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a b s t r a c t

One of the challenges to adopt photothermal ablation clinically is optimization of the agent delivery
in vivo. Herein, a cell-mediated delivery and therapy system by employing macrophage vehicles to
transport 7 nm diameter Au nanorods (sAuNRs) is described. Owing to the small size, the sAuNRs exhibit
much higher macrophage uptake and negligible cytotoxicity in comparison with commonly used 14 nm
diameter AuNRs to achieve healthy BSA-coated sAuNRs-laden-macrophages. By delivering BSA-coated
sAuNRs to the entire tumor after intratumoral injection, the BSA-coated sAuNRs-laden-macrophages
show greatly improved photothermal conversion almost everywhere in the tumor, resulting in mini-
mized tumor recurrence rates compared to free BSA-coated sAuNRs. Our findings not only provide a
desirable approach to improve the photothermal therapy efficiency by optimizing the intratumoral
distribution of the agents, but also expedite clinical application of nanotechnology to cancer treatment.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Nanomaterials-mediated photothermal therapy (PTT) using
near-infrared (NIR) light is a promising strategy in cancer treatment
[1]. This type of light-triggered treatment modality has improved
selectivity and fewer side effects than conventional radiotherapies
and chemotherapies [2,3]. In PTT, NIR light (for example, ~800 nm)
is absorbed by the agent to create local hyperthermia leading to
tumor cell death [4]. To minimize tumor recurrence, efficient de-
livery of the agent to the entire tumor region is critical in order to
ensure cytotoxic temperature everywhere in the tumor [5]. So far,
various types of nanoparticles have been used as photothermal
agents in cancer treatment [2,3,6e20]. In general, nanoparticles via
injection are believed to target tumors by passive (for example, by
enhanced permeability and retention (EPR) effect) [6,9,11,12] and/
or active (for example, ligand-mediated) targeting [8,11,14]. How-
ever, the injected nanoparticles tend to accumulate in the EPR
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organs such as the liver and spleen and there may be long-term
harmful effects [21]. Furthermore, virtually all molecular or
nanoparticle-based therapies are inaccessible to the hypoxic areas
of tumors that lack blood flow thus limiting the treatment efficacy
[13]. Direct intratumoral injection can be used to circumvent the
inefficiency and off-target deposition has been observed from
intravenous administration [22,23]. However, the injected nano-
particles generally remain at the site of injection and are unable to
penetrate the tumor mass leading to incomplete ablation and dis-
ease recurrence. Hence, it is highly desirable to develop a new
delivery system to improve agent delivery in vivo and enhancing
the PTT efficiency.

Cell-mediated delivery of drugs or nanoparticles has large po-
tential in cancer therapy because they can cross the nearly imper-
meable biological barriers to reach many areas in the body that
common drugs/nanoparticles cannot normally access [24e29]. In
recent years, cell-mediated delivery has been widely used in the
therapy of many kinds of tumors, including glioma, head and neck
carcinoma, breast cancer and so on [30e32]. Based on the mecha-
nism, this method appears to be suitable for all kinds of tumors [30]
but in reality, not all cells can be treated by cell delivery. In general,
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the cells should have a high loading capacity for the drugs or
nanomaterials and have the target tumor ability, for example,
monocytes/macrophages, mesenchymal stem cell [31], and neural
stem cell [32]. Typically, monocytes/macrophages are attractive
nanoparticle delivery vehicles because they are circulating cells
which can be easily obtained from patients [33,34]. Moreover,
macrophages can be readily loaded with therapeutic nanoparticles
based on the innate phagocytotic capability and each cell can serve
as a “Trojan Horse” delivery vector to reach otherwise inaccessible
tumor regions including the hypoxic areas [24e26]. It has been
reported that Au nanoshells endocytosed bymacrophagesmaintain
the photothermal performance and the loaded cells can infiltrate
tumor spheroids [24] and Au nanoshells loaded macrophages can
migrate into glioma cancer cell spheroids to produce therapeutic
effects in photothermal treatment [25]. Although these studies
reveal efficient migration and therapeutic efficacy of macrophages
carrying Au nanoshells in vitro, the in vivo PTT efficacy of the
nanoparticles laden macrophages has not been demonstrated. As
aforementioned, the efficacy of PTT depends on the agent con-
centration in the targeted tissue and development of a healthy
macrophage-nanoparticle system with high nanoparticle uptake is
crucial to efficient delivery and therapy in vivo.

