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1. Introduction
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Gold nanorods as a theranostic platform for in vitro
and in vivo imaging and photothermal therapy of
inflammatory macrophages

Jinbao Qin 1% Zhiyou Peng i, Bo Li {’, Kaichuang Ye ¢ Yuxin Zhang’, Fukang Yuan ¢,
Xinrui Yang “, Lijia Huang “, Junging Hu ”*, Xinwu Lu “

Inflammatory macrophages play pivotal roles in the development of atherosclerosis. Theranostics, a
promising approach for local imaging and photothermal therapy of inflammatory macrophages, has
drawn increasing attention in biomedical research. In this study, gold nanorods (Au NRs) were
synthesized, and their in vitro photothermal effects on macrophages cell line (Ana-1 cells) under 808 nm
near infrared reflection (NIR) were linvestigated by CCKS8 assay, calcein AM/PI staining, flow
cytometry, transmission electron microscopy (TEM), silver staining and in vitro micro-computed
tomography (CT) imaging. These Au NRs were then applied to an apolipoprotein E knockout (Apo E)
mouse model to evaluate their effects in vivo CT imaging and their effectiveness as for the subsequent
photothermal therapy of macrophages in femoral artery restenosis under 808 nm laser irradiation. /n vitro
phothothermal ablation treatment using Au NRs exhibited a significant cell-killing efficacy of
macrophages, even at relatively low concentrations of Au NRs and low NIR powers. In addition, the in
vivo results demonstrated that the Au NRs are effective for in vivo imaging and photothermal therapy of
inflammatory macrophages in femoral artery restenosis. This study shows that Au nanorods are a
promising theranostic platform for the diagnosis and photothermal therapy of inflammatory-associated
diseases.

Thus, developing new strategies for imaging the extent and
invasion depth of macrophages in the atherosclerotic regions

Inflammatory macrophages play pivotal roles in the progress of
atherosclerosis (AS) because macrophages can release
inflammatory factors and chemokines, which may accelerate
the damage to normal vessels and promote the neointimal
proliferation or restenosis after interventional therapies.' 2
Recent studies showed that a high macrophage burden is one of
the primary factors contributing to plaque formation and
restenosis, which may cause serious complications or death.?
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and ablating them will be of great value in predicting,
prevention, and treatment of AS.

Recently, photothermal therapy (PTT) originated from
photothermal agents (such as, noble metal nanostructures,
polypyrrole, semiconductor nanostructures, carbon-based
materials, and hybrid nanoparticles) has attracted increasing
attention in treating many diseases,*”’ because of its noninvasive
feature and minimal side effects compared with traditional
methods, including surgery and chemotherapy.®!' Among the
photothermal agents, Au nanorods (NRs) are well-known
contrast agents for computed tomography (CT) and PTT,'> '3
because of their large X-ray attenuation coefficient, strong and
broad absorption band in the near-infrared region (NIR, 600-
900 nm), high photothermal conversion efficiency, excellent
biocompatibility and stability during laser irradiation.
Therefore, Au NRs are expected to be an ideal theranostic
platform for enhanced in vivo CT imaging and the subsequent
PTT.

Inflammatory macrophages ablation has shown great potential
in treating atherosclerotic diseases,'* "> and recent studies using
Au nanoparticles and other agents have demonstrated effective
effects on macrophage ablation in animal models.'® However,
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studies on the use of Au NRs for in vitro and in vivo micro-CT
imaging and PTT of macrophages in the femoral artery
restenosis are limited. In this study, gold nanorods (Au NRs)
were synthesized and characterized by TEM and UV-vis-NIR.
In vitro CCKS8 assay of cytotoxicity and flow cytometry
analysis of macrophage cell (Ana-1 cells) cycles and apoptosis
show that the Au NRs are non-cytotoxic and have good
biocompatibility at the given concentration (20 pg/mL). TEM
and silver staining further confirm that the macrophages can
phagocytize Au NRs and can be imaged by Micro-CT.
Importantly, after under 808 nm laser irradiation (0-2 W/ecm?, 5
min), the Calcein AM/PI staining results demonstrates the
formed Au NRs exhibiting excellent photothermal conversion
effects on Ana-1 cells. Subsequently, these Au NRs were
applied to an apolipoprotein E (Apo E) knockout mouse model
for femoral artery restenosis to evaluate its in vivo CT imaging
and subsequent photothermal therapy of inflammatory
macrophages in the restenosis under 808nm laser irradiation.
As far as we know, this research is the first one that reports the
Au NRs can be used as a theranostic platform for dual imaging
and photothermal therapy of inflammatory macrophages, which
will pave the way for further PTT of other inflammatory
diseases.

