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ABSTRACT: We present the synthesis and application of a
new type of dual magnetic and plasmonic nanostructures for
magnetic-field-guided drug delivery and combined photo-
thermal and photodynamic cancer therapy. Near-infrared-
absorbing gold nanopopcorns containing a self-assembled iron
oxide cluster core were prepared via a seed-mediated growth
method. The hybrid nanostructures are superparamagnetic and
show great photothermal conversion efficiency (η = 61%)
under near-infrared irradiation. Compact and stable nano-
complexes for photothermal−photodynamic therapy were
formed by coating the nanoparticles with near-infrared-
absorbing photosensitizer silicon 2,3-naphthalocyannie dihydroxide and stabilization with poly(ethylene glycol) linked with
11-mercaptoundecanoic acid. The nanocomplex showed enhanced release and cellular uptake of the photosensitizer with the use
of a gradient magnetic field. In vitro studies using two different cell lines showed that the dual mode photothermal and
photodynamic therapy with the assistance of magnetic-field-guided drug delivery dramatically improved the therapeutic efficacy
of cancer cells as compared to the combination treatment without using a magnetic field and the two treatments alone. The
“three-in-one” nanocomplex has the potential to carry therapeutic agents deep into a tumor through magnetic manipulation and
to completely eradicate tumors by subsequent photothermal and photodynamic therapies without systemic toxicity.

KEYWORDS: iron oxide−gold nanopopcorns, hybrid nanoparticles, magnetic attraction, drug delivery, cancer, photothermal therapy,
photodynamic therapy

1. INTRODUCTION

One of the major current interests in nanomedicine is the use
of near-infrared (NIR)-absorbing gold (Au) nanoparticles
(NPs) for photothermal cancer therapy.1 The rationale is that
Au NPs exhibit strong localized surface plasmon resonance
(LSPR) absorption. By changing the particle’s structure or
shape, the LSPR wavelength can be tuned into the tissue-
transparent NIR region. Under laser irradiation, the NPs
convert absorbed light quickly (on a picosecond time scale)
into heat2 that can ablate adjacent cancer cells. Since the
therapeutic mechanism relies on a photophysical process, drug
resistance and systemic toxicity associated with chemotherapy
are avoided. During the past decade, different types of NIR-
absorbing Au NPs have been reported and used for cancer
photothermal therapy (PTT), including Au nanoshells,3−5

nanorods (NRs),6−9 nanocages,10,11 hollow nanospheres,12,13

and recently emerged nanopopcorns14 and bellflowers.15

Compared to traditional molecular photothermal agents,

these NPs have orders of magnitude higher light absorption
efficiency.16 They do not photobleach and allow for facile
surface modification. When coated with polyethylene glycol
(PEG), they show prolonged half-life in blood circulation,17,18

which helps tumor uptake of the NPs and their cargos through
the enhanced permeability and retention (EPR) effect.
Another light-mediated treatment that uses a chemical

mechanism to kill cancer cells is photodynamic therapy
(PDT). In PDT, a photosensitizer (PS) absorbs light energy
and is excited from the ground state to a high energy state,
which transfers energy to neighboring oxygen, leading to
production of high energy reactive oxygen species (ROS)
(mainly singlet oxygen) to kill cancer cells.19−21 The major
problem for traditional PDT was the target specificity of the PS
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agents. Substantial efforts have been made to search for
nanocarriers to improve PS delivery.22−25 The use of
photothermal NPs as PS carriers is advantageous over other
carriers because cancer cells can be destroyed simultaneously by
photothermal and photodynamic therapy under a single laser
excitation. Combined PTT and PDT have been shown more
effective than PTT or PDT alone due to additive or synergistic
effects.26−36

We report here the synthesis and use of a new type of
nanoplatform for combined cancer PTT and PDT. The NPs,
which are Au nanopopcorns (NPCs) containing a self-
assembled iron oxide cluster (IOC) core, are superparamag-
netic and exhibit strong NIR absorption. Using the IOC−Au
NPCs, we demonstrated the first application of magnetic−
optical hybrid nanosystems for magnetic-field-guided drug
delivery and dual mode PTT and PDT. Compared to existing
PTT and PDT nanosystems, this new system has the potential
to deliver both PDT and PTT agents deep into a tumor. It is
well-known that tumor penetration of therapeutic agents
remains a major issue in drug delivery and cancer treatment.
Previously, Kong et al. reported that magnetic attraction,
induced by gradient magnetic field from a permanent magnet,
enhanced the accumulation of magnetic nanocapsules deep in a
tumor by 200 fold as compared to that for the control group.37

This opened new opportunities to deliver therapeutic agents
deep into a tumor through magnetic manipulation. In this
work, we effectively integrated the modalities of magnetic field-
assisted drug delivery, PTT and PDT into a single nano-
construct. We demonstrated through in vitro studies that
combinatorial PTT and PDT with (w/) magnetic attraction is
more effective than PTT and PDT without (w/o) magnetic
attraction, PTT or PDT alone. The PS-loaded IOC−Au hybrid
nanoplatform has great potential for highly effective tumor
ablation and may prevent tumor recurrence. The hybrid NPs
can also be used as a contrast agent for magnetic resonance
imaging (MRI) and thus potentially offer a theranostic platform
for tumor detection and therapy.