Although many kinds of photothermal nanoparticles have been
developed, Au nanostructures are particularly appealing because of
their low toxicity and ease of biomolecule conjugation [2,35,36].
Among the various Au nanostructures, Au nanorods (AuNRs) have
aroused recent biomedical interest on account of their unique
surface plasmon resonance (SPR) band in the NIR region [37e44].
Owing to the characteristic longitudinal SPR (LSPR) band, AuNRs
have a larger NIR absorption cross section than other Au nano-
structures such as Au nanoshells which have been studied in clin-
ical trials [45]. It has also been reported that AuNRs heat up at least
6 times faster than Au nanoshells on a per gram basis [2,46]. In
addition to the photothermal performance, the particle size is also
crucial to cell delivery because it influences the cell uptake and
biocompatibility [47,48]. Because of the size limitation of endocy-
tosis, smaller nanoparticles generally show higher cell uptake. The
commonly used AuNRs with the LSPR peak at ~800 nm are typically
about 14 nm in diameter and about 50 nm long [49,50]. Further
decrease in the AuNR size can improve cell uptake and delivery but
it is difficult due to the limitation in the common seed-mediated
method. In this study, a one-“spot” seedless method is developed
to synthesize 7 nm diameter AuNRs (designated sAuNRs) which
enable efficient cell uptake in cell-mediated PTT applications.
Compared to the more common 14 nm diameter AuNRs (desig-
nated bAuNRs), the sAuNRs have similar SPR bands and photo-
thermal properties but better biocompatibility and higher cell
uptake to macrophages. The sAuNRs laden macrophages are
investigated in intro and in vivo to demonstrate their capability to
improve the distribution of sAuNRs in tumors to enhance the PTT
efficiency.

2. Experiments details

2.1. Synthesis and characterization of AuNRs

2.1.1. Materials
Chloroauric acid (HAuCl4$4H2O, 99.99%), silver nitrate (AgNO3,

99.8%), L-ascorbic acid (AA, 99.7%), NaOL, and hydrochloric acid
(HCl, 36e38%) were purchased from Sinopharm Chemical Reagent
Co. Ltd. (Shanghai, China), sodium borohydride (NaBH4, 96%), were
obtained from Aldrich (USA), and hexadecyltrimethylammonium
bromide (CTAB, 99.0%) was purchased from Amresco Inc. (USA). All
the chemicals were used as received without purification. Ultra-
pure water with a resistivity of 18.25 MU cm was used as the
solvent in all the experiments.

2.1.2. Synthesis of AuNRs
The sAuNRs were synthesized by a one-pot seedless technique.

Typically, 1 mL of 5 mM HAuCl4, 5 mL of 0.2 M CTAB, and 4.5 mL of
ultrapure water were mixed in a 50 mL glass beaker and then
500 mL of 0.1 M NaOL and 250 mL of 4 mM AgNO3 were added under
gentle stirring. Afterwards, 8 mL of concentrated HCl (36%e38%)
were injected, followed by addition of 56 mL of 0.1 M ascorbic acid
under slight swirling until the solution changed from dark orange
to colorless. 15 mL of freshly prepared ice-cold 10 mM of NaBH4
were added rapidly. The solution was gently mixed for 10 s and left
undisturbed for 3 h in an incubator at 35 �C. The nanorod solution
was centrifuged at 16,000 rpm for 15 min to stop the reaction. The
supernatant was removed and the precipitate was re-suspended in
ultrapure water. In comparison, the bAuNRs were synthesized by a
common seed-mediated method in CTAB solutions as reported
previously [43].

2.1.3. BSA conjugation
Bovine serum albumin (BSA) was used to conjugate with the

AuNRs based on the method described by Moustafa et al. [51]. The
BSA was dissolved in the phosphate-buffered saline (PBS: 150 mM
NaCl, 1.9 mM NaH2PO4, 8.1 mM Na2HPO4, pH of 7.4) at a concen-
tration of 0.25 mM.1 mL of the 0.25 mM BSAwas added to 10 mL of
the AuNR solution (0.3 nM) and stirred vigorously for 8 h at room
temperature. Afterwards, the reaction was stopped by removing
the excess BSA by centrifugation at 10,000 rpm for 5 min and the
precipitate was re-suspended in ultrapure water.

2.1.4. Characterization
Transmission electron microscopy (TEM) was performed on a

JEOL 2010 (HT) TEM at an accelerating voltage of 200 kV. Absorp-
tion spectra were acquired on a Lambda 750 UV-VIS-NIR spec-
trometer (PerkinElmer, USA) and the zeta potentials were
measured on a Zeta PALS analyzer (Brookhaven Instruments Co.).
Photothermal conversion was investigated on a homemade setup
as described previously [43].

