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ABSTRACT: Noble metal-based nanomaterials offer great
potential as cargoes for multifunctional cancer treatment. In this
research, Au eyeball-like nanoparticles (NPs) with open-mouthed
Pd shells were synthesized and their surface was functionalized
with cell-targeting ligand folic acid (FA) and photodynamic agent
Chlorin e6 (Ce6). Due to the broad near-infrared (NIR)
absorption band of eyeball-like bimetallic Au and Pd, the
photothermal therapy effects of this nanomaterial were studied in
MCF-7 cancer cells. The anchored Ce6 not only addressed the
hypoxia issue of tumor cells but also exhibited remarkable
photodynamic efficacy upon irradiation. Results showed that the
obtained Au@Pd-PEG-FA-Ce6 (APPFC) NPs were selectively
accumulated at the tumor site and induced cell apoptosis effectively due to the target specificity and synergistic phototherapy effect.
The high specificity, desirable biosafety, fast delivery, and drug functionalization demonstrated eyeball-like Au@Pd NPs are
promising candidate for multifunctional therapy of breast cancer.
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■ INTRODUCTION

Breast cancer, a devastating tumor disease, not only has the
highest incidence rate but also is the reason for the second-
highest death rates in females.1 To break this hard nut,
phototherapy has been regarded as a promising cancer
therapeutic modality and inevitably attracted huge attention
by numerous scholars in the past few decades.2−6 There are
primarily two types of phototherapy approaches for cancer
treatments: photodynamic therapy (PDT) and photothermal
therapy (PTT).7−10 PDT uses photosensitizers (PSs) to
produce reactive oxygen species (ROS) with a specific
wavelength of light, and the generated ROS can destroy
nearby cancer cells.11 PTT, on the other hand, uses
photoabsorbing agents to destroy tumors with hyperthermia
produced by near-infrared (NIR) laser irradiation.12 Never-
theless, highly efficient phototherapy remains limited due to
various drawbacks associated with current techniques. For
example, it is difficult to eradicate tumors by single PTT effect
completely, especially for tumors located deep into the tissues
due to a significant depth-dependent decrease of the NIR laser
intensity.13 Moreover, related nanotherapeutics are hampered
by the insufficient loading of PSs, nonspecificity, and low
biosafety.14,15

Most recently, multifunctional noble metal-based nanoma-
terials have provided opportunities to improve therapeutic
efficacy by overcoming the disadvantages of PDT and

PTT.16,17 Among them, gold (Au) nanomaterials with
diversified morphologies are usually selected as ideal PTT
candidates due to their localized surface plasmon resonance
absorption (SPR) band in the NIR region.18−20 For example,
Qi and co-workers presented Au nanoparticle-based nano-
theranostic probe and investigated its SPR effect for PTT of
cancer.21 In the latest achievements by Shieh’s group,22 Au
nanoparticles were also used as nanoplatforms to deliver
dichloro(1,2-diaminocyclohexane)platinum(II) (DACHPt) for
combined chemo-photothermal therapy in colorectal cancer.
Au nanomaterials not only can transfer photo energy into
thermal energy for photothermal therapy but also can utilize
tunable SPR under NIR laser irradiation condition that further
enhances their potential in biomedical applications.23,24 An
effective strategy for red-shifting the absorption band to the
NIR region is by incorporating other metals to exploit the
synergistic effects between compounds strategically. Palladium
(Pd), another common noble metal, has already been
employed as an active potential material for cancer treatment
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due to its unique features and remarkable properties.25 For
example, Pd could supply a wider bio window in the NIR
region as well as enhance the PTT effect.26 It is expected that if
the Pd element can be hybridized with other metals, one can
overcome the weaknesses of single counterparts leading to an
optimized performance in cancer treatment. In this work, we
designed eyeball-like Au@Pd nanoparticles (NPs): a Au sphere
core surrounded by a bowl-like thin Pd nanolayer (Scheme 1).

