectively. To calculate the drug-loading rate, the
supernatant and washing liquid were collected and the residual drug
content (RD) was obtained by UV—vis measurement at different
wavelengths. The loading rate of drugs can be calculated as follows:
[(OD — RD)/OD] X 100%, in which OD is the original drug content.

Cell Viability Assays. Cells were seeded into 96-well plates at
5000 cells/well. After culture for 24 h, the cells were treated either
with DMSO alone, different doses of Cur (1.5625—400 uM) dissolved
in DMSO, different doses of Dox (0.000001—100 uM) dissolved in
DMSO, Cur alone, Dox (i, 0.001, 0.01, 0.1 uM)—Cur (i.e, 3.125,
625, 12.5 yM) combination, NIR irradiation, NCs, T-DNA(Dox)—
NC—-Cur, or T-DNA(Dox)—NC—Cur plus NIR irradiation for 24 h,
followed by adding S mg mL™" MTT solution (20 uL/well). After 4 h
of incubation, the media containing MTT was removed and 150 L of
DMSO was added into each well to dissolve the formazan crystals. The
absorbance was measured at 490 or 570 nm absorbance wavelength
with a microplate reader.

Intracellular ROS Detection. A cell-permeable dye of fluorogenic
substrate 2,7-dichlorofluorescein diacetate (DCFH-DA), which could
be oxidized to the highly fluorescent dichlorofluorescein (DCF) by
ROS, was chosen to detect the intracellular generation of ROS. After a
6 h incubation of MCF-7 and HEK-293 cells in the dark with T-
DNA(Dox)—NC—Cur, noninternalization NCs were rinsed with PBS,
and the fresh culture media containing DCFH-DA (20 uM) were
added for another 1 h incubation in the dark. The MCF-7 and HEK-
293 cells were then irradiated with a 980 nm NIR laser at a power
density of 1 W cm™ for § min. Then the irradiated cells were collected
by trypsinization, redispersed in PBS after washing three times, and
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filtered through 35 mm nylon mesh to form a single cell suspension.
The intracellular ROS level was analyzed using the FacsCalibur flow
cytometer, where the gate was arbitrarily set for the detection of green
fluorescent DCF. The excitation wavelength and emission wavelength
were 485 and 525 nm, respectively.

Mitochondrial Membrane Potential (AW,,) Detection Using
JC-1. As the hallmark for cellular apoptosis, the mitochondrial
membrane potential (MMP, AY¥_) was measured using JC-1
(fluorescent cationic dye, 5,5’,6,6"-tetrachloro-1,1’,3,3'-tetraethylben-
zimidazolyl-carbocyanine iodide) by detecting a switch from red to
green fluorescence. After NIR-triggered treatment and further 3 h
incubation, MCEF-7 cells (1 X 10°) grown on a 35 mm dish were
washed twice with PBS and incubated with JC-1 dye in serum-free
medium for 20 min at 37 °C. Subsequently, treated cells were rinsed
with cold JC-1 buffer solution two times and incubated in fresh
medium, and the percentage of low AW, cells was evaluated by flow
cytometry. JC-1-stained MCF-7 cells were dispersed in PBS and
analyzed using a FacsCalibur cytometer to assess the percentage of low
AWY,, cells. The FL-1 channel (X-axis) represents the green
fluorescence intensity of JC-1 monomers), and the FL-2 channel
was used to detect the red fluorescence of JC-1 aggregates. The Q,
region consists of the low AW, cell population.