2. Materials and methods

2.1 Materials

Gold(III) chloride, ascorbic acid, silver nitrate, and
hexadecyltrimethyl ammonium bromide (CTAB) were
purchased from Aladdin and used as received without further
purification. A mouse macrophage cell line, Ana-1, was
purchased from Shanghai Cell Bank, the Chinese Academy of
Sciences (Shanghai, China). Fetal bovine serum, Dulbecco’s
modified Eagle’s medium (DMEM), penicillin, and
streptomycin were obtained from GIBCO Company and
SIGMA Company. All other chemicals were from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China) and used as
received. Water used in all experiments was purified using a
Milli-Q Plus 185 water purification system (Millipore, Bedford,
MA) with resistivity higher than 18 MQ cm.

2.2 Synthesis and Characterization of Gold Nanorods

Au NRs were synthesized via a modified method from
literature.'” '® Briefly, a seed solution was prepared by reducing
gold(IlT) chloride (25 ml, 0.05 M) in hexadecyltrimethyl
ammonium bromide (CTAB, 4.7 mL, 0.1 M) by adding freshly
prepared sodium borohydride (0.3 mL, 0.01 M) under vigorous
stirring. An aliquot of seed solution (0.24 mL) was added to a
growth solution containing that contains CTAB (100 mL, 0.1
M), gold(IIT) chloride (1.0 mL, 0.05 M), hydrochloric acid (2
mL, 1 M), 0.8 mL of ascorbic acid and silver nitrate (1.2 mL,
0.01 M). The glass beaker was placed in a water bath
maintained at 27 °C for 6 h to complete the synthesis. Aliquots
(50 mL) of the synthesized rods were centrifuged at 8000 rpm
for 10 min to obtain pellets of Au NRs at the bottom of the
tube. The supernatant was decanted, the pellet was re-dispersed
into deionized water, and then centrifuged for another time.
Then, 1 mL of cystamine dihydrochloride (30 mM) was added.
The solution was kept at 50°C under constant sonication for 3 h
and then centrifuged twice at 7000 rpm for 10 min to remove
excess CTAB (CTAB is known to be cytotoxic) and cystamine
dihydrochloride.

The morphologies, and sizes of the synthesized Au NRs were
analyzed using high-resolution TEM (HR-TEM, JEM-2100
LAB6, JEOL Ltd., Japan). TEM was performed on a Hitachi H-
800LO TEM instrument at an accelerating voltage of 200 kV.
Approximately 3 mL drops of Au NRs solutions (centrifuged

2| J. Name., 2012, 00, 1-3

and resuspended in deionized water) were dried on carbon-
coated copper grids for 0.5 h. TEM micrographs of at least
eight different regions of the grid were obtained. In addition,
the UV-visible absorption spectra of the samples were
determined by a spectrometer (Optizen 2120UV, Mecasys,
Korea). Zeta potential measurements were carried out with
the Zetasizer Nano Z (Malvern, Britain). The photothermal
conversion performances of Au NRs were measured using our
previously reported method.'” ?° To measure the photothermal
effect of Au NRs, 0.3 mL aqueous dispersion with different
concentrations (0 — 40 ppm) were irradiated by a 808 nm laser
(~ 0.8 W for a spot size of ~ 0.40 cm?). A thermocouple with an
accuracy of + 0.1°C was inserted into the aqueous dispersion at
such a position that the direct irradiation of the laser on the
probe was avoided. The temperature was recorded by an online
type thermocouple thermometer (DT-8891E Shenzhen Everbest
Machinery Industry Co., Ltd., China) every 5 s.

2.3 Cell culture and characterization

Ana-1 cells, a mouse macrophage cell line, were obtained from
Shanghai Cell Bank, the Chinese Academy of Sciences
(Shanghai, China). Macrophages were cultured in RPMI 1640
medium (Gibco, Gaithersburg, MD) supplemented with 10%
fetal bovine serum (FBS, Gibco, USA) and 1%
streptomycin/penicillin Sigma (St. Louis, MO) at 37 °C under
5% CO,.

To analyze the specific protein markers of macrophages, Ana-
1 cells were investigated by immunofluorescence staining and
flow cytometry in accordance with our previous report.?!
Briefly, Ana-1 cells were plated at a density of 1 x 10° cells per
well and cultured in six-well plates. After 24h incubation, the
cells were fixed with 4% paraformaldehyde (PFA) for 20 min.
After washing in phosphate-buffered saline solution (PBS), the
cells were permeabilized in 0.3% Triton-X100, and blocked
with 10% goat serum for 30 min at 37 °C. The macrophages
were then incubated with macrophage specific proteins F4/80
(rat monoclonal, 1:500, Abcam, UK), Iba-1 (rat monoclonal,
1:500, Abcam, UK) and MAC-3 (rat monoclonal, 1:500, BD,
California, USA) for 24 h at 4 °C. Cells incubated with PBS
served as the negative control. After PBS washing, the
secondary antibody Alexa Fluor® 555 and Alexa Fluor® 488
(goat anti-rat, 1:500, Invitrogen, USA) was applied and
incubated for 45 min at 37 °C in the dark. After washing in
PBS, the cells were stained with 4°, 6-diamidino-2-
phenylindole (DAPI) (1:500, DAKO, USA). The macrophages
were then analyzed under a fluorescence microscope (Olympus,
Japan).