Compared to a closed yolk−shell structure,27 these eyeball-like
yolk−shell Au@Pd NPs could exhibit favorable properties of
both Au and Pd by providing high SPR-enhanced properties in
the NIR region.
Apart from enhancing the therapeutic effect, it is also

essential to enhance the specificity and desirable biocompat-
ibility of the eyeball-like yolk−shell Au@Pd drug delivery
system.28−32 Several biomimicry strategies are generally used
to ensure their proper biosafety both in vivo and in vitro, such
as “Self” peptides, cell membrane coating, “Leukolike” coating,
and PEGylation.33−35 Among them, PEGylation is more
straightforward and efficient as biomimicry strategy. In light
of this, we functionalized the designed eyeball-like Au@Pd
NPs by PEGylation processing. In addition, we anchored

photodynamic agent Chlorine e6 (Ce6) as well as targeting
ligand folic acid (FA) for treating breast cancer MCF-7 cells
(Scheme 1). The high surface area-to-mass ratio of Au@Pd
NPs has resulted in loading of high therapeutic photodynamic
agents and targeted ligand molecules on the shell. The
treatment effects of PTT and PDT were thoroughly evaluated
in vitro microenvironments. This eyeball-like yolk−shell Au@
Pd system exhibits excellent solubility, higher drug loading
capacity, better photothermal efficacy, and higher specificity,
which was employed for synergistic targeted and dual
photodynamic−photothermal breast cancer therapy.

■ RESULTS AND DISCUSSION
All types of NPs were successfully prepared and well
characterized. The designed route for preparing Au@Pd NPs
is illustrated in Scheme 1. The structures and morphologies at
each step were performed using transmission electron
microscopy (TEM). As shown in Figure 1a,b, the 12 nm
sized Au nanoparticles have ∼4 nm thick Ag. Further
morphological characterization demonstrated that the yielded
Au@Pd NPs exhibited an eyeball-like yolk−shell structure
(Figure 1c,d).36,37 Although the yielded Au@Pd NPs were
initially water-soluble, they quickly aggregated in the
phosphate-buffered saline (PBS) solution due to the electron
screening effect, indicating their instability in human
physiological conditions (Figure S1). Therefore, the surface
modification of eyeball-like Au@Pd NPs is needed before
introducing them in cancer therapy. Poly(ethylene glycol)
(PEG) grafting is one of the most common strategies for
surface passivation to enhance stability and reduce the electron
screening effect.38 In our system, we used diamino-terminated
PEG to functionalize these eyeball-like Au@Pd NPs owing to
the amino group that could effectively bind to Au@Pd NPs to
obtain Au@Pd-PEG NPs.39 The PEG grafting improved the
physiological stability of Au@Pd NPs in PBS, even after
keeping them at room temperature for 3 days (Figure S2).
Dynamic light scattering measurements also verified the size
distribution of Au@Pd NPs (Figure 1e) and Au@Pd-PEG NPs
(Figure S3). Although the original Au@Pd NPs and the ones
after PEGylation showed ∼40 nm difference in average

Scheme 1. Schematic View of the Synthesis Process for the
APPFC Drug Delivery System and Subsequent Cellular
Uptake for the Effective Cancer Cell Treatment

Figure 1. TEM of as-prepared Au NPs (a) and Au@Ag NPs (b); TEM of eyeball-like Au@Pd NPs (c, d); size distribution of Au@Pd NPs as
measured by dynamic light scattering (e); UV−vis absorbance spectra of Au@Pd NPs and Au@Pd-PEG NPs (f); UV−vis absorbance spectra (g)
and fluorescence spectra (h) of Ce6, Au@Pd-PEG, and Au@Pd-PEG-FA-Ce6 (APPFC) in water.
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diameter, the exhibited durable UV to NIR absorbance spectra
were not affected by the PEG surface modification (Figure 1f).
The UV−vis and fluorescence characterization of Au@Pd-