Caspase Activity Assay. Caspase-3, caspase-8, and caspase-9
activation was measured by caspase activity kits according to the
manufacturer’s protocols. Briefly, after 2 h incubation with T-
DNA(Dox)-NC—Cur (250 pg mL™') at 37 °C in the dark, the
cells were irradiated with a 980 nm laser device for S min three times
(5 min break after S min irradiation) and then were incubated for
further 24 h at 37 °C in the dark. Subsequently, the cells were scraped
with a rubber policeman and collected by centrifugation at 10 000g at 4
°C in PBS (0.01 M, pH 7.4). The cell pellet was mixed with 100 uL of
lysis buffer. The resulting sample was centrifuged at 10 000g, 4 °C, 10
min, and the supernatant was incubated with the supplied reaction
buffer, which contained dithiothreitol and substrates, at 37 °C. The
change in caspase activity was then determined at 405 nm wavelength
using a microplate reader.
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Apoptotic Assay. MCF-7 cells were incubated with T-DNA-
(Dox)—NC—Cur for 3 h at 37 °C in the dark and then irradiated with
a 980 nm laser device for 5 min three times (S min break after S min
irradiation). After NIR-triggered treatment of T-DNA(Dox)—NC—
Cur, MCE-7 cells were incubated for further 24 h at 37 °C in the dark.
Then cells were harvested and washed twice with cold PBS (0.01 M,
pH = 7.4). For annexin-V—FITC apoptosis detection, the cells (1 X
10°) were rinsed with PBS (0.01 M, pH = 7.4) and then were
incubated with binding buffer, containing annexin-V—FITC and PI for
15 min at room temperature in the dark. Next, the cells were analyzed
with flow cytometry (BD FACSCalibur). All experiments were
performed in triplicate.

Cytosol/Mitochondria Fractionation. After NIR-triggered com-
binatory therapy, MCF-7 cells were harvested and then fractionated
using Cytosol/Mitochondria Fractionation Kit according to the
supplier’s recommendations. Briefly, the cells were redispersed in a
lysis buffer (20 mmol L' 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES, pH = 7.5), 1.5 mmol L™ MgCl,, 10 mmol L™
KCl, 1 mmol L™ ethylenediaminetetraacetic acid, 1 mmol L™
ethylene glycoltetraacetic acid, 1 mmol-L™" dithiothreitol, 0.1 mmol
L™ phenylmethylsulfonyl fluoride, and 250 mmol L™ sucrose) and
stirred with a microhomogenizer. The homogenates were collected
through S00g centrifugation for 10 min at 4 °C, and the resulting
supernatants were further centrifuged at 10 000g for 15 min at 4 °C.
The remaining supernatant was the cytosol fraction, and the
precipitation was mitochondrial protein.

Total Protein Extraction. At the end of NIR-triggered
combinatory treatment, both adherent and floating MCEF-7 cells
were harvested, washed twice with cold PBS, and then disrupted in
lysis buffer (50 mmol L™* Tris, pH = 8.0, 150 mmol L™ NaCl, 0.1%
SDS, 1% NP40, 0.5% sodium deoxycholate, 1% Cocktail, and 1 mmol
L™' PMSF) on ice for 30 min. After centrifugation of the cell debris at
10000g for 10 min, protein content was determined via Bradford
assay.

Western Blotting Analysis. Protein samples (40 ug) were
separated by 12% sodium dodecyl sulfate—polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a PVDF membrane
for 2 h at 60 V. The transferred membranes were blocked for 1 h in 5%
nonfat milk at room temperature and incubated with different primary
antibodies (dilution ratio: 1:500) overnight at 4 °C, following by
washing and incubating with horseradish peroxidase-conjugated
secondary antibodies (dilution ratio: 1:2000) for 2 h at room
temperature. The immunoreactive bands were visualized using
detection reagents containing PCA and luminol.

B RESULTS AND DISCUSSION

Fabrication and Characterization of Cu,S@mSiO,
Nanospheres. The synthetic procedure for Cu,S@mSiO,
can be divided into three steps. First, oleic acid-stabilized Cu, ¢S
nanoparticles were synthesized. Subsequently, the hydrophobic
Cu, ¢S nanoparticles were transferred into an aqueous phase by
utilizing surfactant CTAB. The CTAB-stabilized Cu,gS nano-
particles were coated with mesoporous silica shells through
sol—gel reaction, forming Cu,S@mSiO, core—shell nano-
composites. The removal of surfactant CTAB formed
mesoporous silica nanospheres embedded with single Cu, S
nanoparticle.