2. EXPERIMENTAL SECTION
Materials. All chemicals were purchased from Sigma-Aldrich unless

specified. Amine-terminated poly(ethylene glycol) (PEG-NH2, MW
5000) was purchased from Laysan Bio (Arab, AL).
Synthesis and Characterization of IO NPs and IOCs. IO NPs

were synthesized by the thermal decomposition method developed by
Sun et al.38 Briefly, iron(III) acetylacetonate (2 mmol), 1,2-
hexadecanediol (10 mmol), oleic acid (6 mmol), and oleylamine (6
mmol) were mixed in 1-octadecene (20 mL) in a three-neck bottle
flask. The mixture was heated up to reflux (320 °C) under a nitrogen
atmosphere for 1 h. After being cooled to room temperature, the
resulting solution was added with ethanol to precipitate the particles.
The NPs were concentrated by centrifugation, washed with hexane,
and then resuspended in hexane for further use.
The IOCs were prepared according to our previously reported

method39 with modifications. In this method, 5 mg of IO NPs were
dried under argon and mixed with 10 mg of N-alkyl polyethylenimine-
(PEI) 2k in 500 μL of chloroform. The mixed solutions were added
into 5 mL of distilled water under sonication. Then, the mixture was
shaken for overnight and the chloroform was removed by rotary
evaporation to obtain PEI-coated IOCs. The PEI-coated IOCs were
dispersed in water for further use. The N-alkyl-PEI2k was prepared in
advance by reacting 1-iodododecane with PEI2k in ethanol at 55 °C
for 6 h, followed by solvent evaporation and purification with dialysis.
Synthesis and Characterization of IOC−Au NPCs. The PEI-

coated IOCs were initially coated with a layer of negatively charged
polymer to reverse the surface charge for subsequent growth of the Au

layer. This was done by mixing the clusters (0.2 mg/mL, Fe
concentration in this paper) with polystyrene chloride (PSS, 20 mg/
mL) in the presence of 20 mM sodium hydroxide for 30 min. After
purification by magnetic separation, the PSS/PEI-coated IOCs were
dispersed in water and used as seeds to make IOC−Au NPCs based on
a seed-mediated growth method with modifications.40 First, the PSS/
PEI-coated IOCs (0.5 mL, 0.2 mg/mL) were adsorbed with
diamminesilver ions (Ag(NH3)2

+) (20 μL, 10 mM), followed by
reduction with sodium borohydride (NaBH4) (100 μL, 10 mM) to
form Ag-decorated IOCs. The Ag-decorated IOCs were purified by
centrifugation and redispersed in ultrapure water to form the seed
solution (0.5 mL, 0.2 mg/mL). In a separate glass flask, 45 mL of gold
growth solution containing 0.1 M cetyl trimethylammonium bromide
(CTAB), 0.4 mM chloroauric acid (HAuCl4), and 80 μM AgNO3 was
prepared and heated to 25 °C in a water bath, followed by addition of
0.69 mL of 40 mM ascorbic acid (AA) to reduce HAuCl4 to HAuCl2.
Then, 150 μL of the seed solution was injected and IOC−Au hybrid
NPs formed within 2 h. The NPs were purified by 2 times of
centrifugation and washing with ultrapure water. The absorption
spectrum of the NPs was measured using an Ocean Optics UV−vis−
NIR absorption spectrometer (Dunedin, FL). The size and
morphology of the NPs were examined with a JEOL JEM-1200
EXII electron transmission microscope (TEM). Size distribution was
calculated from about 150 NPs. Chemical components of the
nanostructures were determined using energy-dispersive X-ray spec-
troscopy (EDX) on a Nova NanoSEM 650 Field emission scanning
electron microscope (FE-SEM). The magnetic properties were
measured using a vibration sample magnetometer (Dexing Magnets,
China). Magnetic separation was performed using a Qiagen 12-tube
magnet with the surface field around 4000 G.

Determination of Photothermal Conversion Efficiency of
IOC−Au NPCs. The photothermal conversion efficiency of the NPs
was measured according to the method reported previously.41,42

Specifically, 200 μL of 3.2 μg/mL IOC−Au NPCs (OD808 = 1) in a 1.7
mL centrifuge vial was irradiated with a 808 nm diode laser (Power
Technologies, Little Rock, AR). The diameter of the laser beam was 1
cm, and the power density was 0.55 W/cm2. A thermocouple was
inserted into the solution to record the temperature. The temperature
was monitored during both heating (laser on) and cooling (laser off)
stages. The photothermal conversion efficiency η was calculated using
the following equation41

η =
− −
− −

hS T T Q

I

( )