2.2. Cell culture

2.2.1. Cellular toxicity assay
The RAW 264.7 macrophages and hepatic stellate cells (HSCs)

were obtained from Animal Center of Sun Yat-Sen University, China.
These cells were cultured on a 96-well plate (1 � 104 cells/well) in
Dulbecco'sModified Eaglemedium (Gibco BRL) supplementedwith
10% (v/v) fetal bovine serum, 100 UI/mL penicillin, and 100 UI/mL
streptomycin. The cells were incubated in a humid chamber con-
taining 5% CO2 at 37 �C. After 12 h, the medium was replaced with
200 mL DMEM medium containing 100 pM/well of the BSA-coated
sAuNRs or BSA-coated bAuNRs. The molar concentrations of the
AuNRs were calculated based on the method reported previously
[44]. The concentration of gold was determined by ICP-OES and the
bAuNRs and sAuNRs were considered as cylinders with average
dimensions of 56 nm � 14 nm and 30 nm � 7 nm, respectively.
Accordingly, the bAuNR and sAuNR quantities were calculated to be
1.5� 10�16 g and 2.1� 10�17 g, respectively. Based on the gold atom
concentrations and quantity of AuNR, the molar concentrations of
AuNRs were determined.

The cells were treated with the samples for 6, 12, 24, and 48 h.
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) provided by Sigma Corporation was dissolved in the PBS
solution at a concentration of 5 mg/mL and filtered by a 0.22 mM
filter to sterilize and remove insoluble residues prior to storage in
amber vials at 4 �C. The cell viability was assayed by adding 20 mL of
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the MTT PBS solution (5 mg/mL) to each well. After the cells were
incubated with MTT at 37 �C for 4 h, the MTT solutionwas removed
and 200 mL of DMSO were added to dissolve the formazan crystals.
The absorbance correlated with the number of viable cells in each
well was measured on a Thermo Reader at 490 nm. The following
formula was used to calculate the inhibition of cell growth: Cell
viability (%) ¼ (mean of absolute value of treatment group/mean of
absolute value of control) � 100%.
2.2.2. Fluorescence microscopy
Fluorescein isothiocyanate (FITC), a versatile fluorescent agent,

was used to label the BSA-coated AuNRswith green fluorescence. In
brief, 50 mL of FITC DMSO solution (1mg/mL)wasmixedwith 10mL
aqueous solution containing BSA-coated AuNRs (0.3 nM), and the
mixture was stirred for 3 h in the dark. The FITC-labeled AuNRs
were then separated by centrifugation at 10,000 rpm for 5 min and
washed several times with deionized water to remove excess FITC.
The RAW264.7 macrophages and HSCs (1� 104 cells per well) were
seeded on 96-well plates and incubated for 15 h. After removing the
media, the FITC-labeled BSA-coated bAuNRs and BSA-coated
sAuNRs (~100 pM) were added and the cells were cultured for
another 3 h in the serum-free medium. Afterwards, the mediawere
removed and the cells were washed twice with cold PBS and
incubated with 40,6-diamidino-2-phenylindole (DAPI) stained for
5 min at a concentration of 0.1 mg/mL. The cells were examined
under an Olympus fluorescence microscope with a 40� objective.
2.2.3. ICP-OES measurements for cell uptake of AuNRs
1 � 106 RAW264.7 cells and 1 � 106 HSC cells were incubated

with 200 mg of the BSA-coated sAuNRs or BSA-coated bAuNRs for
12 h, respectively and then the cells were carefully washed with
PBS buffer three times to remove the unloaded AuNRs. Afterwards,
1 � 106 cells of each kind were trypsinized, counted by the trypan
Fig. 1. (a) TEM images of sAuNRs. (b) Normalized absorption spectra of sAuNRs with (red l
solution and pure water under irradiation by an 808 nm laser. (d) Zeta potentials of sAuNRs
figure legend, the reader is referred to the web version of this article.)
blue exclusion method, soaked in aqua regia overnight, and heated
to about 140 �C to get rid of hydrogen chloride and nitrogen oxides
until the solution became colorless and clear [52]. After making up
to a volume of 5 mL using an aqueous solution containing 2% nitric
acid and 1% hydrogen chloride, the total cellular gold content was
determined by an inductively-coupled plasma atomic emission
spectroscopy (ICP-OES, 7000DV, PerkinElmer).
2.2.4. In vitro photothermal evaluation
The RAW264.7 macrophages and HSCs were cultured on a 24-

well plate containing the DMEM medium supplemented with 10%
FBS for 24 h (37 �C and 5% CO2), incubated with the BSA-coated
sAuNRs or BSA-coated bAuNRs 100 pM/well for another 12 h, and
washedwith PBS (10mM, pH 7.4) and freshmedium. The cells were
illuminated by an 808 nm laser (1.0 W/cm2) for 5 min. The cells
were collected afterwards, evaluated for apoptosis or necrosis using
Annexin-V/PI double staining in darkness for 10 min at room
temperature, and studied by BD FACSAria™ flow cytometry (Becton
Dickinson, San Jose, CA, USA).
2.3. In vivo experiments