The XRD pattern of as-obtained hydrophobic Cu,S is
shown in Figure S1 (Supporting Information). Several obvious
diffraction peaks such as (0, 0, 15), (1, 0, 7), (1, 0, 10), (0, 1,
20), and (1, 1, 15) can be clearly seen, which can be ascribed to
pure rhombohedral phase Cu;gS (JCPDS 47-1748). A
representative TEM image (Figure la) reveals that the
hydrophobic Cu, ¢S nanoparticles have well-defined shape
and uniform size (about 17 nm), which tend to form
superlattice structure by self-assembly fashion on the TEM
grid. As presented in Figure S2 (Supporting Information), the

size distribution of Cu, ¢S nanoparticles is in the range of 15—
21 nm and the mean size is 17.58 nm, which is consistent with
our results. Then after mesoporous silica coating, core—shell
structured Cu;¢S@mSiO, nanospheres were achieved. As
shown in Figure 1b, a single Cu;4S core was encapsulated
homogeneously by the mesoporous silica shell and the
disordered mesopores. The composite nanospheres have
uniform diameter of about 58 nm, in which the thickness of
the mesoporous silica shell is about 20 nm.

We further investigated the photothermal effect of Cu,S@
mSiO, nanospheres under 980 nm NIR light irradiation. Figure
S3 (Supporting Information) shows the UV—vis—NIR
absorption spectrum of an aqueous solution containing
Cu, sS@mSiO, nanospheres (0.5 mg mL™'). It was found
that the nanospheres showed a strong and broad NIR
absorption band extending well beyond 1100 cm™’, which
suffers from localized surface plasma resonances of the vacancy-
doped Cu,¢S core.”” This suggests the potential of Cu,S@
mSiO, nanospheres as a kind of efficient NIR absorbing agent
for photothermal conversion.”” Upon irradiation with a NIR
laser (980 nm, 1 W cm™2) of an aqueous solution containing
Cu, sS@mSiO, nanospheres at various concentrations (0,
0.0625, 0.125, 0.25, and 0.5 mg mL™!), temperature changes
were observed (Figure 1c). An obvious effect of concentration-
dependent temperature elevation was clearly seen. That is, at a
concentration of 0.0625 mg mL™}, the NIR light over a period
of 300 s induced a temperature increase of Cu,gS@mSiO,
nanospheres from 19.3 °C to 40.8 °C. In comparison, the
temperature of the aqueous solution without Cu,S@mSiO,
nanospheres increased to only 29.5 °C. With an increase in
concentration, the magnitude of temperature elevation
increased gradually (Figure S4, Supporting Information). The
solution temperature can reach as high as 60.2 °C with a
concentration of 0.5 mg mL™'. Moreover, we measured the
shape of nanoparticles after the irradiation for S min three times
(5 min break after 5 min irradiation) with a 980 nm laser (1 W
cm™?). From the TEM image, it can be found that the shape of
the sample has no obvious change (Figure SS, Supporting
Information). This indicates that the laser irradiation has no
influence on the stability of Cu,; ¢S nanoparticles. Besides, we
investigated the in vivo photothermal image of tumor-bearing
Balb/c mice treated with and without the Cu,S@mSiO,
nanospheres after a 980 nm laser irradiation for 180 s (Figure
1d). After the injection of Cu,;sS@mSiO, nanospheres, the
surface temperature of the tumor sites irradiated with the NIR
laser (1 W cm™2) rose swiftly to about 55 °C. In the control
experiment, the local temperature of the tumor increased to
about 30 °C. These data demonstrated the ability of Cu,S@
mSiO, nanospheres to generate a sufficient photothermal
conversion effect under NIR light irradiation.

Cellular Uptake of NCs in MCF-7 and HEK-293 Cells.
Precise targeting of drug-loaded nanoparticles to the disease
tissue is a challenging task."' In recent years, single-stranded
oligonucleotides aptamers have emerged as a novel class of
molecules which rival antibodies in both therapeutic and
diagnostic applications.”” Especially, AS1411, a 26-base DNA
oligonucleotide, shows high binding affinity and specificity for
the cancer cell membrane-bound overexpressed protein
nucleolin and has been used for acute myeloid leukemia and
renal carcinoma in phase II clinical trials* In this design,
Cu, S@mSiO, NCs, which were functionalized with APTES
through a hydrolysis reaction on the surface (Figure S6,
Supporting Information), were conjugated to a 3’-thiol-
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Figure 3. Cumulative (a) Cur and (b) Dox release from T-DNA(Dox)—NC—Cur nanocomposites in pH 7.4 PBS buffer.

functionalized anchor strand with Sulfo-SMCC linker (ONT—
NCs), and then AS141l-conjugated targeted strands were
linked to anchor strands through a complementary principle of
base pairs as targeting ligand and loading sites of Dox (T-
DNA—NCs) (Figure S7, Supporting Information).