(1 10 )A
max amb dis

808 (1)

where h is the heat transfer coefficient, S is the surface area of the
container, Tmax is the maximum equilibrium temperature, Tamb is the
ambient temperature of the surroundings, Qdis is a parameter
expressing the laser-induced heat input by the container, I is the
laser power, and A808 is the absorbance of the NPs at 808 nm. The
same experiment was conducted with water as the control to
determine Qdis (mW) by

= · · ·ΔQ m C T t10 /dis
3

(2)

where m is the mass of water (g), C is the heat capacity of water (J g1−

K−1), ΔT is the increased temperature (K), and t is the laser exposure
time (s). The term hS was calculated based on

τ
=

∑
hS

m Ci i p i,

s (3)

where τs is the sample system time constant and i is the system
components (NP suspension and sample container). τs is related to a
dimensionless driving force temperature θ by

τ θ= −t lns (4)

where t is the cooling time and θ is given by

θ = − −T T T T( )/( )amb max amb (5)
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PS Loading and Stabilization on IOC−Au NPCs. PS loading
and stabilization on the IOC−Au NPCs were performed by adapting
our previously reported method.43 First, 11-mercaptoundecanoic acid
linked PEG (MUA-PEG) was synthesized as the stabilization agent.
This was done through an N,N′-dicyclohexylcarbodiimide (DCC)-
activated coupling reaction between PEG-NH2 and MUA in
anhydrous dichloromethane (DCM). The polymer was purified by
centrifugal filtration. To load PS onto IOC−Au NPCs, 1 mL of 4.0
μg/mL IOC−Au NPCs was mixed with silicon 2,3-naphthalocyannie
dihydroxide (SiNC) at various concentrations (0.05−4 μM) for 15
min. Then, 250 μL of 1 mM MUA-PEG was added and the solution
was stirred for another 45 min. The MUA-PEG/SiNC/IOC−Au
NPCs were purified by three rounds of centrifugation (12 000 rpm, 10
min) and washing with ultrapure water. The residue was reconstituted
with ultrapure water. The nanocomplex with the saturated SiNC
coating was used for further studies.
Stability of SiNC-Loaded IOC−Au NPCs in Phosphate

Buffered Saline (PBS), Cell Culture Medium, and Serum.
MUA-PEG/SiNC/IOC−Au NPCs were dispersed in 1 × PBS (pH
7.4, 137 mM NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4 and 1.47 mM
KH2PO4), RPMI 1640 cell culture medium (Mediatech, Inc.,
Manassas, VA) with 10% fetal bovine serum (FBS, Gemini Bio-
Products, West Sacramento, CA) or 100% FBS to make 1 mL of 4 μg/
mL solution. The solution was shaken on an orbital shaker (600 rpm)
to mimic blood circulation. At a specified time from 30 to 360 min,
200 μL of the solution was withdrawn and centrifuged. The
supernatant was collected and mixed with an equal volume of DCM
and stirred vigorously for 4 h. Then, the DCM layer was collected and
the solvent was evaporated. The residue was reconstituted and
concentrated with 20 μL of DMSO. SiNC was quantified by Raman
spectroscopy using a portable Raman spectrometer (Enwave
Optronics, Inc., Irvine, CA).
SiNC Release from IOC−Au NPCs w/ and w/o Magnetic

Attraction under Cellular Environment. KB-3-1 head and neck
cancer cells were cultured in RPMI 1640 medium supplemented with
10% (v/v) FBS and pencilium−streptomycin solution (100 U/mL
penicillin, 100 U/mL streptomycine) at 37 °C under 5% CO2. The
cells were seeded at a density of 8 × 103 cells per well into 96-well

plates in triplicate. After 24 h, the medium was replaced with 100 μL of
fresh medium containing 4 μg/mL MUA-PEG/SiNC/IOC−Au NPCs.
After a specified time from 30 to 360 min, the cell culture medium was
collected. SiNC in the medium was extracted with DCM, followed by
solvent evaporation and resuspension with DMSO. SiNC was
quantified by Raman spectroscopy. SiNC released was expressed as
the percentage of SiNC inside cells compared to the total amount of
SiNC from the added MUA-PEG/SiNC/IOC−Au NPCs. The same
experiment was performed in the presence of a magnetic field, in
which a permanent neodymium−iron−boron (NdFeB) block magnet
(4″ × 4″ × 2″ thick, surface field: ∼4900 G) was paced under the 96-
plate during incubation. To ensure the similar field for each well, only
the cell wells located within a 2″ × 2″ area of the magnet were used.

