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ABSTRACT: Various platforms have been developed as
innovative nanocarriers to deliver therapeutic agents to the
diseased sites. Multifunctional surface modification allows an
enhanced recognition and uptake of drug carriers by targeted
cells. However, the development of drug resistance in some
tumor cells plays a major role in the failure of chemotherapy.
Drugs given in combination, called multidrug delivery approach,
was designed to improve the therapeutic efficacy and has become
an increasingly used strategy that is of great importance in clinical
cancer treatments. In this study, aptamer-functionalized gold nanoparticles (Au NPs) have been used as a nanoplatform to
codeliver two different anticancer drugs for improving the drug effectiveness. The surface of Au NPs (13 nm in diameter) was
assembled with AS1411 aptamers, which tethered with 21-base pairs of (CGATCGA)3 sequence approached to the Au NPs.
Both the photosensitizer 5,10,15,20-tetrakis(1-methylpyridinium-4-yl) porphyrin (TMPyP4) and the chemotherapeutic drug
doxorubicin (Dox) were then physically attached to the AS1411-conjugated Au NPs (T/D:ds-NPs) and delivered to the target
tumor cells such as HeLa and Dox-resistant MCF-7R cell lines. When exposed to a 632 nm light, reactive oxygen species induced
by TMPyP4 molecules were generated inside the living cells, followed by cell damage. In addition, triggered release of the
complementary drugs also occurred simultaneously during the photodynamic reaction. In the presence of Dox molecules, the
toxicity toward the target cells was superior to individual drug treatment. Overall, a co-drug delivery platform was successfully
established to improve the therapeutic efficacy in tumor cells. The improvement of the photodynamic-stimulated triggered
release was enhanced, thus highly promising precise drug release in targeted drug delivery.
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■ INTRODUCTION

Photodynamic therapy (PDT) has emerged as a popular,
noninvasive treatment for numerous cancers such as inoperable
esophageal tumors and malignancies of the head and neck.1−3 It
also gained worldwide popularity in adjunctive treatments for
other cancer types, including breast, prostate, and ovarian in
preclinical and clinical trials.4−6 The basic principle of PDT
involves the administration of photosensitizing agents followed
by local illumination of the target tissue with a light source. A
sufficient amount of molecular oxygen (normally present in the
tumor) is also required to achieve effective treatment. The
collision of an oxygen molecule with the photoexcited sensitizer
results in the formation of 1O2 and other reactive oxygen
species (ROS) that cause oxidative damage to cellular
components. It may also destroy the tumor vasculature, thereby
depriving the tumor of oxygen and nutrients and ultimately,
leading to tumor cell death.
Most photosensitizers used in PDT are water-insoluble.7,8

They exhibit high level of dark toxicity, rapid degradability, and
consequent inactivity under irradiation, therefore restricting
their clinical applications. To address these issues, numerous
drug formulations have been extensively studied as potential
PDT agents. The use of nanoparticles as delivery vehicles is
likely one of the most promising strategy in cancer

research.9−13 A wide range of biocompatible, nontoxic
nanoparticles such as liposomes and polymer-, silica-,
magnetic-, gold-, and carbon-based NPs have been developed
to improve the efficacy of PDT.14−29 Nanoparticles localize to
the tumor via the enhanced permeability and retention (EPR)
effect or active targeting over free drugs. The achievement of
high drug accumulation into a tumor allows effective reduction
of side effects associated with PDT treatment. Furthermore,
nanoparticles can protect photosensitizers from leakage,
degradation, or modification in the biological environment
prior to delivery of the drug to the infected tissues.
With the recent interests in multimodality, nanoparticles that

can incorporate different functionalities are attractive candi-
dates for advanced medical applications. For example, PDT
based on upconversion nanoparticles (UCNPs)30−33 has been
developed as a new approach to deliver near-infrared light into
deeper tissues for PDT treatment. UCNPs, which offer unique
upconversion luminescence, are beneficial for remarkably
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sensitive in vivo biomedical imaging and cell tracking. Several
other image-guided involvements of PDT deliveries, e.g.,
magnetic resonance (MR) imaging have also been presented
by different groups in recent years.22,34−36 The combination of
both therapeutic and diagnostic capabilities in one dose makes
these nanoparticles ideal platforms for theranostics. In addition,
the simultaneous delivery of anticancer drugs and photo-
sensitizers to the tumor cells is expected to overcome the
hurdles of traditional single-drug treatments.37−40 Nano-
particle-mediated combination of chemotherapy and PDT has
been investigated to overcome drug resistance in mouse tumor
model by invoking multiple anticancer mechanisms.41 A
significant enhancement of ROS production and cytotoxicity
using nanoparticles contributes to the greatly improved efficacy
of combination treatment.
Despite the above-mentioned advantages, photodynamic