PEG and Au@Pd-PEG-FA-Ce6 (APPFC) further demon-
strated that Au@Pd NPs have been successfully functionalized
with photodynamic agents (Figure 1g). Compared with the
absorbance of Au@Pd-PEG NPs, the UV−vis spectra of
APPFC NPs showed the characteristic absorption peaks of Ce6
(a Soret peak in 405 nm and a Q band in 675 nm). The
successful loading of Ce6 into Au@Pd NPs also provided a
visible color change from wine-red to dark yellow (Figure
S2c,d). Herein, the loading capacity of Ce6 on Au@Pd-PEG
was also determined and found to be 36% (testing process and
calculation method are illustrated in the Supporting
Information). Besides, FA peaks were observed from the
UV−vis absorbance spectra of APPFC (Figure S4), which
confirmed the conjugation of FA. Furthermore, the fluo-
rescence intensity from Ce6 on APPFC NPs was found to be
higher than that of free Ce6 in water (Figure 1h). This higher
fluorescence intensity can be attributed to the increased
dispersibility owing to the prevention of usual π−π stacking of
Ce6 in aqueous solution after conjugation on the surface of
Au@Pd NPs, which is very desirable for further testing in cell
physiological condition.40

To test whether Au@Pd-PEG NPs facilitated PSs to enter
cancer cells, confocal laser scanning microscopy (CLSM)
experiments were performed on breast cancer cells to
determine the cellular internalization of Ce6 (Figure 2).
Figure 2b showed the red fluorescence of Ce6 when MCF-7
cells were incubated with APPFC NPs (5 μg mL−1 of Ce6) for
4 h, while other cells, including those incubated with Ce6 alone
(Figure 2a), did not show any signal. This could be attributed
to the hydrophobic property of Ce6, which lowered the

transport and usage efficiency of free Ce6 in the water-based
cellular media.40 These experimental data confirm that our
functionalized APPFC NPs facilitate transportation of Ce6 in
cancer cells. Moreover, the intensity of the red fluorescence
signal also enhanced along with the increasing concentration of
Ce6 (Ce6, 10 μg mL−1) in APPFC (Figure 2b), suggesting that
the APPFC system exhibited a concentration-dependent
internalization in MCF-7 cells. In contrast, the fluorescence
intensity of MCF-7 cells incubated with free Ce6 was weaker
than that incubated with APPFC under the same Ce6
concentration (Figure 2a), which could be due to the target
delivery of Ce6 in APPFC systems via receptor-mediated
endocytosis.
As a useful targeting ligand, FA can recognize their

receptors-overexpressed cells, specifically targeting MCF-7
cells in this work.41,42 To assess the specific binding properties
of FA modified eyeball-like Au@Pd NPs, MCF-7 cells were
incubated with APPFC and APPC for different times,
respectively. Here, MCF-7 cells exhibited an obvious red
fluorescence signal of Ce6 in the cytoplasm after 2 h of
incubation under the presence of APPFC (Figure 2d), which
was clearly visible in zoom-in and merged images.
Furthermore, the red fluorescence became brighter when
treatment duration prolonged to 4 h, which demonstrated a
time-dependent cellular internalization of APPFC NPs toward
MCF-7 cells. Compared with the APPFC system (Figure 2d),
the cells incubated with APPC NPs showed weaker red signals
for both 2 and 4 h of incubation (Figure 2c), likely due to the
absence of FA. Therefore, boosted by the inclusion of the
targeting ligand, the eyeball-like bimetallic NPs exhibited a
highly selective specificity toward MCF-7 cells.
UV−vis spectra were used to assess the photothermal effect

of eyeball-like APPFC NPs. As shown in Figure 3a, they

Figure 2. CLSM images of MCF-7 cells incubated with different concentrations of Ce6 (a) and Au@Pd-PEG-FA-Ce6 (APPFC) (Ce6 amount: 5
or 10 μg mL−1) (b); CLSM images of MCF-7 cells incubated with APPC (c) and APPFC (d) under different times. Scale bars of the CLSM image
and enlarged image are 75 and 5 μm, respectively.