Laser Irradiation, Magnetic Attraction, and Cell Viability
Assay. KB-3-1 and SK-BR-3 (breast cancer) cells were seeded at a
density of 8 × 103 cells per well into 96-well plates in triplicate. After
24 h, the medium was replaced with 100 μL of fresh medium
containing the following formulations: (1) SiNC (DMSO as the
solvent), (2) MUA-PEG/IOC−Au NPCs, (3) MUA-PEG/SiNC/
IOC−Au NPCs, and (4) MUA-PEG/SiNC/IOC−Au NPCs w/
NdFeB block magnet. Cells w/o any treatment were used as the
control. The laser treatment, 10 min irradiation with a 808 nm diode
laser (Beam size: 8 mm. Power intensity: 0.55 W/cm2) (Power
Technologies, Little Rock, AR), was conducted 2 h after the addition
of the formulations. After laser irradiation, cells were washed with PBS
and incubated in drug-free medium for overnight. The effect of dosage
on cell killing efficiency was examined by using different concen-
trations of the nanocomplex from 1 to 4 μg/mL. Free drug was added
at an equivalent concentration of SiNC in the nanocomplex. Cell
viability was determined using the XTT toxicology assay. The cell
viability was expressed as the percentage of live cells over that of the
untreated control. The data are presented as the mean ± standard
deviation of triplicate measurements.

Statistical Analysis. The statistical significance of the cell
viabilities under different treatments and different concentrations
was compared using the analysis of variance (ANOVA). A P-value <
0.05 was considered statistically significant in all cases. Multiple
comparison procedures were used after obtaining a significant

Figure 1. Structural characterization of IO NPs (A, D), IOCs (B, E) and IOC−Au NPCs (C, F). (A, B, C) TEM images. (D, E, F) Size distribution
calculated from ∼150 NPs. The average size of the IO NPs, IOCs, and IOC−Au NPCs was 8, 87, and 158 nm, respectively.
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ANOVA result. A post hoc Scheffe method was applied to determine
which means differed. The mean difference between treatments or
concentrations was considered to be significant if the absolute value
was greater than the minimum significant difference (MSD) that was
derived from the Scheffe method.

3. RESULTS AND DISCUSSION

Synthesis and Characterization of IOC−Au NPCs. NIR-
absorbing Au NPs with an IO core have been previously made
by several research groups, including our group.40,44−53 In these
studies, single IO NPs were used as the core materials. It will be
highly desirable to make the hybrid NPs with an IOC core.
This is because IOCs show better magnetic properties

compared to the individual IO NPs as each cluster is composed
of many individual particles. For example, research has shown
that IOCs (∼100 nm in diameter) show 2 times higher T2
relaxivity coefficients than the individual IO NPs (∼9 nm in
diameter),54 making them excellent contrast agents for
magnetic resonance imaging (MRI).
Oleic acid coated IO NPs were prepared by the classic

thermal decomposition method.38 The NPs were about 8 ± 1.3
nm (mean ± SD) in diameter (Figure 1A,D). The IOCs were
prepared by self-assembly of the IO NPs with alkyl-PEI2K. The
low molecular weight amphiphilic polymer transfers hydro-
phobic IO NPs from organic solvent to aqueous phase while
holding multiple particles together to form clustered structures.

Figure 2. Optical absorption and magnetic properties of IOC−Au NPCs. (A) Absorption spectrum of IOC−Au NPCs. (B) Room-temperature
magnetization curves of IOCs and IOC−Au NPCs. (C) Photographs of the magnetic separation of IOCs and IOC−Au NPCs. (D) EDX spectrum of
IOC−Au NPCs.
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The diameter of the IOCs was 87 ± 11 nm (Figure 1B,E). The
clusters were well dispersed in water and stable up to 6 months
at room temperature.
In order to grow Au on the IOCs, the clusters were coated

with PSS by electrostatic adsorption to introduce a negative
charge through the sulfonate groups. These negatively charged
groups were used as the anchor points to adsorb Ag(NH3)2

+

ions that were subsequently reduced to form small Ag NPs (2−
5 nm) as the nucleation sites for the growth of the Au shell.
PSS coating was confirmed by DLS characterization (Table S1,
Supporting Information). The PSS-coated IOCs showed a
surface potential of −19.8 mV, in contrast to the highly positive
charge of the PEI-coated clusters (43.2 mV). The formation of
IOC−Au NPs was initiated by injection of the Ag-adsorbed
IOCs into a reduced Au growth solution containing HAuCl2,
CTAB, AgNO3, and AA. Such a growth solution has been
widely used to make metal NPs in various shapes by fine
control of the concentration of the chemical components.55,56

The formation of various shapes is the outcome of the interplay
between the faceting binding tendency of the stabilizing agent
CTAB and the growth kinetics.55 Preparation of anisotropic
nanostructures is desirable because anisotropic NPs are known
to give better electric field enhancement than the spherical
ones,57 a phenomenon that enhances many optical activities
such as surface enhanced Raman scattering (SERS). In our
studies, we made IOC−Au NPCs with the reduced growth
solution consisting of 0.4 mM HAuCl2, 0.1 M CTAB, 80 μM
AgNO3, and 1.2 mM AA. TEM characterization showed that
the IOC−Au NPCs were 158 ± 18 nm (Figure 1C,F).
Considering the thickness of the PSS layer (∼10 nm
determined by DLS), the average thickness of the external
Au structure was about 30 nm.
The IOC−Au NPCs absorb in the NIR region, with a broad