reaction is less commonly used in remote-controlled release
other than the potential triggers such as light, ultrasound, and
magnetic field. Only a few successful models including
cyclodextrin dimers and pro-drug molecules have been
designed to be photocleavable in response to the singlet
oxygen generation.42−44 On the basis of these fundamental
concepts, we report a novel nanoscale delivery platform, in
which photoinduced ROS generation is employed to trigger
drug release. As depicted in Scheme 1, nucleolin-specific,

aptamer-conjugated gold nanoparticles were constructed to
serve as effective carriers for both anticancer drugs, doxorubicin
(Dox), and photosensitizer (TMPyP4). When exposed to
optimal light, photoactivated sensitizers generate a burst of
ROS. The rapid reaction with the nearby DNA hosts
subsequently leads to liberation of therapeutic effective agents
in a specific manner. To the best of our knowledge, this is the
first study presenting an engineered nanoparticle for co-drug
delivery in response to the PDT process. Eventually, the
combination of PDT and chemo-cytotoxicity yields a
synergistic therapeutic effect that overcomes tumor drug
resistance.

■ RESULTS AND DISCUSSIONS
To demonstrate the effectiveness of our approach, we used an
nucleolin-specific AS1411 aptamer with a 27-base

T6(CGATCGA)3 sequence extension at the 3′ end.45 After
hybridization with the complementary sequence 5′ thiol-
T10(TCGATCG)3, multiple copies of double-stranded DNA
[ds(AS1411)] were assembled onto the surface of Au NPs via
strong gold−thiol linkages (Scheme 1). The 10 extra T bases at
the 5′-terminus ensure that the binding domains of the aptamer
extend away from the Au NP surface. An increase in the
hydrodynamic diameter from 19.9 ± 0.6 nm of citrate-stabilized
Au NPs to 38.7 ± 1.4 nm of ds(AS1411)-Au NPs confirmed
the successful immobilization of ds(AS1411) onto the surface
of Au NPs (Figure 1A). The consecutive CG base pairs
designed within the extended region ensure high drug-loading
capacity, providing binding sites for at least 4−5 Dox
molecules.46,47 With a serial washing/centrifugation procedure,
the amount of Dox loaded onto each NP was indirectly
determined by measuring the fluorescence signal of the
molecules removed from the Dox-loaded ds(AS1411)-Au NP
conjugates (D:ds-NPs). After fitting a nonlinear regression
equation, acquired from the Scatchard analysis, at various
concentrations of free (unbound) Dox, the quantified
saturation number was 280 ± 23 Dox molecules per NP. The
maximum loading efficiency of Dox was found to be 81 ± (7)%
on the basis of following equation: loading efficiency = [residual
amount of drug in the nanoparticles/feeding amount of drug]
× 100.
Furthermore, the D:ds-NP solution was titrated with a serial

concentration of TMPyP4 and the supernatant after each
centrifugation was collected and analyzed by fluorescence
spectrophotometry to study the interaction between TMPyP4
and the D:ds-NP conjugates. The fluorescence signals at the
emission wavelength of 715 nm were then converted to molar
concentrations of the TMPyP4 by interpolation from a
predetermined standard linear calibration curve. Almost no
release of Dox molecules was observed during the conjugation
process. By fitting with the Scatchard equation (see Figure S1A
in the Supporting Information), the binding ratio of TMPyP4 to
each D:ds-NP was 302 ± 13. The maximum loading efficiency
of TMPyP4 was calculated to be 87 ± (4)%. This is consistent
with previous results48 revealing that the approximate binding
number of TMPyP4 per AS1411 aptamer was 5, when each NP
possessed 74 ± 4 ds(AS1411). The Hill plot displayed in
Figure S1B (see the Supporting Information) also exhibited
fluorescence quenching of TMPyP4 as a function of increasing
D:ds-NP concentration. The dissociation constant (Kd = 1.2 ±
0.1 nM) derived from this result indicated that a stable co-drug
(TMPyP4/Dox)-loaded nanoplatform (T/D:ds-NPs) was
successfully constructed via physical (noncovalent) conjuga-
tion.
The stability of the T/D:ds-NP conjugates in high salinity

condition was further studied by UV−vis absorption spectra
(Figure 1B). The binding of ds(AS1411) onto the surface of Au
NPs greatly increases their stability in physiological environ-
ments. Spectrophotometric analysis revealed only a slight
change in the NPs’ peak absorbance after suspension in saline,
confirming the successful retention of Au NP stability using
thiolated dsDNA. In addition, the observation of the typical
absorption band of TMPyP4 at the wavelength of 435 nm from
both TMPyP4-loaded ds-NPs (T:ds-NPs) and T/D:ds-NPs
also suggested the strong interaction between TMPyP4 and G-
quadruplex DNA aptamers assembled on the nanoparticles.48

This result is in good agreement with the data obtained from
zeta-sizer measurements. After immobilization of ds(AS1411),
the dsDNA-conjugated Au NPs showed a more negative ζ-