Figure 3. UV−vis adsorption intensity of APPFC for different concentrations (a); transient temperature profile for different concentration (1.5 W
cm−2 NIR at 808 nm) (b); and photothermal stability of APPFC (c).
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exhibited remarkably well NIR absorbance (808 nm) and the
absorption intensity increased with changes in their concen-
trations. Figure 3b investigated the photothermal performance
of APPFC for different concentrations. After laser irradiation
with 808 nm, the temperatures of solutions containing APPFC
were measured. As shown in Figure 3b, the temperature of
APPFC increased when the concentration of APPFC or
irradiation time increased. Moreover, these time-dependent
photothermal heating effects of APPFC indicated that the
photothermal temperature could exceed 50 °C in NIR laser
heating (808 nm, 1.5 W cm−2) for concentration above 100 μg
mL−1. Such high temperature may lead to sufficient cell
damage.9 To evaluate the photothermal stability of APPFC, we
tested the UV−vis spectra of APPFC at 808 nm after different
laser irradiation time (Figure 3c). Experimental results showed
slight variations with irradiation time, indicating excellent
photothermal stability of the APPFC system, which made them
good candidates for further development in phototherapy
applications in vitro and in vivo. Next, we used the Live−Dead
Kit to investigate the photothermal effect of APPFC by
evaluating the cell viability of MCF-7 cells under different
treatments. As shown in Figure S5, the cell line was barely
influenced in the area without exposure to the laser (the
bottom area). However, significant cell death was observed
when cells were treated with 808 nm laser irradiation,
indicating the killing of cancer cells during photothermal
therapy.
To study the ROS generation in this system, free Ce6 and

APPFC were treated with laser irradiation for a different time
and 9,10-anthracenediyl-bis-(methylene) dimalonic acid
(ABDA) was used as an indicator (Figures 4a and S6). As
shown in Figure S6, for 660 nm laser irradiation, there is a
negligible change in ABDA absorbance (Figure S6a) when
there was no ROS agent. A similar phenomenon was also
observed for APPFC with an 808 nm laser (Figure S6c),
suggesting that the introduction of 808 nm laser irradiation

had a negligible effect on the ROS generation in APPFC. In
contrast, when ABDA solutions containing free Ce6 (Figure
S6b) or APPFC (Figure 4a) were exposed to 660 nm laser
irradiation, the absorbance of ABDA decreased obviously,
indicating only 660 nm laser irradiation could trigger the ROS
generation by free Ce6 or APPFC NPs. Figure 4b presents the
results of ABDA absorbance decrease at different wavelengths.
Here, only a negligible difference was observed between free
Ce6 and APPFC under 660 nm laser irradiation, suggesting
that the APPFC NPs could effectively maintain the photo-
dynamic activity of Ce6 in their structure.
Intracellular ROS generation was evaluated by a ROS

fluorescence probe 2′,7′-dichlorofluorescein diacetate (DCFH-
DA). As shown in Figure 4d, MCF-7 cells exhibited negligible
green fluorescence when incubated with high free Ce6.
However, obvious green fluorescence could be observed in
MCF-7 cells after incubation with APPC, implying the massive
intracellular ROS production by Ce6 in APPC. Furthermore,
the green fluorescence signal inside the cells became much
stronger than other groups when MCF-7 cells incubated with
APPFC. This is due to the rapid transitivity, specific targeting
of FA, and high stability of the APPFC nanomedicine system.
Besides, to verify the laser trigger specificity, MCF-7 cells were
incubated with APPFC NPs and treated with 808 nm laser
irradiation (denoted as APPFC*). As expected, there was no
fluorescence signal observed, suggesting that 808 nm laser
irradiation was less efficient. This systematic experimental
study shows that the APPFC nanosystem has the ability to
generate ROS in in vitro system while heated with 660 nm laser
irradiation and the targeted heating can improve the
therapeutic efficacy of photodynamic therapy.
The ROS burst could break up the normal physiological

redox state and further result in the destruction of
mitochondrial membrane potential (MMP) and cell apoptosis.
Hence, the MMP indicator rhodamine 123 (Rho 123) was
utilized to assess the MMP condition in MCF-7 cells (Figure