LSPR peak around 800 nm (Figure 2A). They are super-
paramagnetic, with a saturation magnetization around 22 emu/
g (Figure 2B). This value is approximately one-half of that of
the IOCs, due to the mass contribution from the diamagnetic
Au that has a 4-fold higher density than the IO. The magnetic
property was further confirmed by their separation in the
presence of a magnetic field. The IOC−Au NPCs were
separated from the solution within 2 h when the sample was
attached to a permanent magnet, similar to the IOCs (Figure
2C). This demonstrates that the IOC−Au NPCs are indeed
core−shell NPs. The EDX spectrum reveals the presence of

both Fe and Au (Figure 2D). The relative intensities of the Au
and Fe peaks indicate that the particles are largely of Au
character. In addition, Au has a much higher atomic weight
than Fe, which also contributes to the strong signals from Au.
The peak at 8 keV is from Cu on the support TEM grid.
To understand the growth mechanism of the hybrid NPs, we

examined the effects of particle formation by the amount of Au
precursor in the growth solution. This was done by injecting
different amounts of the Ag-decorated IOC seed. The results
showed that, when the amount of the seed was high (relative
amount of Au precursor per seed particle is low), individual Au
NPs on the IOCs were clearly seen (Figure S1A, Supporting
Information). When the amount of seed was decreased, the
individual Au NPs grew larger and adjacent Au NPs coalesced
by the deposition of Au onto the NPs from solution (Figure
S1B−D). The LSPR band red-shifted in wavelength and
increased in intensity (Figure S1F). When the amount of the
seed was further decreased, IOC−Au NPs with protrudent Au
structures formed, resulting in IOC−Au NPCs (Figure S1E).
HRTEM images of individual NPs revealed that the Au grew
along the (111) direction (Figure S2, Supporting Information).

Photothermal Performance of the IOC−Au NPCs. To
investigate the potential capability of the IOC−Au NPCs for
photothermal therapy, the photothermal conversion efficiency,
η, of the particles was determined. In these studies, the
temperature of an NP solution under continuous laser
irradiation and subsequent cooling with the laser being turned
off was recorded. The cooling process was used to determine
the rate of heat transfer from the NP solution to the
environment. Figure 3A shows the plot of the temperature
versus time for an aqueous IOC−Au NPC sample (OD = 1.0)
during the laser heating and cooling processes. The temper-
ature increased by 40 °C when the NP solution was irradiated
for 320 s and did not change significantly with further
irradiation. The temperature reached a maximum because of
the equilibrium between the heat input and output. In contrast,
the temperature of the control water increased by only 0.9 °C
(Figure S3, Supporting Information). Using eq 2 and the
heating profile of the water, the Qdis was determined to be 1.57
mW. Figure 3B shows the plot of the cooling time t versus the
term −ln θ. The data shows a linear relationship, giving a slope
of 110.6 s, the τs. Using eq 3, the term hS was calculated to be
7.6 mW/°C. On the basis of eq 1, the efficiency of transducing
the red laser to heat by the IOC−Au NPCs was calculated to be

Figure 3. Photothermal property of IOC−Au NPCs. (A) Plot of the temperature vs time for the IO−Au NPCs (4.0 μg/mL, OD808 = 1.0) during
laser irradiation (808 nm, 0.55 W/cm2) and cooling (laser off). The temperature increased from an ambient value of 21.4 °C to an equilibrium value
of 62.0 °C during continuous irradiation for 600 s. (B) Plot of the cooling time vs −ln θ. On the basis of the linear regression analysis, the time
constant for heat transfer τs (the slope of the plot) was determined to be 110 s.
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61%. For comparison, we made Au NRs, one of the well-known
NIR-absorbing Au nanostructures in PTT. The NRs have an
averaged aspect ratio of 4.1, with a length around 45 nm and a
width around 11 nm (Figure S4A, Supporting Information).
The NRs have the LSPR around 795 nm, largely overlapping
with the NIR laser wavelength at 808 nm (Figure S4B). Figure
S4C shows the plot of the temperature versus time for an
aqueous Au NRs sample (OD808 = 1.0) during the laser heating
and cooling processes. The plot of the cooling time t versus the
term −ln θ is shown in Figure S4D. On the basis of this
information and eqs 1−5, we determined that the photothermal
conversion efficiency of Au NRs is 75%, which is higher than
that of IO−Au NPCs. This is not surprising because
photothermal conversion efficiency is largely dependent on
the particle’s volume, shape, and structure as well as the
overlapping of the LSPR of the NPs with the laser
wavelength.58 Chen and co-workers recently reported that Au
bellflowers around 150 nm show a photothermal conversion
efficiency of 74% in the NIR region.15 For NPs with a similar
shape and structure, larger NPs have stronger light scattering
contribution in the total extinction efficiency and thus may give
lower photothermal conversion efficiencies than smaller NPs. It
is worth to mention that other researchers have reported
different photothermal conversion efficiencies of Au NRs
(24%,41 60%,59 and 90%58) depending on the dimension of the
NRs and the laser source used. Under our experimental
conditions, Au NRs show higher photothermal conversion
efficiency and correspondingly work better than IO−Au NPCs
in PTT. However, Au NRs do not have magnetic properties.
The IO−Au hybrid NPCs have combined optical and magnetic
properties and thus offer new capabilites in biomedical
diagnostics and treatment.
Preparation and Characterization of SiNC-Loaded