2.3.1. Synthesis of sAuNRs-laden-macrophages
The RAW264.7 macrophages were infected with lentiviral that

carried the GFP reporter gene to show green fluorescence. The
macrophages were incubated with lentiviral particles at a ratio of
30 particles to 1 cell in the presence of 10 mg/mL hexadimethrine
bromide to improve transduction efficiency. After incubation for
24 h, the cells were harvested and seeded at 1� 105 cells/mL on the
24-well PSt culture plate with the medium containing 100 pM BSA-
coated sAuNRs for 12 h. The sAuNRs-laden-macrophages were
harvested, washed with cold PBS, and re-plated for later use. The
total cellular Au content was determined by the ICP-OES.
ine) and without (black line) the BSA coating. (c) Temperature increase in the sAuNRs
with and without BSA conjugation. (For interpretation of the references to color in this



Fig. 2. Cell viability of (a) macrophages and (b) normal HSCs after incubated with
100 pM/well of the BSA-coated sAuNRs or BSA-coated bAuNRs for 6, 12, 24, and 48 h.
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2.3.2. Macrophage-mediated delivery
Two HepG2 tumor-bearing nude mice were injected intra-

tumorally with either sAuNRs-laden-macrophages (105 mg Au in
~1 � 106 macrophages) dispersed in 50 mL of PBS or FITC-labeled
sAuNRs (105 mg Au) dispersed in 50 mL of PBS. The in vivo bio-
distributions in the tumors were determined on an ex/in vivo
fluorescence imaging system (Maestro, USA). After 72 h, the mice
were sacrificed and the tumors were extracted immediately for
imaging by the same system.

2.3.3. In vivo photothermal treatment
1 � 107 HepG2 cells in 100 mL PBS were subcutaneously injected

into the left flank of the mice. After one week when the tumors had
reached up to ~200 mm3, the mice were randomly divided into
three treatment groups (n ¼ 5 per group). Each group received
intratumoral injection of 50 mL of PBS (control), free sAuNRs (105 mg
Au) dispersed in 50 mL of PBS, or sAuNRs laden macrophages
(105 mg Au in ~1 � 106 RAW264.7 macrophages) dispersed in 50 mL
of PBS. After 48 h post-injection, the mice were anesthetized by
injecting sodium pentobarbital and the entire tumors were
exposed to the 808 nm laser (1.0 W/cm2) for 10 min. The local
maximum temperature and infrared thermographic maps were
obtained on an infrared thermal imaging camera (Ti27, Fluke, USA).
The size of the tumors was measured every two days after the
treatment and no mice died during the course of therapy.

2.3.4. Statistical analysis
The results were presented as means or means ± standard de-

viations (SD) (number of experiments). All the experiments were
performed at least in triplicates. The one-way analysis of variance
(ANOVA) was adopted to evaluate the significance among the
various groups according to the Bonferroni's post-test and a p value
of less than 0.05 was considered to be significant.

3. Results and discussion

3.1. Synthesis and characterization

AuNRs are generally synthesized by a seed-mediated method
containing two-steps [53,54], but a one-pot seedless method is
developed here to synthesize sAuNRs with a smaller diameter of
~7 nm. In this method, nucleation and growth occur in the same
solution. NaOL, the sodium salt of a long-chain unsaturated fatty
acid, is used to form the CTAB-NaOL which reduces HAuCl4 suffi-
ciently in the presence of ascorbic acid because of its reducing
ability of double bonds in molecules. NaBH4 is used as a strong
reducing agent in the absence of the seed to enhance the reduction
of Auþ / Au0.

Fig. 1a shows the sAuNRs synthesized by the one-pot seedless
method. A high yield of sAuNRs with few byproducts can be
observed from the TEM image revealing several hundred rods with
good dispersibility. The sAuNRs have typical dimensions of
(30 ± 5 nm) � (7 ± 1 nm) for an aspect ratio of ~4.1. The LSPR band
peaks at about 800 nm as shown in Fig. 1b. The results suggest an
efficient technique to prepare sAuNRs with a high yield and good
dispersibility.