Figure 4. UV−vis absorption spectra of ABDA under 660 nm laser irradiation for different times in the presence of APPFC NPs (a);
photodegradation rates of ABDA with a laser in the presence of free Ce6 and APPFC under 660 or 808 nm (b); CLSM images of ROS generation
in MCF-7 cells treated with different agents with the laser. The intracellular ROS generation detected by the Rho 123 (c), DCFH-DA (d), and
caspase 3/7 kit (e) after incubation with free Ce6, APPC NPs, or APPFC NPs. All laser irradiation was performed for 5 min at 660 nm with 50 mW
cm−2 power except the APPFC* at 808 nm with 1.5 W cm−2. (All scale bars of CLSM image are 25 μm.)
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4c).43 As shown in Figure 4c, MCF-7 cells emitted more
robust green fluorescence when they were incubated with
APPFC NPs than others (free Ce6 or APPC). The intensity of
the green fluorescence is a direct measure of mitochondria
destruction, suggesting the superior role of APPFC NPs in
cancer treatment. In addition, we further evaluated the
apoptosis of cells using the caspase 3/7 kit (Figure 4e) since
the activation of caspase 3/7 is another crucial signal for cell
apoptosis.40 The intensity of caspase fluorescent signal was
much stronger when the MCF-7 cells were incubated with
APPFC NPs. This further demonstrates the excellent therapy
effect of functionalized eyeball-like Au@Pd nanomaterials.
To demonstrate the superior treatment behavior of eyeball-

like Au@Pd NPs by combing photothermal therapy and
photodynamic therapy, we investigated the cell viability based
on live/dead cell staining shown in Figure 5. When the cells

were incubated with Au@Pd-PEG and treated with 808 nm
laser irradiation, the red fluorescence of dead cells increased
slightly (Figure 5b), indicating moderate PTT efficacy of Au@
Pd-PEG. On the other hand, almost all cells showed red
fluorescence when incubated with APPC NPs and treated with
both 660 and 808 nm laser irradiations (Figure 5c),
demonstrating synergistic effects of PTT and PDT in killing
cancer cells. Furthermore, our experimental results suggest that
the APPFC system has the higher lethality toward MCF-7 cells
than that of APPC under identical irradiation conditions owing
to the target specificity of FA (Figure 5d).
To further demonstrate the effects of PTT and PDT of this

system against MCF-7 cancer cells, 3-(4,5-dimethylthiazo-2-

yl)-2,5-di-phenyltetrazoliumromide (MTT) assay was con-
ducted. First, the cytotoxicity of Au@Pd NPs before and after
PEGylation was investigated. As shown in Figure S7, Au@Pd
NPs exhibited cytotoxicity toward MCF-7 cells in high
concentration but Au@Pd-PEG NPs showed negligible
cytotoxicity toward MCF-7 cells even at high concentration
of 100 μg mL−1, revealing that Au@Pd-PEG NPs had good
biocompatibility. After Ce6 loading and FA conjugation,
APPFC also showed a low cytotoxic effect on MCF-7 cells
without laser irradiation even at high Ce6 concentration
(Figure 5e).
Figure 5f demonstrates the viability of cells treated with free

Ce6, Au@Pd-PEG, APPC, and APPFC after different
irradiation processes. As we can see, Au@Pd-PEG was able
to induce partial cell death under 808 nm laser irradiation due
to the PTT effect. Besides, free Ce6 and APPC exhibited
concentration-dependent PDT effect under 660 nm laser
irradiation, and the cell viability decreased to 68.3 and 46.2% at
the concentration of 0.8 μg mL−1 Ce6, respectively (Figure 5f).
Here, the viability of APPC-treated cells was significantly lower
than that of free Ce6-treated cells because of the higher ROS
generation in APPC NP incubated cells. The viability of
APPC-treated cells was dramatically decreased under the
combined laser irradiation (660 nm, 50 mW cm−2 and 808 nm,
1.5 W cm−2), which demonstrated the successful combination
of photothermal/dynamic therapy. Moreover, FA targeting
further enhanced the treatment efficiency, which was illustrated
by the lower cell viability (∼13.7%) of APPFC treated cells
than that of APPC-treated cells under the combined laser
irradiation. These results confirmed that the designed APPFC
system could kill MCF-7 cancer cells through an effective
PTT/PDT process while subjected to combined laser
irradiation (660 and 808 nm). MTT assays were further
performed after incubating different times in MCF-7 cells,
which confirmed a time-dependent cytotoxicity of APPC and
APPFC under combined laser irradiation (Figure S8).