IOC−Au NPCs. To achieve deep light penetration into tissue,
an ideal PS agent should absorb light in the NIR region. They
should also have good singlet oxygen quantum yield (ϕΔ ≥ 0.2)
to ensure sufficient efficacy. Hydrophobic sensitizers are
generally more effective than hydrophilic ones in cells and
tumor uptake with a similar yield of singlet oxygen.60 We chose
SiNC as the PS agents. SiNC is one of the dye-based
hydrophobic PS molecules. It has strong absorption in the NIR
window, with the absorption maxima at 778 nm in DMSO
(Figure 4). In a more hydrophilic environment (3DMSO:1
water), the absorption maxima is red-shifted to 795 nm, which

overlaps well with the irradiation laser wavelength (808 nm).
The SiNC has a good singlet oxygen quantum yield (ϕΔ =
0.35),61 comparable to that of the clinically used phthalocya-
nine (PC)-based molecules that has only marginal NIR
absorption.62

We have previously demonstrated that a hydrophobic drug
can be loaded onto Au nanorods through the interaction of the
drug with the hydrophobic interior of the CTAB capping
bilayer on the surface of the nanorods.43 CTAB was then
replaced with amphiphilic MUA-PEG without displacing the
drug molecules. The drug was entrapped in the hydrophobic
interior of the MUA-PEG monolayer. Using the same method,
we loaded SiNC onto IOC−Au NPCs and stabilized the SiNC-
adsorbed particles with MUA-PEG. The SiNC adsorption was
characterized by SERS measurement. The MUA-PEG/SiNC/
IOC−Au NPCs gave strong Raman signals from SiNC,
indicating successful SiNC adsorption (Figure 5A). The signal
intensity increased with the increase of the SiNC concentration,
reaching a maximum around 1 μM due to saturated adsorption
(Figure 5B). Assuming that all SiNC was adsorbed at this
condition, the loading efficiency was 19.4% (mass of SiNC/
mass of Fe). Subsequent MUA-PEG binding was examined by
DLS measurement.
Table 1 showed that the as-prepared IOC−Au NPCs had the

hydrodynamic diameter (HD) of 170 nm and zeta potential (ξ)
of +27 mV. The highly positive surface charge is due to the
positively charged CTAB capping materials. When the particles
were modified with MUA-PEG (w/ or w/o SiNC), the HD of
the NPCs increased by 20 nm and the ξ decreased by 35 mV.
These changes indicate the successfully replacement of CTAB
by MUA-PEG on the surface of the particles.

Stability and Drug Release Profile of MUA-PEG/SiNC/
IOC−Au NPCs. The stability of the nanocomplex was
examined in PBS, cell culture medium, and 100% serum. To
mimic blood circulation, the nanocomplexes in the above
solutions were continuously shaken on an orbital shaker. At
different times, an aliquot of the solution was centrifuged and
the supernatant was extracted with DCM to determine the
amount of SiNC released from the nanocomplex. SiNC was
quantified by Raman spectroscopy. Although SiNC gave weaker
Raman signals than those adsorbed on the particles,
quantization of SiNC can be achieved at elevated laser power
and acquisition time (Figure S5, Supporting Information).
Figure 6A shows that less than 2% of SiNC was released after 1
h in all the solutions. After 6 h, less than 8% of SiNC was
released in all cases. These results demonstrate that the MUA-
PEG/SiNC/IOC−Au NPCs have excellent stability in the
physiological environments. The SiNC release property was
studied under a cellular environment. In this study, we
incubated SK-BR-3 cells with cell culture medium containing
MUA-PEG/SiNC/IOC−Au NPCs. After a specified time, we
determined the amount of SiNC remaining in the medium. We
assumed that all the SiNC released from the nanocomplex
entered cells. Figure 6B (black) shows that the nanocomplex
exhibits a biphasic drug release profile with the rapid release
process occurring within the first 2 h. Then, SiNC release
slowly increased, with 78% of SiNC released at 5 h. These
studies demonstrate that SiNC release from the MUA-PEG/
SiNC/IOC−Au NPCs is highly efficient upon exposure to live
cells. The release is due to the preferential localization of
hydrophobic drugs to the cell lipid membrane.43

A similar study was performed in the presence of a magnetic
field. In this experiment, a permanent magnet (surface field ∼