The photothermal conversion ability of the sAuNRs is illustrated
in Fig. 1c. After irradiation with an 808 nm NIR light for 15 min, the
temperature of the sAuNRs in the solution increases by about
42.5 �C, whereas that of pure water only increases by about 1.3 �C,
indicating that the sAuNRs can rapidly and efficiently convert NIR
light into thermal energy. Furthermore, by means of a previously
reported method [55], the photothermal conversion efficiency of
sAuNRs is ~21%, which is the same as that reported from 14 nm
diameter bAuNRs [43].
To facilitate bioconjugation and improve the biocompatibility,
the AuNRs are conjugated with BSA using a previously described
method [51,56,57]. Fig. 2b shows that BSA modification results in a
small red-shift and broadening of the LSPR peak as shown in Fig.1b.
The zeta potential of the sAuNRs changes fromþ30 to�22 mV (see
Fig. 1d) indicative of successful conjugation of BSA to the nanorod
surface. The BSA-coated sAuNRs are used in the subsequent in vitro
and in vivo studies.

To compare the size effect on the performance of AuNRs in the
subsequent cytotoxicity and cell uptake studies, 14 nm diameter
bAuNRs are also synthesized by the common seed-mediated
method as the control. As shown in Fig. S1 in Supporting
Information, the bAuNRs have dimensions of
(56 ± 8 nm) � (14 ± 2 nm) which are bigger than the sAuNRs by a
factor of 2, albeit having an almost same aspect ratio (~4.0), LSPR
peak wavelength (~800 nm), and photothermal conversion effi-
ciency (21%) after undergoing the same surface modification (BSA
conjugation).
3.2. Cytotoxicity investigation

Nanomaterials in cell delivery must have sufficient biocompat-
ibility to ensure that the innate functions of the cells are not
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impaired or disrupted. Here, the time-dependent cell viability of
the BSA-coated sAuNRs for RAW 264.7 macrophages and normal
HSCs is examined with the BSA-coated bAuNRs serving as the
control sample. As shown in Fig. 2, the smaller sAuNRs exhibit
much higher cell viability than bAuNRs. For example, after incu-
bation for 48 h, the cell viability of sAuNRs is as high as (89 ± 3)% for
macrophages whereas that of bAuNRs is (73 ± 3)%. With regard to
normal HSCs, the cell viability of the sAuNRs is (92 ± 4)% in contrast
to (57 ± 3)% for the bAuNRs. It indicates that reduction of the
nanorod diameter from 14 to 7 nm decreases the cytotoxicity of the
AuNRs rendering them more suitable in clinical applications.

3.3. Cellular uptake

Development of a cell-nanoparticle system with high nano-
particle uptake is essential to photothermal conversion. Herein, the
cellular uptake of the BSA-coated sAuNRs and BSA-coated bAuNRs
is evaluated by real-time fluorescence microscopy as shown in
Fig. 3. In the direct observation, FITC, a versatile fluorescent agent, is
used to label the BSA-coated AuNRs with green fluorescence. The
emission spectra (lex¼ 490 nm) of the BSA-coated AuNRs after FITC
Fig. 3. Fluorescence images of (a) RAW264.7 macrophages and (b) normal HSCs incubated w
with FITC. The cell nuclei are stained with DAPI (blue) and the scale bar is 20 mm. (For interp
version of this article.)
labelingwith different concentrations are shown in Fig. S2. It can be
observed that the fluorescence intensity of the FITC is proportional
to the concentration of the AuNRs. In contrast, the bare AuNRs
(without BSA coating) after FITC labeling show no FITC fluorescence
(see Fig. S2). Although AuNRs are well-known fluorescence
quenchers, the results demonstrate that attachment of FITC
through the BSA spacer produces obvious fluorescence.

The RAW264.7 macrophages are separately incubated with
FITC-labeled sAuNRs and FITC-labeled bAuNRs for 6 h and studied
by fluorescence microscopy. Panels 1, 2, and 3 in Fig. 3 show the
FITC, DAPI, and merged fluorescence images of the macrophages,
respectively. The macrophages incubated with the FITC-labeled
sAuNRs exhibit green fluorescence throughout the cells and a
substantial portion of the intracellular fluorescence is observed
from the cytoplasm and nucleus, implying that a substantial
amount of the sAuNRs has entered the cells. In contrast, the cells
treated with the FITC-labeled bAuNRs show much smaller fluo-
rescence from the local cytoplasm. The results demonstrate higher
cell uptake by the sAuNRs for the macrophages than bAuNRs and
for normal HSCs, higher cell uptake of sAuNRs can also be observed
in comparison with bAuNRs.
ith the BSA-coated sAuNRs and BSA-coated bAuNRs for 6 h. All the AuNRs were labeled
retation of the references to color in this figure legend, the reader is referred to the web
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It is noted that green fluorescence from the FITC-labeled sAuNRs
can be observed from some nuclei of the macrophages (see Fig. 3a).
In general, localization of Au nanoparticles in the nuclei depends on
the particle size, shape, and surface modification [58]. Since the
nucleus pore complex in most of the cells is about 39 nm [59],
nucleus entry is possible for the Au nanoparticles with a small size
[60]. However, according to the fluorescence images, it is difficult to
identify whether the sAuNRs are inside or outside the nuclei but
nonetheless, Figs. 2 and 3 clearly show the low cytotoxicity and
high cell uptake of sAuNRs to the macrophages.