For flow cytometry analysis, 1 x 10° Ana-1 cells were
collected and incubated with phycoerythrin (PE)-conjugated
macrophage surface antibodies F4/80 (Abcam, UK) and CD11b
(BD, USA) for 45 min in the dark on the ice. Isotype antibodies
were used as control. After washing in PBS, cells were
analyzed using a flow cytometer (Beckman Coulter, Fullerton,
CA).

2.4 Cellular uptake of Au NRs and photothermal treatment

A CCK8 cell proliferation assay (Dojindo Laboratories,
Kumamoto, Japan) was used to evaluate the viability of the
macrophages treated with different concentrations of Au NRs
as we previously reported.?” Briefly, 2.0 x 10* Ana-1 cells/well
were seeded in triplicate into a 96-microwell plate and
incubated for 24 h at 37 °C. The Ana-1 cells were then treated
with various concentrations of Au NRs (0, 5, 10, 20 and 40
pg/mL, respectively) and incubated for 24 h at 37 °C in a humid
5% CO, incubator. After washing with PBS, 10 pL of CCK8
reagent (in 100 pL PBS) was added and incubated for 2 h. The
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assays were performed in accordance with the manufacturer's
instructions. For each concentration of Au NRs, the mean and
standard deviation for the quadruplicate wells were reported.
One-way ANOVA was used to evaluate the differences of the
viability of cells treated with Au NRs with different
concentrations and the control cells treated with PBS.

For the NIR laser irradiation experiment, Ana-1 cells were pre-
cultured in 96-well cell culture plates (2.0 x 10* per well) for 24
h, then Au NRs (20 pg/mL) were added, and the cells were
irradiated by an 808 nm laser for 5 min at three different
powers (0.5, 1 and 2 W/cm?) at a distance of 7 cm. After 24 h
incubation, standard CCKS8 assay was performed to analyze the
cell viabilities relative to the control untreated cells (incubated
with PBS), the experiments were performed in triplicate.

After laser irradiation, the Ana-1 cells were also stained with
calcein acetoxymethyl ester (calcein AM, 1uM, Molecular
Probes, USA) and propidium iodide (PI) to distinguish the live
from dead cells through a fluorescence microscope (Olympus,
Japan). Fluorescence images of more than three different areas
in each sample were obtained. After laser irradiation, the cells
treated with Au NRs (20 pg/mL) without or with PTT were
harvested, centrifuged, and resuspended in PBS at 1 x 10° cells
per mL to analyze the macrophage cycles and apoptosis. The
cell suspensions were counterstained with PI and Annexin V
(eBioscience, San Diego, USA). The cell cycle (GO-G1, G2-
M, S phases, and apoptosis were quantified using the Cell
Quest software (FACS Calibur, Becton Dickinson, USA).

2.5 Intracellular TEM

To evaluate the photothermal effects of Au NRs on the
organelle of macrophages, TEM imaging was performed
according to our previous report.”® Briefly, 3 x 10° Ana-1 cells
were treated with Au NRs (20 pg/mL) for 24 h at 37 °C,
untreated cells were also prepared. After irradiation by the 808
nm laser, the cells were trypsinized, centrifuged, and fixed with
2.5% glutaraldehyde for 12 h at 4 °C and post-fixed with 1%
0Os0O4 in 0.2 M phosphate buffer (pH 7.2) for 2 h at 4 °C. After
washing for three times with PBS, the cells were dehydrated,
infiltrated with propylene oxide and embedded with Epon 812
(Shell Chemical, UK) for polymerization. Furthermore, the
embedded cells were cut into a thickness of 75 nm using a
Reichert Ultramicrotome and mounted onto 200 mesh copper
grids. After counterstaining with uranyl acetate and lead citrate
for 5 min, all of the samples were observed using TEM (H600
TEM, Hitachi, Japan) at an acceleration voltage of 60 kV.

2.6 Silver staining and micro-CT imaging of macrophages
To evaluate the cellular uptake of Au NRs, Ana-1 cells treated
with Au NRs were verified by silver staining and in vitro
micro-CT imaging. Briefly, for silver staining, Ana-1 cells (2 x
10%well) were cultured and incubated with different
concentrations of Au NRs (10, 20 and 40 pg/mL) for 24 h at 37
°C. Ana-1 cells incubated with PBS served as a negative
control. After washing, silver staining was performed according
to the manufacturer's instruction.