Scheme 1. Schematic Illustration of the Co-Drug-Loaded
Aptamer-Functionalized Delivery Platform on the Basis of
Gold Nanoparticles a

aEffective therapeutic efficacy overcomes tumor drug resistance,
which was accomplished by the established nanoparticle-mediated
combination therapy followed by light illumination.
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potential (−44.9 ± 2.8) than the citrate-stabilized Au NPs
(−36.0 ± 2.7). Moreover, the subsequent loading of drug
molecules (both Dox and TMPyP4) lead to a slight decline in
the negative intensity of ζ-potential (−39.4 ± 1.6 mV), whereas
the size of the conjugates increased slightly to 40.1 ± 1.4 nm.
These results suggested that dsDNA and drug molecules were
sequentially introduced onto the surface of Au NPs.
After confirming the physiochemical properties of the drug-

loaded ds-NPs, the interaction between the aptamer-function-
alized nanocarrier toward cancer cells was investigated using
dark-field microscopy coupled to a CCD digital camera. HeLa
cells, which overexpress nucleolin on the cell surface,49 were
incubated with T/D:ds-NPs for 4 h, followed by repeated
washing steps to remove excess conjugates from the cells. As
shown in Figure S2A (see the Supporting Information), the
yellow color representing the scattering light from Au NPs was
observed in/on the cells, while the untreated control cells
appeared dim white because of the intrinsic cellular scattering.
To further confirm the intracellular uptake of aptamer-based
nanocomplex by HeLa cells, we used trypsin to remove surface-
bound particles. The number of ds(AS1411)-NPs taken up by

Hela cells was then evaluated via atomic absorption
spectrometry (AAS; AAnalyst 600; PerkinElmer, Waltham,
MA, USA). Our results showed that the maximum number of
ds(AS1411)-NPs inside HeLa cells was 1.5 ± 0.3 × 105 per
cells, whereas <6.1 ± 0.9 × 104 Au NPs were determined for
nonspecific intracellular uptake using dsDNA-Au NPs lacking
AS1411 [denoted as ds(ctrl)-NPs]. To evaluate the function of
ds(AS1411) in the cellular uptake of the aptamer-conjugated
complex, a simple competition assay was conducted. HeLa cells
were first incubated with ds(AS1411)-NPs at 4 °C for 30 min
and then labeled with a Cy5-modified AS1411 (Cy5-apt).
Fluorescence intensity was ultimately determined by flow
cytometry. Compared with the control ds(ctrl)-NPs, the
fluorescence signal from ds(AS1411)-NP-treated cells was
0.33-fold less intense (see Figure S2B in the Supporting
Information). Considering the specific recognition of AS1411
to its target protein, this results suggests that the interaction
between ds(AS1411)-NPs toward HeLa cells was through the
nucleolin-binding and internalization pathway.
To investigate the photo-, chemo-, and combined therapeutic

efficacy of these drug-loaded ds(AS1411)-NP conjugates, HeLa

Figure 1. (A) Hydrodynamic size distribution and (B) UV−vis spectra of Au NPs (in 4 mM citrate buffer), ds-NPs, T:ds-NPs, D:ds-NPs, and T/
D:ds-NPs (1 × ). Buffer: 10 mM phosphate buffer, 100 mM NaCl, pH 7.4. The concentration of the as-prepared Au NP is denoted as 1×, which
corresponds to the concentration of approximately 13 nM. Inset: TEM images of the as-prepared T/D:ds-NPs (scale: 25 nm).

Figure 2. (A) Dependence of cytotoxicity of treated HeLa cells as a function of exposure time (632 nm red light). Cells were incubated with T:ds-
NPs and T/D:dsNPs (4×) in washing buffer (1% BSA) at 37 °C for 4 h. After treatments, cells were subsequently grown in fresh culture medium
(10% FBS) for 24 h. Cytotoxicity was measured with the MTT assay. (B) Cell viability of HeLa cells under different treatments in washing buffer
(1% BSA) at 37 °C for 4 h, followed by red light exposure (632 nm, 20 min).
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cells were incubated with T:ds-NPs and T/D:ds-NPs,
respectively. After removal of the excess reagents, cells were
irradiated with a red light (632 nm, 15 mW/cm2) generated
from a halogen lamp after passing through a bandpass filter
with a center wavelength of 632 nm for serial time periods.
Fresh medium (10% FBS) was added for further cell growth
(24 h). The relative viability of cells with different treatments
was then determined by performing the 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetra-
zolium) (MTT) assay. As depicted in Figure 2A, no or little
cytotoxicity was observed for T:ds-NPs-treated cells before

light exposure. Viability began to decline to approximately 82.4
± 7.0% after 10 min irradiation, and decreased to around 51.0
± 11.0% after 40 min light illumination because of the
excitation of the photosensitizer, leading to the photodynamic
killing of cancer cells. The cell killing activity of co-drug
delivery using T/D:ds-NPs was further assessed in HeLa cells.
A dramatic increase in cell death was observed depending on
the light exposure time. Approximately 74.0 ± 4.2% of cells
were dead when T/D:ds-NPs attached HeLa cells were
irradiated with red light for 10 min. The superior cytotoxicity
of T/D:ds-NPs compared with that of T:ds-NPs for all