The cell uptake of AuNRs is further analyzed quantitatively (see
Fig. 4).1� 106 RAW264.7macrophageswere incubatedwith 200 mg
of the BSA-coated sAuNRs or BSA-coated bAuNRs for 12 h and the
Au contents in the cells are determined by an ICP-OES. The Au
content is 71 mg/1 � 106 cells for the bAuNRs, whereas that of the
sAuNRs increases to 105 mg/1 � 106 cells. The results are consistent
with fluorescence microscopy observation mentioned above, con-
firming that the sAuNRs with a smaller size provide higher cell
uptake than the bAuNRs. The cell viability and uptake results
demonstrate that the sAuNRs have higher cell uptake and lower
cytotoxicity simultaneously and are much more biocompatible
than the bAuNRs.

Macrophages with the innate phagocytotic capability are
recognized to have better uptake ability to nanoparticles than
normal cells. A proof-of-principle examination is performed to
determine whether the macrophages have better uptake to AuNRs
than normal HSCs. The uptake percentage is calculated according to
the cellular Au content shown in Fig. 4. The gold content in the
macrophages is 105 mg/1 � 106 cells and that in the HSC cells is
45 mg/1 � 106 cells. These values are divided by 200 mg/1 � 106 (the
original amount of the BSA-coated sAuNRs) to demonstrate that the
macrophages have 52.5% uptake of the sAuNRs and HSCs only have
22.5%. The results agree with the fluorescence images in Fig. 3. A
similar difference between the macrophages and HSCs can also be
observed from bAuNRs. The macrophages show 35.3% uptake of
bAuNRs but the HSCs only show 14.0%. The RAW264.7 macro-
phages are derived from myeloid progenitor cells in the bone
marrow. As implied by the name (big eaters, from makros “large”
phagein “eat”), the primary functions of the macrophages are to
engulf foreign materials and digest them in the body [25]. Here, the
sAuNRs with high cell uptake and low cytotoxicity to macrophages
enable the establishment of the efficient macrophage-mediated
delivery system.
Fig. 4. Celluar uptake of BSA-coated bAuNRs and BSA-coated sAuNRs to RAW264.7
macrophages and normal HSCs.
3.4. Photothermal effect of sAuNRs endocytosed by macrophages

The photothermal effect of the sAuNRs endocytosed by macro-
phages is examined (see Fig. 5). The RAW264.7 macrophages are
incubated with sAuNRs and bAuNRs for 12 h and the cells are
illuminated with the 808 nm NIR laser for 10 min. The cells are
collected after irradiation and detected for apoptosis or necrosis
using Annexin-V/PI double staining. The cells incubated with
AuNRs show significant cell death, whereas the AuNRs-free cells
show a viability of more than 97% after laser irradiation (Fig. 5a),
indicating that the AuNRs endocytosed by macrophages retain the
powerful photothermal conversion ability. Furthermore, the
sAuNRs induce a larger cell apoptosis ratio of (32.6 ± 0.87)%
(Fig. 5c) in comparison with the bAuNRs of only (17.9 ± 1.08)%
(Fig. 5b). Considering that the two AuNRs have almost the same
photothermal conversion efficiency, the higher PTT effects of
sAuNRs in macrophages is probably due to the larger uptake dose.
The results suggest that macrophages loaded with sAuNRs deliver
higher photothermal performance than those loaded with bigger
bAuNRs.

3.5. In vivo delivery and PTT studies

According to the above results, smaller sAuNRs have higher cell
viability for the macrophages than bAuNRs. The cell viability of
sAuNRs is as high as (89 ± 3)% for macrophages whereas that of
bAuNRs is only (73 ± 3)%. Furthermore, the macrophages show
52.5% uptake of sAuNRs but it is only 35.8% for the bAuNRs.
Correspondingly, the macrophages loaded with sAuNRs deliver
better photothermal performance than those loaded with bAuNRs.
These results demonstrate that sAuNRs are more suitable for cell-
mediated delivery and photothermal therapy and consequently,
the macrophages loaded with sAuNRs (named sAuNRs-laden-
macrophages) are employed in subsequent in vivo studies.
Fig. 5. (a�c) Flow cytometry analysis of the PTT effects of BSA-coated sAuNRs and BSA-
coated bAuNRs on apoptosis of macrophages with an 808 nm NIR laser irradiation for
10 min. (d) Statistical results showing the percentage of apoptosis in macrophages
after different treatments.