To examine the capability of T-DNA—NCs to interact with
target tumor cells, we visualized the cellular internalization of
Cy3-labeled T-DNA—NCs. MCF-7 cells with high nucleolin
expression and negative HEK-293 cells without nucleolin were
incubated 37 °C for 2 h with targeted (T-DNA—-NC-Cy3)/
nontargeted (ONT—NC—Cy3) nanocomposites, respectively.
The ONT-NC-Cy3/T-DNA-NC-Cy3 nanoparticles
showed a significant increase in its binding and uptake
fluorescence signal in MCF-7 cells, as evidenced by high-
magnification confocal microscopy (Figure 2a), whereas they
exhibited much less binding and internalization ability in HEK-
293 cells (Figure 2b). These results clearly demonstrated that
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the T-DNA—NCs had high targeting selectivity for MCEF-7
cells. Flow cytometric analysis further validated the targeting
specificities of the T-DNA—NC—Cy3 toward MCEF-7 cells
(Figure 2c). As we have seen, T-DNA—NCs exhibited a higher
binding affinity to MCF-7 cells at 37 °C, whereas both ONT—
NC and T-DNA—-NC showed weak affinity to the negative
HEK-293 cells, confirmed by only a small fluorescence peak
shift (Figure 2d). These results demonstrated that the aptamer-
guided T-DNA—NCs could be effectively endocytosed by the
targeting MCF-7 cells but had little affinity to nontargeted cells.

Drug Loading and NIR-Responsive Release of T-
DNA—NCs. Dox is a first-line cancer chemotherapeutic agent
for various malignancies.44 However, major adverse effects
including liver dysfunction and cardiomyopathy accompanied
by multidrug resistance severely limited the use of Dox under
clinical conditions.*” In an effort to overcome the associated
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Error bars indicate standard deviations, N = 3.

liver dysfunction and cardiomyopathy, novel coloaded Dox and
Cur drug delivery systems were exploited.

To examine the drug delivery, the hydrophobic anticancer
drug Cur was encapsulated into the pore of NCs. The resulting
NC—Cur is composed of a Cu,4S core, and the drug-loading
rate was calculated to be 23 wt % by measuring the absorption
band of Cur at 340 nm. Then the hydrophilic anticancer drug
Dox was intercalated into double-strand GC base pairs. The
actual drug-loading content of Dox is 6.3 wt % according to the
absorption spectrum of Dox at 480 nm. As shown in Figure 3,
the Cur and Dox release profiles of Cur- and Dox-loaded T-
DNA—-NCs in PBS buffer (pH 7.4) under 980 nm NIR
irradiation showed similar profiles. Without NIR laser
irradiation, only 18% of Dox and 13% Cur were released
from the nanocomposite even after 96 h at pH 7.4. Contrarily,
upon NIR light irradiation, T-DNA(Dox)—NC—Cur nano-
composites displayed a slow and continuous release of Dox
(94%) and Cur (95%) even after 96 h at pH 7.4 due to
denaturation of the DNA helix and uncapping of the DNA
gatekeeper. In vitro drug release showed that the premature
release of Cur from DNA-hybridized T-DNA—NCs was
circumvented by the bifunctional helix—aptamer coating as
the gatekeeper. As a result, DNA hybridization on the silica-
coated nanocomposite surface may offer a new method to solve
the premature release and biocompatibility.