Figure 3. (A) Flow cytometry analysis of the production of reactive oxygen species (ROS) in (a) nontreated HeLa cells, and cells treated with 4×
(b) ds-NPs, (c) D:ds-NPs, (d) T:ds-NPs, (e) T/D:ds-NPs, and (f) H2O2 (300 μM, 2h). After incubation in culture medium (10% FBS) at 37 °C
and 5% CO2 for 4 h, DCFH-DA (50 μM, 40 min) was added to each cell suspension, followed by red light exposure (632 nm, 50 min). (B)
Increased intracellular ROS and Dox signals (ΔF) induced by H2O2. Nontreated and treated cells under different conditions were exposed to 300
μM H2O2 for 2 h. DCFH-DA was used to quantify the intracellular ROS production.

Figure 4. Fluorescence images of HeLa cells incubated with 2× (A) T/D:ds-NPs and (B) D:ds-NPs. After incubation in washing buffer (1% BSA) at
37 °C for 1 h, cells were rinsed with DPBS, followed by red light irradiation (632 nm, 30 min). For microscopic analysis, cells were fixed with 4%
paraformaldehyde solution for 5 min and stained with 4,6-diamidino-2-phenylindole (DAPI,1.0 μM) for 5 min. The fluorescence images were
monitored for (a) nucleus (DAPI), (b) Dox, and (c) overlay of these two channels. TMPyP4 does not exhibit detectable fluorescence signals in these
channels. The scale length of each image is 20 μm.
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irradiation periods suggested that a synergistic effect was
involved in the cellular death.
To further confirm the combined therapeutic efficacy, cells

were incubated with serial concentrations of D:ds-NPs, T:ds-
NPs, and T/D:ds-NPs (Figure 2B). Compared with the cells
without drug and light treatment, the increase of T:ds-NPs
concentration lead to a higher cell death following a red light
exposure. The cell viability of cells incubated with 4× T:ds-NPs
was 64.4 ± 5.2% after 20 min irradiation. The control cells,
which were incubated with ds-Au NPs, showed no cellular
damage under the same illumination condition (data not
shown). In addition, the dose-dependent survival curve for
D:ds-NPs-treated cells was also examined. Dox-loaded ds-NPs
exhibited less potent antiproliferative properties than T/D:ds-
NPs at equal Dox concentration. Only 17.1 ± 2.9% of HeLa
cells were killed by D:ds-NPs (4×) after light exposure for 20
min. However, an obvious loss of cell viability (21.4 ± 4.3%)
had been observed for T/D:ds-NP conjugates under the same
experimental condition. Collectively, the therapeutic efficacy of
T/D:ds-NPs significantly improved to 2.5- and 4.6-fold
compared to PDT and chemotherapy alone, indicating a
synergistic enhancement of cancer therapy via the combination
of photo- and chemocytotoxic reactions. It should also be noted
that red light exposure showed no harm to cells without
photosensitizers. The cell viability of (D:ds-NPs)-treated HeLa
cells was light-independent with irradiation less than 1 h (data
not shown).
To account for the different cytotoxicity of these drug

nanocarriers, the intracellular ROS formation was studied using
2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) as a
probe during the combined and single treatment.50 The cells,
which were incubated with different drug conjugates, were
irradiated to allow the production of significant amounts of
ROS by the photosensitizer. Our experimental results (Figure
3A) clearly show that the elevated ROS was generated in both
T:ds-NPs (1.5-fold, d)- and T/D:ds-NPs (1.6-fold, e)-treated
cells following 50 min irradiation. However, no production of
ROS was expected for cells incubated with nanoconjugates
lacking photoactivated drugs (a−c) after light exposure. In
addition, hydrogen peroxide (H2O2; 300 μM, f) was used as a
positive control to stimulate intracellular ROS accumulation.
An obvious fluorescence change was found in the treated cells,
which was 1.5-fold higher than that without H2O2 (a). In
contrast, subsequent exposure of the same cells to a red light
leads to a decrease in the fluorescence level. The signal decay
due to light illumination (column f of Figure 3A) suggested a
possible photobleaching reaction of DCFH-DA under con-
tinuous irradiation. The same phenomenon was also observed
in nontreated cells (a) after light exposure. Collectively, the cell
death following exposure to the red light could be attributed to
the accumulation of intracellular ROS induced by TMPyP4-
containing nanocarriers.
Further, to investigate the mechanism of the therapeutic