Fig. 6. (a) Diagram of sAuNRs-laden-macrophages. (b) Fluorescence image of solution containing sAuNRs-laden-macrophages in the bottom. (c) Fluorescence, bright field, and
merged images of sAuNRs-laden-macrophages. The macrophages are infected with lentiviral carrying the GFP reporter gene with green fluorescence. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. In vivo fluorescence images of intratumoral distribution 24, 48, and 72 h after intratumoral injection with (a) FITC-labeled sAuNRs and (b) sAuNRs-laden-macrophages.
Insets: Fluorescence images of the solution containing the samples.
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The RAW264.7 macrophages are first infected with lentiviral
that carries the GFP reporter gene to show green fluorescence, then
incubated with the sAuNRs for 12 h. As shown in Fig. 6, the sAuNRs-
laden-macrophages (containing 105 mg Au/106 cells) exhibit green
fluorescence and unaltered cell morphology. A distribution study is
performed to determine whether the macrophage loading alters
the intratumoral distribution of the sAuNRs (see Fig. 7). Two HepG2
tumor-bearing nude mice are injected intratumorally with either
the sAuNRs-laden-macrophages (105 mg Au in ~1 � 106 macro-
phages) or FITC-labeled sAuNRs suspensions (105 mg Au). The in-
jection site is near the central core of the tumor. The in vivo bio-
distributions in the tumors are observed on an ex/in vivo fluores-
cence imaging system.

As shown in Fig. 7a and Fig. S3, no fluorescence is observed from
the mice tumor even after 72 h intratumoral injection of the FITC-
labeled sAuNRs. This suggests that the AuNRs distribution is
localized in the central core of the tumor after injection and green
fluorescence with poor tissue penetration cannot be traced. The
results are in line with the common view that the injected nano-
particles are unable to penetrate the tumormass. In contrast, strong
green fluorescence is observed from the tumor injected with the
sAuNRs-laden-macrophages (Fig. 7b and Fig. S3), indicating that a
large number of sAuNRs-laden-macrophages can infiltrate the tu-
mor even reaching the tumor border. These results demonstrate the
greatly enhanced tumor coverage of the sAuNRs via the macro-
phage vehicles. Hypoxic tumor cells can secret various chemo-
attractants such as vascular endothelial growth factors in the tumor
microenvironment to enhance the penetration ability of the
Fig. 8. (a) Infrared thermal images and (b) Time-dependent temperature increase of HepG
injection of PBS, free macrophages, free BSA-coated sAuNRs (105 mg Au), and BSA-coated sA
the relative temperature values. (c) Diagram highlighting the difference between the tre
interpretation of the references to color in this figure legend, the reader is referred to the
macrophages into tumors [61]. The tumor associated macrophage
can even constitute up to 80% of the tumor mass [26] and therefore,
the use of macrophages to facilitate sAuNRs delivery can overcome
the extracelluar matrix and penetrate more deeply into the tumor
resulting in enhanced tumor coverage.

The in vivo therapeutic efficacy of the sAuNRs-laden-
macrophages is further evaluated using HepG2 tumor-bearing
nude mice (see Fig. 8). When the tumor reaches approximately
200 mm3, the mice are randomly divided into four groups and
intratumorally injected with PBS, free macrophages, free sAuNR
suspensions, and sAuNRs-laden-macrophages, respectively. NIR
light irradiation (1.0 W/cm2 and 808 nm) is conducted on the tu-
mors 48 h after intratumoral injection. The maximum temperature
and infrared thermographic maps are recorded by an infrared
thermal imaging camera. The tumor volume in each NIR irradiation
group is measured by a caliper every other day to determine the
tumor growth and the results are plotted as a function of time. The
mice are at day 14 for tumor collection and no mice die during the
course of therapy.