■ CONCLUSIONS

A facile method was presented to prepare stable, mono-
disperse, biocompatible eyeball-like yolk−shell nanoparticles
using noble metals Au and Pd. Compared with bare Au@Pd
NPs, the newly developed APPFC system exhibited higher
drug loading capacity, better photothermal efficacy, and higher
specificity. By combining photothermal therapy and photo-
dynamic therapy, the APPFC system is an excellent approach
for cancer treatment. Importantly, this synthetic method
provides a novel approach for the preparation of bimetal
nanocomposites for biomedical applications. Besides, this
bimetallic therapeutic platform integrates tumor-specific
accumulation and a noninvasive therapeutic modality into a
system, showing great potential for effective treatment of
cancer.

■ EXPERIMENTAL SECTION
The eyeball-like Au@Pd NPs were synthesized via a three-step
method, including synthesizing Au NPs, core−shell Au@Ag NPs, and
galvanic displacement reaction employing the Ag shell as the
sacrificing template. The Au NPs were synthesized through premixing
methods reported elsewhere.44 Briefly, 1 mL of the HAuCl4 aqueous
solution (0.5 wt %) and 42.5 μL of the AgNO3 aqueous solution (0.1
wt %) were added to a given volume of citrate aqueous solution (1 wt
%) under stirring. Then, water was added to the mixed solution until
the volume was 2.5 mL. After incubation of about 4.5 min, this

Figure 5. CLSM images of cell viability treated with Au@Pd-PEG (a),
Au@Pd-PEG with 808 nm irradiation (b), APPC (c), and APPFC (d)
under combined laser conditions (660 nm + 808 nm). The cells were
stained with the live/dead viability kit. Green: live cells, red: dead
cells. All laser irradiation was performed for 5 min. MTT assay of
MCF-7 cells incubated with Au@Pd-PEG, free Ce6, and APPFC
(various concentrations of Ce6) without irradiation (e) and under
different irradiation (f).
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mixture was quickly poured into 47.5 mL of boiling water in a 100 mL
flask. Further reflux of the whole reaction solution was continued for 1
h under stirring to warrant the formation of uniform quasispherical Au
NPs. A typical synthesis of core−shell Au@Ag NPs with 12 nm Au
core is as follows. Three hundred microliters of aqueous citrate
solution (1 wt %) was added into 8.6 mL of water, followed by adding
1 mL of an aqueous solution of as-prepared Au NPs, 20 μL of
aqueous HQ solution (0.03 M) and 50 μL of aqueous AgNO3
solution (0.01 M) successively. After stirring for about 4 h, the color
of the aqueous solution was changed from light red to orange.
Eventually, core−shell Au@Ag NPs with a 6.3 nm Ag shell were
obtained. Eyeball-like Au@Pd NPs were fabricated by adding 150 μL
of the Na2PdCl4 aqueous solution (1 mM) into 10 mL of the obtained
aqueous solution of Au@Ag NPs. The reactions were further stirred
for about 4 h at room temperature. The color of the aqueous solution
changed from orange to brown. The products were centrifuged at
8000 rcf for 10 min and washed two times in turn with de-ionized
water.
To form APPFC NPs, the obtained eyeball-like Au@Pd NPs were

modified by PEG, FA, and Ce6 step by step. First,10 mg of amino-
PEG was dissolved in 0.5 mg mL−1 of the Au@Pd NPs solution under
sonication and stirring. After several times of water washing, the
excess PEG polymers were removed. Subsequently, a solution of Ce6
(2 mg) and 14 mg FA (14 mg) in dimethyl sulfoxide (DMSO, 1 mL)
was prepared. Next, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) and N-hydroxysuccinimide (NHS) (1:1; 1 mg)
were added into the above-obtained Au@Pd-PEG solution. Two
solutions are mixed thoroughly and reactions are allowed for 4 h. The
Au@Pd-PEG-Ce6 (APPC) NPs were prepared by the same method
only without adding FA.
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