synergism elicited by the combination of TMPyP4 and Dox
against HeLa cells, we monitored the intracellular signal of Dox
molecules during the PDT process. As shown in Figure 4A, the
fluorescence of Dox was primarily detected around the nucleus,
possibly through an endolysosomal pathway after the
incubation of cells with T/D:ds-NPs for 1 h. When exposed
to the red light, the fluorescence emitted from Dox molecules
was visible across the nucleus and predominantly colocalized
with the 4, 6-diamidino-2-phenylindole (DAPI) staining. The
change in the intracellular distribution of Dox in the presence

of scattered light arising from Au NPs remained unchanged,
implying that the intracellular release of drug payloads from T/
D:ds-NPs could be triggered by red light exposure. In contrast,
the fluorescence signal from cells treated with D:ds-NPs was
mostly accumulated in the nucleus following cellular uptake and
no change was observed after light exposure (Figure 4B). The
accumulation of Dox molecules in the nucleus is likely
attributable to the noncontrollable release of drugs from the
complexes by diffusion or through degradation of the AS1411
aptamer inside the cells. The obvious signal difference between
HeLa cells incubated with T/D:ds-NPs and D:ds-NPs before
light exposure suggested that the incorporation of TMPyP4 into
the G-quadruplex structures of these aptamer-tethered nano-
conjugates effectively trapped guest molecules. According to
the flow cytometric analysis, less intense fluorescence signals
(29.9 au) were detected from cells incubated with T/D:ds-NPs
than those detected in D:ds-NPs-treated cells (43.9 au).
Because the fluorescence intensity of Dox was largely quenched
by Au NPs, the recovery of Dox signals could be directly
correlated to the release of Dox inside the cells. Additionally,
results obtained by AAS exhibited similar uptake efficiency of
both nanoconjugates toward HeLa cells (data not shown).
Collectively, these results confirmed a unique “gate keeper”
property of TMPyP4 molecules in our developed nanoplatform.
Furthermore, upon light illumination, the capping effect was
removed, thus allowing a subsequent release of the entrapped
cargos, as evidenced by the significant change in fluorescence
distribution inside the cells. Although the ROS generated by
the photoactive compound could lead to endolysosomal
membrane damage, the rapid transfer of small drug molecules
from the endolysosome to the nucleus during illumination is
consistent with the data previously reported.51−53

From the intracellular analysis, it was quite evident that Dox
molecules could be liberated from the TMPyP4-loaded
nanoconjugates under light irradiation. However, only a slight
increase in the fluorescence signal inside the treated HeLa cells
after illumination was examined by flow cytometry (data not
shown). One possible explanation for the limited intensity
change is due to the photochemical destruction of drug
molecules during irradiation.54,55 In addition, the occurrence of
oxidative reactions through the ROS also results in the decline
of the fluorescence signal.56 Among the ROS, H2O2 is a less
effective oxidant than singlet oxygen (1O2) and other free
radicals such as superoxide anion (O2

•−), and hydroxyl radical
(·OH).57,58 Therefore, we tested the ability of H2O2 to induce
Dox release inside the cells. HeLa cells were incubated with
different nanoconjuagtes at the same Au NP concentration (4 ×
) for 4 h. Cells were then carefully washed to remove unbound
drugs and reincubated with H2O2 (300 μM) for 2 h. Flow
cytometry data (Figure 3B) revealed an apparent increase of
Dox fluorescence in both D:ds-NPs- and T/D:ds-NPs-treated
cells (c and e), whereas the others remained almost unchanged.
The elevation of intracellular ROS levels was also assessed
using DCFH-DA, with the resulting fluorescence showing no
significant difference between the study groups. Here, the
results supported the indication that the release of Dox from
the T/D:ds-NP nanocomposites could be triggered by an
external red light, likely due to the production of significant
amounts of ROS.
It is widely accepted that ROS can attack DNA primarily

through the reaction of guanine residues in DNA fragments.
Oxidative DNA damage, which results in base mispairings,
strand breaks, and DNA cleavage, is considered as the major
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cause of cancer.59−61 Moreover, cationic porphyrins, which
possess strong binding affinity for nucleic acids, have attracted
considerable attention as effective photodynamic sensitizers.
They can achieve effective DNA photocleavage by light
irradiation.62,63 To confirm that the photoresponsive Dox
release is attributable to the PDT process, the photoinduced
DNA cleavage activity of T:ds-NPs exposed to red light was
studied by agarose gel electrophoresis in 0.5× TBE buffer. The
electrophorogram given in Figure S3A (see the Supporting
Information) shows that the T:ds-NP conjugate (Lane b)
moves faster than the T:ds-NP conjugate without light
treatment (Lane a). Because the surface charges of the
TMPyP4-loaded ds-NPs remain unchanged following light
illumination (data not shown), the slight increase in electro-
phoretic mobility indicated a small reduction in hydrodynamic
diameter. This result is in contrast to that obtained for the ds-
NPs without TMPyP4 because no apparent shift in the
electrophorogram was observed under a similar irradiation
condition (Lane c and d). In addition, dynamic light-scattering
(DLS) measurements (see Figure S3B in the Supporting
Information) showed that the size of T:ds-NPs decreased from
54.6 ± 1.9 nm to 43.9 ± 2.0 nm with light illumination,
whereas the size of ds-NPs decreased from 44.6 ± 2.0 nm to
41.5 ± 3.1, respectively. This result correlates with the
considerable increase of DNA signal from the supernatant of
T:ds-NPs compared with that of ds-NPs (see Figure S3C in the
Supporting Information). After exposure to visible light, the
supernatants of the sample solution were isolated by
centrifugation. The photoinduced DNA cleavage was quantified
using OliGreen fluorescent stain. When exposed to 20 min
irradiation, approximately 2.8-fold enhanced fluorescence signal
was obtained from T:ds-NPs, whereas ds-NPs showed limited
increase (1.5-fold). Collectively, the ROS-mediated DNA
cleavage induced by photoactivation of TMPyP4 provides
possibilities for payload release from the double-strand
structures of DNA molecules.
Recent studies have suggested that photosensitizers could