As shown in Fig. 8a and b, under the 808 nm NIR light irradia-
tion, the maximum temperature of the tumor treated with free
sAuNRs increases from 34.4 to 38.9 �C during the first 1 min and
reaches 43.6 �C after 10 min. In contrast, the maximum tempera-
ture of the tumor treated with the sAuNRs-laden-macrophages
increases from 34.5 to 44.3 �C during the first 1 min and reaches
as high as 53.8 �C after 10 min. It is known that a temperature over
43 �C can destroy cancer cells due to the lower heat tolerance
caused by poor blood supply [62]. The thermal imaging maps in
2 tumor-bearing nude mice under an 808 nm light irradiation 48 h post intratumoral
uNRs-laden-macrophages (105 mg Au in ~1 � 106 macrophages). The color bar refers to
atment of free BSA-coated sAuNRs and BSA-coated sAuNRs-laden-macrophages. (For
web version of this article.)
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Fig. 8c show that the high-temperature area (over 43 �C) in the
tumor treated with the sAuNRs-laden-macrophages is obviously
larger than that with free sAuNRs. The results are consistent with
the aforementioned distribution studies in which the sAuNRs-
laden-macrophages show enhanced tumor coverage of the
sAuNRs. A single heat source is inefficient for the delivery of ther-
mal energy to a large volume of tissue [63]. Since the sAuNRs after
free sAuNRs injection are localized near the injection site of the
tumor, most of the thermal energy is wasted on the adjacent
necrotic tissues and thermal conduction mainly depends on tissue
perfusion. In contrast, the sAuNRs-laden-macrophages with
enhanced tumor coverage show an even distribution of heat gen-
eration with regard to the sAuNRs thus increasing the temperature
almost everywhere in the tumor.

The tumor volume variations are consistent with those of
temperature (see Fig. 9). With regard to the tumor treated with free
sAuNRs, although the maximum temperature reaches the
threshold (over 43 �C) to kill cancer cells, the temperature of some
tumor margins is catabatic. Hence, tumor growth is only inhibited
in the first 6 days and tumor recurrence is observed afterwards. For
the tumors treated with the sAuNRs-laden-macrophages, since the
temperature in the entire tumor is high enough to kill the cancer
Fig. 9. Photothermal ablation of tumors in the mice by intratumorally injected with
PBS, free macrophages, free BSA-coated sAuNRs (105 mg Au) and BSA-coated sAuNRs-
laden-macrophages (105 mg Au in ~1 � 106 macrophages). (a) Typical photographs of
the mice after the treatments for 0, 6, and 12 days and (b) Growth of tumors in the
different groups of mice after the treatments.
cells, almost 95% tumor inhibition is achieved on the 14th day and
no tumor recurrence is observed. The results demonstrate the
excellent antitumor efficiency of the sAuNRs-laden-macrophages
in comparison with free sAuNRs. As the control groups, the PBS
and free macrophages result in only about 6 �C increase in the
maximum temperature of the tumor and it is far from sufficient to
kill cancer cells. As a result, the tumors grew progressively with the
tumor volume increasing from 200 mm3 to approximately
1600 mm3 after 14 days.

It is known that nanomaterials-mediated photothermal cancer
therapy is a potentially curative treatment modality that is under-
going rapid recent technological advancements. Currently, one of
the greatest challenges of translating PTT into clinical use is how to
optimize the in vivo agent delivery to achieve a homogenous agent
distribution within the tumor. In our research, ascribed to the high
cell uptake and low cytotoxicity of the sAuNRs to macrophages, the
sAuNRs-laden-macrophages are successfully established for the
in vivo PTT studies. As aforementioned, the use of macrophages to
facilitate sAuNRs delivery can overcome the extracelluar matrix
and penetrate more deeply into the tumor resulting in enhanced
tumor coverage. The sAuNRs-laden-macrophages under NIR light
irradiation show an even distribution of heat generation resulting
in minimized tumor recurrence rates. These results suggest a
desirable approach to improve the PTT efficiency by optimizing the
intratumoral distribution of the agents. Furthermore, the macro-
phages themselves can be engineered to carry imaging agents such
as GFP lentiviral to combine treatment and imaging strategies for
cancer diagnostics and therapy.

4. Conclusion

In conclusion, an efficient delivery and photothermal ablation
system with sAuNRs-laden-macrophages is described for cancer
therapy. The system is established by using macrophages as Trojan
horses carrying 7 nm diameter sAuNRs which have higher cell
uptake and lower cytotoxicity than the commonly used 14 nm
diameter bAuNRs. With the greatly enhanced tumor coverage, the
sAuNRs-laden-macrophages exhibit improved photothermal con-
version everywhere in the tumor and the tumor recurrence rate is
greatly reduced in comparison with free sAuNRs. The findings
suggest an efficient PTT approach by optimizing in vivo agent de-
livery. Furthermore, this cell-mediated delivery can also be
extended to other nanoparticles or drugs-based therapeutics. These
findings highlight the advantages of combining cellular therapies
and nanotechnology to contrive more effective cancer treatments.
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