Figure 4. Structure (inset) and absorption spectra of SiNC. The
absorption maximum is 778 nm in DMSO and 795 nm in DMSO/
water.
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4900 G) was placed under the 96-well plate during the
incubation. Figure 6B (red) shows that the SiNC release profile
w/ the magnetic field is similar to those w/o the magnetic field.
However, the release efficiency at each examined time point is
relatively higher. For examples, at 30 min, while 37% SiNC was
released from the nanocomplex w/o the magnetic field, 52%
SiNC was released w/ the magnetic field. At 2 h, SiNC release
was 65% and 81% for w/o and w/ the magnetic field,
respectively. This indicates that the magnetic field significantly
accelerated the release of SiNC. This is because the magnetic
field facilitates the movement of the magnetic nanocomplex
toward the cell membrane. With further incubation (>10 h),
however, the amount of SiNC released w/ the magnetic field is
only slightly higher than that w/o the magnetic field. This is not
surprising since the majority of loaded SiNC has been released
within 10 h. It is realized that, under in vivo conditions,

magnetic attraction will not only accelerate SiNC release but
also enhance deep penetration of the nanocarrier and the
cargos.37

Photothermal and Photodynamic Therapy w/ and w/
o Magnetic-Field-Guided Drug Delivery. To examine the
capabilities of the nanocomplexes for dual mode PTT and PDT
as well as the effect of magnetic-field-guided drug delivery on
the therapeutic efficacy, we comparably studied the cytotoxic
effects of PTT, PDT, PTT + PDT, and PTT + PDT +
magnetic attraction using MUA-PEG/IOC−Au NPCs, SiNC,
MUA-PEG/SiNC/IOC−Au NPCs, and MUA-PEG/SiNC/
IOC−Au NPCs w/ magnetic attraction, respectively. In these
studies, cells were incubated with the above drug formulations
for 2 h and then subjected to laser irradiation for 10 min. The
concentration of SiNC used for the PDT treatment in each
dose was determined based on the SiNC loading efficiency and
the release efficiency at 2 h w/o the magnet (see Figure 6). For
these samples with a magnetic field, the magnet was placed
under the cell culture before the addition of drug formulations
and remained under the plates during the whole course of
experiments. After laser treatment (10 min, 0.55 W/cm2), the
cells were washed three times with PBS to remove drugs and
then incubated in drug-free medium for overnight before the

Figure 5. Characterization of SiNC loading onto IOC−Au NPCs by SERS spectroscopy. (A) SERS spectra of MUA-PEG/SiNC/IOC−Au NPCs at
different SiNC loading concentrations. (B) Plot of SERS signal intensity at 685 cm−1 vs the SiNC loading concentration. Excitation laser wavelength:
785 nm. Laser power: 25 mW. Acquisition time: 1 s.

Table 1. Characterization of SiNC Loading onto IOC−Au
NPCs by Dynamic Light Scattering Method

HD (nm) ξ (mV)

IOC−Au NPCs 170.4 ± 3.4 27 ± 1.3
MUA-PEG/IOC−Au NPCs 189.7 ± 2.8 −7.2 ± 0.8
MUA-PEG/SiNC/IOC−Au NPCs 190.2 ± 2.7 −7.8 ± 1.0

Figure 6. Stability (A) and drug release profile (B) of MUA-PEG/SiNC/IOC−Au NPCs. Drug release in (B) were determined under a cellular
environment. w/: with. w/o: without.
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XTT assay. The studies were carried out using two different cell
lines KB-3-1 and SK-BR-3 under three different doses 1, 2, and
4 μg/mL nanocomplex or free SiNC with equivalent
concentrations.
Figure 7 shows the cell viabilities under different treatments

at three doses. Statistical analysis with ANOVA, followed by

pairwise comparisons using the Scheffe method, showed
significant differences (P < 0.05, Mean difference > MSD)
between the different groups (Tables S2−S7, Supporting
Information). These differences were reproducible in both
cell lines and at multiple dosages. For example, when the KB-3-
1 cells were treated with a low concentration (1 μg/mL) of
MUA-PEG/IO−Au NPCs and laser irradiation (PTT), 49.1%

cells remained alive. When the cells were treated with an
equivalent concentration of SiNC (0.19 μg/mL) and laser
irradiation (PDT), 70.9% cells remained alive. However, when
the cells were treated with 1 μg/mL MUA-PEG/SiNC/IO−Au
NPCs and laser irradiation (PTT + PDT), the cell viability was
reduced to 26.3%. The cell viability was further reduced to 7.1%
with the use of magnetic attraction. These results showed that
the combination treatment killed 23% more cells than PTT and
45% more cells than PDT. Using magnetic attraction, the
combination treatment killed 42% more cells than PTT and
64% more cells than PDT. The enhanced efficacy with the use
of magnetic attraction is attributed to the increased amount of
PDT inside the cells, as shown in Figure 6B. It is worthy to
mention that the temperature of the medium was only raised to
42−45 °C when PTT was involved. These studies demonstrate
that combined PTT and PDT using MUA-PEG/SiNC/IO−Au
NPCs are much more effective than PTT or PDT alone. The
magnetic attraction further amplified the combination treat-
ment at a large degree, due to increased cellular uptake of the
PS agents as the field facilitated the movement of the
nanocomplex toward cell membrane.
Increasing the concentration of the drug formulations led to