overcome the problems associated with P-glycoprotein (P-gp)-
mediated drug efflux, resulting in high photodynamic activity
against multidrug resistant (MDR) cells.41 On the basis of these
properties, we tested our constructed drug delivery platform in
MDR-MCF7 cells (MCF-7R), which shows high expression

level of nucleolin.49 In addition, the up-regulation of P-gp on
the surface of drug-resistant cell lines was also examined by flow
cytometry analysis. A high florescence intensity of APC-
conjugated anti-P-gp antibody64 was observed in MCF-7R cells
compared to that in MCF-7 cells (Figure 5A), indicating
approximately 12-fold up-regulation of P-gp in MCF-7R cells
compared to MCF-7 cells. MCF-7R cells were then incubated
with different drug-loaded conjugates at serial concentrations
followed by red light illumination for 20 min. The high
proliferation rate (second column of Figure 5B) suggested a
less pronounced cytotoxic effect of free Dox toward drug-
resistant MCF-7R cells compared with MCF-7 cells (first
column). However, cellular viability declined when MCF-7R
cells were treated with TMPyP4 and then irradiated. This result
confirmed that the drug-resistant cells were more susceptible to
PDT-induced cellular damage as reported. Moreover, in
comparison with PDT treatment alone, codelivery of
TMPyP4/Dox (T/D) displayed a greater potency to MCF-7R
cells. This result is consistent with previous findings that the
photosensitizer-mediated membrane disruption can greatly
improve the anticancer efficacy of chemo drugs by overcoming
the MDR of cancer cells.51,53 The killing efficiency was further
investigated by simultaneous delivery of T/D by applying ds-
NPs to the MDR tumor cells. Although the cytotoxic effect of
T/D:ds-NPs was similar or slightly less toxic than that of free
T/D (Figure 5B), severe side effects on normal tissues could be
minimized by tumor-targeted delivery through the formulation
of aptamer-conjugated nanoplatform. Moreover, the cytotox-
icity to MCF-7R cells in response to the codelivery of TMPyP4
and Dox was also confirmed by using the G-quadruplex
structure (dsAS1411) as a drug carrier. The physically
conjugated drug:apt complex exhibited high stability and was
an ideal vector for nucleolin targeting and drug delivery.48 In
contrast to the dramatic cytotoxic effect of our T/D:ds-NPs,
the killing efficacy of T/D:dsDNA complex toward MCF-7R
cells was significantly less pronounced. This result suggests that
nanoscale carriers, which can achieve sufficient drug accumu-
lation via endocytic uptake on the cellular level and promote
responsive intracellular drug release, can deliver chemo-
therapeutic drugs to overcome MDR.

Figure 5. (A) Flow cytometry assay for the binding of the UIC2 antibody in (a) MCF-7 cells and (b) resistant MCF-7R cells. (B) MTT assay of
MCF-7 cells (Dox only) and resistant MCF-7R cells incubated with Dox, TMPyP4, TMPyP4/Dox (T/D), T/D:dsDNA, and T/D:ds-NPs in washing
buffer (1% BSA) at 37 °C and 5% CO2 for 4 h. After drug treatments, cells were exposed to red light irradiation (632 nm) for 20 min and
subsequently grown in fresh medium (10% FBS) for 24 h. The drug concentration of Dox and TMPyP4 denoted as 1× corresponds to 3.6 and 3.9
μM, respectively.
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■ EXPERIMENTAL DETAILS
Chemicals. Gold(III) chloride hydrate, tris, doxorubicin hydro-