In Vitro Cell Toxicity and Synergistic Effects. It has
been reported that Cur showed a synergistic effect on Dox in
liver cancer cells. The NIR-triggered combined growth-
inhibitory effect against tumor cells was investigated by

detecting the cell viability using the MTT assay. First, MCE-7
cells were treated with free Cur and Dox or a Cur—Dox
combination. We estimated the degree of synergy between free
Cur and Dox by characterizing their cytotoxicity toward MCE-7
cells in vitro separately and in combination. The ICs, of free
Cur or Dox treatment was 46.93 and 1.27 uM, respectively
(Figure 4a,b). However, a Cur—Dox combination led to a much
lower ICs, of 0.25 uM (based on the concentration of Dox) as
shown in Figure 4c. The degree of synergy was estimated by a
combination index (CI) using the Chou—Talalay isobologram
equation.”” The CI of the free Cur (6.25 uM)—Dox (i.e., 0.001,
0.01, 0.1 uM) combination was 0.32, 0.38, 0.53, respectively,
indicating strong synergism. For the Cur- and Dox-loaded NCs,
the IC;, of T-DNA(Dox)—NC—Cur after exposure to 4 = 980
nm laser (2 min, 1 W cm™) was 0.039 yuM (based on the
concentration of Dox), which demonstrated 6-fold decreases
over the Cur—Dox combination (Figure 4d). However, MCF-7
cells were treated with either core—shell structured NCs, T-
DNA(Dox)—NC—Cur (Figure 4d), or NIR irradiation,
showing negligible cell death even at concentrations up to
500 pg mL™" after treatment for 24 h. As a result, T-DNA—
NCs have good biocompatibility and could be used as drug
delivery carriers for biological applications.

ROS Generation of T-DNA(Dox)—NC—Cur upon NIR
Irradiation. The accumulation of reactive oxygen species
(ROS) inside cells subjected to anticancer drug treatment often
represents apoptosis or terminal differentiation.”® Among the
agents upregulating ROS, natural compounds Cur and
anticancer chemical drug Dox are crucial inducers of ROS
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correlated with apoptosis.”” The generation of intracellular
ROS was monitored through conversion of nonfluorescent
DCFH-DA to fluorescent DCF. After MCF-7 cells were
incubated with NCs, NIR, Cur, Dox, Dox—Cur, T-DNA-
(Dox)—NC—Cur, or T-DNA(Dox)—NC—Cur plus NIR
irradiation for 2 h (S min break after S min irradiation, 1 W
cm™2), the relative intracellular fluorescence intensity analyzed
by FCM allows quantitative comparison of the ROS generation
with different treatments. As we have seen, strong fluorescence
signals were observed from T-DNA(Dox)—NC—Cur plus NIR
irradiation treatment compared to Cur, Dox, or Dox—Cur
treatment, but no obvious fluorescence signals were observed
from the NCs and NIR treatment. It was inferred that NIR light
caused uncapping of the mesopores due to the denaturation of
double-strand DNA and triggered the release of anticancer drug
from the T-DNA(Dox)—NC—Cur. Thus, T-DNA(Dox)—-NC—
Cur can serve as promising nanoplatforms for NIR light-
triggered drug-synergized therapy.

At present, there is a strong positive correlation between
mitochondrial membrane potential (MMP, A¥_) and ROS
production. Therefore, the change in AW was investigated by
flow cytometry with a JC-1 probe in MCF-7 cells. As shown in
Figure Sb, the MCEF-7 cell population treated with NCs, NIR,
Dox, Cur, Dox—Cur combination, or T-DNA(Dox)—NC—Cur
indicated that a weak downward shift maintained a high MMP.
However, after treatment with T-DNA(Dox)—NC—Cur plus
NIR light, MCF-7 cells significantly shifted downward, showing
a decrease in MMP and mitochondrial damage. The change in
the cytofluorimetric pattern suggests that NIR light-triggered
synergistic therapy can induce apoptosis through a mitochon-
dria-mediated pathway.

Apoptotic Mechanisms for NIR-Triggered Synergistic
Therapy. On the basis of the changes in ROS and AY_, by T-
DNA(Dox)—NC—Cur plus NIR irradiation treatment, mito-
chondria-initiated apoptosis was detected by flow cytometry. As
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shown in Figure 6a, treatment of cells with either NCs, NIR,
Dox (0.001 uM), Cur (6.25 uM), or T-DNA(Dox)—NC—Cur
alone did not show early apoptotic cells compared to the
control group. Even though Dox—Cur combination reduced
27.3% apoptotic cells in MCF-7 cells, T-DNA(Dox)—NC—Cur
plus NIR irradiation treatment resulted in a significant increase
in apoptosis accounting for 71.1%. All the results indicated that
the NIR-responsive T-DNA(Dox)—NC—Cur platform trig-
gered apoptosis in MCF-7 cells.