increased cell killing for all treatment groups. For the
combination group, the cell viability was decreased to 11.1%
at 2 μg/mL and 1.2% at 4 μg/mL MUA-PEG/SiNC/IO−Au
NPCs in KB-3-1 cells. A similar trend was observed in SK-BR-3
cells. When the magnetic field was used, all KB-3-1 cells were
killed at both 2 and 4 μg/mL MUA-PEG/SiNC/IO−Au NPCs
and all SK-BR-3 cells were killed at 4 μg/mL MUA-PEG/
SiNC/IO−Au NPCs. The temperature of the medium in the
presence of 2 and 4 μg/mL MUA-PEG/SiNC/IO−Au NPCs
was raised to 55 and 62 °C, respectively. These studies
demonstrate that highly efficient cell killing can be achieved
with a low dose of drug formulations (≤4 μg(Fe)/mL) and low
intensity of laser (0.55 W/cm2) under the combinatorial PTT
and PDT with the assistance of magnetic-field-guided drug
delivery using the MUA-PEG/SiNC/IO−Au NPC complex.

Synergistic/Additive Effects of the Combination
Treatment. Thermal effect could increase cell membrane
permeability, thus increasing drug diffusion. It could also
change the drug uptake kinetics. These factors may lead to a
synergistic effect between PTT and PDT, amplifying the
therapeutic outcome. To determine whether a synergist effect
exists in the combination treatment in our system, cell viability
was compared to a purely additive result from PTT and PDT.
The additive result was calculated according to the following
relationship63

= ×f f fadditive PTT PDT (6)

where fadditive is the fraction of surviving cells by additive
interaction of PTT and PDT, f PTT is the fraction of surviving
cells resulting from PTT treatment, and f PDT is the fraction of
surviving cells resulting from PDT. When the fraction of
surviving cells from the combination treatment, fcombination, is
lower than fadditive, there is a synergistic effect between the two
treatments. When fcombination = fadditive, there is an additive effect.
When fcombination is larger than fadditive, there is an antagonistic
effect. The calculated fadditive in both cell lines is listed in Table
2. The results showed that the fcombination of PDT and PTT was
significantly lower than the calculated fadditive in KB-3-1 cells in
all three doses, indicating a synergist effect between PTT and
PDT in this cell line. However, no significant difference
between fcombination and fadditive of PDT and PTT was observed in

Figure 7. Comparison of the efficacy of PTT + PDT + magnetic
attraction against KB-3-1 (A) and SK-BR-3 (B) cells to that of PTT,
PDT, and PTT + PDT. PTT, PDT, and PDT + PTT were achieved
using MUA-PEG/IOC−Au NPCs, SiNC, and MUA-PEG/SiNC/
IOC−Au NPCs, respectively. The results are mean values ± SD of
triplicate experiments. (*P < 0.05 as compared to PTT, PDT, and
PTT + PDT).
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the SK-BR-3 cells, indicating an additive effect between these
two treatments in this cell line. The PTT + PDT + magnetic
attraction gave lower fcombination values than those from PTT +
PDT, due to the increased concentration of SiNC inside cells
via the magnetic attraction.

4. CONCLUSION

We have synthesized popcorn-shaped dual functional iron
oxide−gold nanostructures and demonstrated their capability
for magnetic-field-guided drug delivery and combinatorial PTT
and PDT for cancer. The hybrid nanostructures were prepared
via seed-mediated growth of Au onto self-assembled IO
clusters. They are superparamagnetic and NIR-responsive,
with excellent photothermal conversion efficiency. A stable and
compact nanocomplex for dual PTT and PDT was formed
using the hybrid nanostructures as the PS carriers and PT
agents, NIR-absorbing SiNC as the PS agents, and MUA-PEG
as the stabilization agents. PS release and intracellular uptake
was enhanced by applying a magnetic field. Combined PTT
and PDT in conjunction with magnetic-field-assisted drug
delivery using the nanocomplex was demonstrated to be highly
effective, leading to complete eradication of cultured cancer
cells in vitro at a dose of 2 μg(Fe)/mL nanocomplex for KB-3-1
cells and 4 μg(Fe)/mL for SK-BR-3 cells with low intensity of
NIR light (0.55 W/cm2). We expect that the novel nano-
complex will be able to deliver a high concentration of PS
molecules and the nanocarriers deep into tumor tissue via
applying a magnetic field on the surface of tumors. The high
concentration therapeutic agents, together with the excellent
photothermal conversion efficiency of the hybrid nanostruc-
tures, would lead to highly effective tumor ablation via
combined PTT and PDT. The all-in-one nanoplatform may
prevent tumor regrowth and metastasis and have an important
impact on the treatment of head and neck cancer, breast cancer,
and other malignancies.
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