chloride, 6-mercapto-1-hexanol, (97%), trisodium citrate 2-hydrate,
sodium dodecyl sulfate (SDS), sodium chloride, and 5,10,15,20-
tetrakis(1-methylpyridinium 4-yl)porphyrin (TMPyP4) were obtained
from Sigma−Aldrich (St. Louis, MO, USA). Fetal bovine serum and
penicillin/streptomycin were obtained from GIBCO (Grand Island,
NY, USA). Dulbecco’s phosphate-buffered saline was purchased from
Biosource (Camarillo, CA, USA). The 5′-thiol-modified aptamer,
ds(AS1411) (strand 1:5′-thiol-TTT TTT TTT TTC GAT CGT CGA
TCG TCG ATC G)-3′, strand 2:5′-GGT GGT GGT GGT TGT
GGT GGT GGT GGT TTT TTC GAT CGA CGA TCG ACG ATC
GA-3′), was purchased from Integrated DNA Technology Incorpo-
rated (Coralville, IA, USA). Deionized water (18.2 MΩ cm) was used
to prepare all of the aqueous solutions. For the cellular experiments, all
of the reagents, buffers, and culture medium were sterilized by steam
autoclave (121 °C, 40 min) or filtration (0.22 μm pore size, Millipore),
and maintained under a sterile condition.
Synthesis of Au NPs. Thirteen nanometer Au NPs were

synthesized according to the method developed by Frens.65 Briefly,
0.1 mL of 1.0 M chloroauric acid was added to 100 mL of deionized
water, and the solution boiled. Next, 1.0 mL of 0.4 M trisodium citrate
was added to the solution to obtain 12.6 (±0.8)-nm Au NPs. The sizes
and absorption spectra of Au NPs were verified using a Hitachi H-
7100 transmission electron microscope (Tokyo, Japan) and a Cary
100 UV−Vis spectrophotometer (Varian, Palo Alto, CA, USA). The
concentration of Au NPs in each aliquot was also determined by UV−
Vis spectrophotometric measurements via Beer’s law (A = εbc).66 The
concentration of the as-prepared Au NP is denoted as 1×, which
corresponds to the concentration of approximately 13 nM.
Synthesis of Drug-Loaded ds(AS1411)-Au NPs. To stabilize

Au NPs during the conjugation, we added 10% SDS (5 μL) into 0.5
mL of Au NPs (1 × ) for 24 h. Twenty micromolar ds(AS1411) was
first heated at 95 °C for 5 min and gradually anneal to room
temperature in 28 mM Tris-acetate buffer (pH 7.2), containing 0.1 M
NaCl, 0.1 M KCl, and 4.0 mM MgCl2. The ds(AS1411) solution was
then added into an aqueous Au NP solution (0.1% SDS and 0.06 M
NaCl in 10 mM phosphate buffer, pH 7.0) to obtain the resulting
conjugates, ds-NPs. After reaction for 1 h, 0.5 M NaCl (in 10 mM
phosphate, pH 7.0) was added to bring the salt concentration to 0.1
M. This solution was incubated for an additional 12 h. Next, the
mixture was equilibrated with 4 μM 6-mercaptohexanol for 30 min and
centrifuged at 13 000 rpm for 20 min to remove excess dsDNA. DNA
conjugated-NPs were then resuspended in phosphate-buffered saline
(PBS, 0.1 M NaCl). For drug loading, Dox (4 μM) and/or TMPyP4 (4
μM) was subsequently added into the solution of ds-NPs (1 × ).
Following 2 h incubation, the mixture was subjected to two centrifuge/
wash cycles (13 000 rpm, 20 min) to remove excess drug and
resuspended in 1% BSA containing washing buffer [4.5 g/L glucose
and 5 mM MgCl2 in Dulbecco’s PBS with calcium chloride and
magnesium chloride (Sigma−Aldrich)]. The amount of unbound drug
molecules in the supernatant was calculated from the emission
intensity of Dox at 596 nm (excitation at 480 nm) and TMPyP4 at 715
nm (excitation at 432 nm), respectively.
Characterization of DNA Loading. The loading of DNA onto

the Au NP surface was determined by fluorescence measurement
(Tecan Safire Plate Reader, Tecan Group AG, Basel, Switzerland) of
fluorescein-labeled DNA (strand 2). The fluorescence maxima
(measured at 520 nm) of the supernatant, containing free DNA
removed from the particle, were converted to molar concentrations of
fluorescein-modified DNA by interpolation from a standard linear
calibration curve. Standard curves were prepared with known
concentrations of fluorescein-labeled DNA using identical buffer pH
and salt concentrations. Finally, the mean number of DNA per particle
was obtained by dividing the measured DNA molar concentration by
the original Au NP concentration.
Cell Lines and Buffers. HeLa cells (ATCC CCL-2 human cervical

carcinoma) and MCF-7 (HTB-22 breast adenocarcinoma) was
obtained from American Type Culture Collection (ATCC, Manassas,

VA, USA). The resistant cell line MCF-7R to adriamycin was kindly
provided by Professor Chi-Shiun Chiang, National Tsing Hua
University, Taiwan. All the cells were cultured in suspension in
DMEM medium supplemented with 10% FBS and 1% penicillin-
streptomycin (Invitrogen, Carlsbad, CA, USA) at 37° in a balanced air
humidified incubator with an atmosphere of 5% CO2. Cell density was
determined using a hemocytometer, and this was done before
experimentation. All experiments were performed on cells passaged
12 h prior.