To elucidate the possible apoptotic molecular mechanisms of
T-DNA(Dox)—NC—Cur plus NIR irradiation on MCF-7 cells,
the protein expression of the mitochondria-mediated pathway
in MCF-7 cells was measured by Western blotting. The
apoptotic activation of mitochondria leads to the oligomeriza-
tion of adapter proteins and procaspases, resulting in
autoactivation of initiator caspases.50 As shown in Figure 6,
the expression of cytochrome c and apaf-1 increased in a dose-
dependent manner, indicating cytochrome c release from the
mitochondria to the cytoplasm and the aggregation of the
adapter-targeting nanoparticles.”’ In addition, proapoptotic
protein Bax and Bak, which could promote the formation of
the mitochondrial outer membrane permeabilization pore
(MOMPP), upregulated the expression level, whereas anti-
apoptotic proteins Bcl-2, Bcl-xL, and Mcl-1, which inhibited the
formation of MOMPP, decreased the expression level,
indicating that T-DNA(Dox)—NC—Cur significantly upregu-
lated the ratio of Bax/Bcl-2, Bak/BclxL, and Bak/Mcl-1. The
high expressive level of cytochrome c¢ due to release to the
cytoplasm from the mitochondria facilitated the formation of
apoptosomes (apaf-1/cytochrome c), which could recruit and
activate the inactive pro-caspase 9. Figure 6b,c further
confirmed that pro-caspase 9 was cleaved at conserved internal
aspartic residues to generate an active form of caspase 9
through apoptosome cleavage.”” Caspase 9 cleaves pro-caspase
3 and forms the major executioner caspase, caspase 3, in
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apoptotic profile is shown. (b) MCF-7 cells were treated with 250 pg/mL T-DNA(Dox)—NC—Cur for 24 h. Relative activity of caspase 3/8/9 was

measured. (c) Western blot assay.

different drug-loaded nanocarrier-induced apoptosis nano-
carriers.”>>* The level of pro-caspase 3 decreased significantly
after T-DNA(Dox)—NC—Cur plus NIR irradiation treatment,
indicating the activation of caspase 3. The activation of the
caspase 3 led to a change in the morphological and biochemical
teatures of MCF-7 cells, including DNA fragmentation and cell
shrinkage. All the above results suggest that the induction of
apoptosis in T-DNA(Dox)—NC—Cur plus NIR irradiation-
treated MCF-7 cells may be associated with disruption of
mitochondrial function and activation of caspases.

B CONCLUSION

In summary, we developed a DNA hybrid, which consists of a
Cu; ¢S core, a DNA double helix, and an aptamer as a
gatekeeper to cap the nanocomposites. The photothermal
conversion of copper-based nanoparticles, aptamer-targeted
delivery, and NIR-triggered controlled release of the DNA
hybrid ascribed to the maximum therapeutic efficacy and
minimal side effects. In addition, DNA hybridization on the
silica-coated nanocomposite surface improved the biocompat-
ibility of the NCs. A controlled release of Dox and Cur in the
combinatory T-DNA—NC delivery system was demonstrated.
Therefore, the cytotoxicity of the Cur—Dox combination was
considerably enhanced by the T-DNA—NC delivery system. In
vitro anticancer results suggest that the codelivery of Dox and
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Cur reduced the applied dose of the anticancer drugs and the
level of procaspase 3 expression and increased the ratio of Bax/
Bcl-2, Bak/BclxL, and Bak/Mcl-1, demonstrating a mitochon-
dria-mediated apoptosis (intrinsic pathway) effect and improv-
ing the targeting capability of T-DNA—NCs in cancer cells. As
a result, this NIR-responsive drug delivery system with
combination chemotherapy obtained an optimized therapeutic
efficacy in cancer treatment.
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