Dark-Field and Fluorescence Microscopic Analyses. To
observe cellular uptake, we seeded HeLa cells at a density of 1.0 ×
105 cells per well on 10 × 10 mm sterile cover glasses inserted into 48-
well plates for 12 h. The culture medium was replaced with washing
buffer (1% BSA) containing Dox (2 μM), D:ds-NPs (2×) and T/
D:ds-NPs (2×), respectively. After 1 h incubation, the cells were rinsed
with DPBS twice, fixed with 4% paraformaldehyde solution for 5 min.
Cover glasses were then placed on the slide glasses. The scattering
light of Au NP conjugates inside HeLa cells was recorded using an
inverted microscope (Olympus IX71) with a highly numerical aperture
dark-field condenser (U-DCW, Olympus). The Internalization of Dox
and TMPyP4 into live cells was monitored by fluorescence using an
inverted fluorescence microscope. Nuclei were visualized after staining
with 4′,6-diamidino-2-phenylindole (DAPI, 1.0 μM) for 5 min.

Intracellular Reactive Oxygen Species Generation by Red
Light Irradiation. Intracellular ROS generation was determined by
the increase in fluorescence due to DCFH-DA oxidation. HeLa cells
were seeded at a density of 2 × 104 cells per well into 96-well plates for
12 h. The culture medium was replaced with complete culture medium
containing ds-NPs (4×), D:ds-NPs (4×), T:ds-NPs (4×) and T/D:ds-
NPs (4×), respectively. Following 4 h incubation, the cells were
washed twice in washing buffer (1% BSA). 50 μM DCFH-DA
(Molecular Probes) prepared in serum-free DMEM medium was
added to the cells for 40 min at 37 °C. The cells were then divided into
two groups under different conditions: (1) no irradiation, and (2)
irradiation for 50 min using a 632 nm light (15 mW/cm2). To
compare intracellular ROS levels, H2O2 (300 μM, 2 h)-treated cells
were used as a positive control. Finally, cells were trypsinized and
collected in the tube by centrifugation (980 g, 5 min) and resuspended
in 200 μL DPBS for flow cytometry analysis with excitation and
emission settings of 488 and 530 nm, respectively. For each analysis, at
least 10 000 events were counted.

Intracellular Drug Release Based on ROS Generation. To
observe intracellular Dox release, HeLa cells were grown in a 96-well
culture plate of 1.0 × 105 cells per well for 12 h. Cells were treated
with different conjugates (4× ds-NPs, D:ds-NPs, T:ds-NPs, and T/
D:ds-NPs) prepared in complete culture medium for 4 h, respectively.
Excess conjugates were then replaced by washing buffer supplemented
with 1% BSA. To increase the intracellular ROS level, treated cells
were incubated with 300 μM H2O2 for 2 h. The triggered drug release
process was further observed by flow cytometric analysis to monitor
Dox fluorescence.

Cytotoxicity Assay. HeLa, MCF-7 and MCF-7R cells were seeded
into 96-well plate (8 × 103 cells per well) for 12 h. The cells were
washed once and incubated with various concentration of different
drug conjugates (Dox, TMPyP4, T/D, T:ds-NPs, D:ds-NPs, T/
D:dsDNA, and T/D:ds-NPs) at 37 °C, respectively. Following 4 h
treatment, the well contents not specifically bound or taken-up by the
cells were removed by rinsing the cells twice in washing buffer (1%
BSA). One group of the treated cells was kept in the dark, while the
other was exposure to a 632 nm red light (15 mW/cm2) for 20 min.
After irradiation, the cells were kept in complete culture medium for
an additional growth at 37 °C in a 5% CO2 atmosphere for 24 h. For
cytotoxicity measurement, 10 μL Cell Titer reagent (Promega,
Madison, WI, USA) was added to each well and incubated for 2 h.
Using a plate reader, the absorption was recorded at 570 and 600 nm,
respectively. The percentage of cell viability was determined by
comparing cells treated with drug conjugates with the untreated
control.
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■ CONCLUSIONS
In conclusion, Au NPs assembled with a nucleolin-bound
aptamer-incorporated DNA motif was constructed as an
effective nanocarrier for co-drug delivery. When exposed to
visible light, the photodynamic action induced by the
photoactivated sensitizers produced abundant ROS. The
DNA moiety, which serves as a molecular switch of these
drug nanocarriers, scavenges a number of ROS, thus driving the
specific release of complementary drug molecules intercalated
into the dsDNA onto the Au NP surfaces. The combination of
PDT and chemotherapy leads to an improvement in the
therapeutic inhibition of tumor cell growth over individual
treatment. Moreover, this nanoscale delivery system is
immensely advantageous in combatting tumor drug resistance
with effective intracellular transport as well as optimal
antitumor efficacy.
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