For in vitro micro-CT imaging, 5.0 x 10° Ana-1 cells
incubated with different concentrations of Au NRs (10, 20 and
40 pg/mL) were trypsinized, resuspended with 100 uL. PBS in a
0.5 mL Eppendorf tube, and then scanned using a micro-CT
imaging system (eXplore Locus, GE Healthcare, London,
Ontario, Canada). CT values were analyzed, each experiment
was performed in triplicate.

2.7 Animal model and in vivo thermal therapy

Animal experiments and animal care were conducted in
accordance with the protocols approved by the Animal
Experiment and Care Committee of Shanghai JiaoTong
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University School of  Medicine. Macrophage-rich
atherosclerotic lesions were created in the right femoral arteries
of ApoE mice, as previously described.?* In summary, 8 month-
old male Apo E knockout (C57BL/6 background, n=16) mice
fed with a Western-type diet (containing 21% fat, 0.15%
cholesterol) were obtained from Shanghai Research Center for
Model Organisms (Shanghai, China). The mice were
anesthetized with an intraperitoneal injection of 40 mg/kg
pentobarbital sodium. The right femoral artery was dissected
and sheathed with a polyethylene cuff placement (Milaty,
Zhangjiagang, China) to induce atherosclerotic-like restenosis
formation as described previously (23). The left femoral artery
was also isolated from surrounding tissues (sham-group, n = 8),
but a cuff was not placed. Then the skin was sutured with 5/0
silk, and the animals were recovered on a warming box.
Fourteen days after surgery, the mice of each group were
intravenously injected with 100 pL Au NRs (0.4 pmol Au per g
body weight) through the tail vein. After that, the mice were
scanned by a GE Healthcare micro-CT with an imaging system
(eXplore Locus, USA) with a tube voltage of 80 kV, an
electrical current of 450 pA, and a slice thickness of 45 pm.

For photothermal treatment, after micro-CT imaging, the mice
of each group were immediately irradiated with continuous NIR
laser in regions of femoral artery restenosis for 10 min at the
power density of 2 W/cm?. The local temperature of femoral
artery restenosis regions under the laser irradiation was
measured using an infrared (IR) imager (GX-300; Shanghai
Infratest Electronics Co., shanghai, China).

2.8 Bio-distribution of Au NRs and histological staining

To study the bio-distribution of Au NRs, the mice (n=6) were
anesthetized with  pentobarbital sodium after PTT.
Subsequently, the heart, lung, stomach, spleen, liver, intestines,
kidney, testicle, blood, and brain were collected and weighed.
The samples were cut into 1-2 mm® pieces and incubated in
aqua regia solution for 4 h. Au concentrations were quantified
by inductively coupled plasma mass spectrometry (a Leeman
Prodigy ICP-AES system, Hudson, NH03051, USA).

For histological staining, the mice were anesthetized and
perfusion-fixed after PTT. The femoral arteries, heart, lungs,
liver, spleens, kidneys, and intestines were extracted and
immediately fixed in 4% PFA. The organs were then
dehydrated and embedded in paraffin. The organs were cut into
5 um sections using a conventional microtome.

For immumohistochemical staining, the femoral arteries were
dewaxed, antigen retrieval and incubated with primary
macrophage specific antibody CD68 (rat monoclonal, 1:200)
for 24 h at 4°C. As a negative control, the primary antibody was
replaced with PBS. After washing with PBS, the arteries were
incubated with secondary biotinylated antibodies (goat anti-rat,
1:200) for 1 h at 37 °C. After washing thrice, the arteries were
finally incubated with ABC complex reagent and 3, 3'-
diaminobenzidine (DAB). After washing and then staining with
hematoxylin, the samples were viewed under a light
microscope (Nikon, Tokyo, Japan).

2.9 Statistics

All of the quantitative data were expressed in the form of
means + S.D. T test is applied for comparison between two
groups by SPSS 18.0 software. For the comparison among
multiple groups, one-way ANOVA was used, and when there's
a difference LSD's tests were followed. 0.05 was considered as
a significance level and the data were labeled with (¥) for p <
0.05, (#) for p < 0.01, and (&) for p < 0.001 respectively.

3. Results and discussion

J. Name., 2012, 00, 1-3 | 3
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3.1 Au NRs synthesis and characterization

In the work presented here, gold nanorods (Au NRs) were
synthesized and characterized by TEM and UV-vis-NIR. A
TEM image in Fig 1a shows good monodispersity of the
resulting Au NRs with a mean size of ~ 68 nm x 15 nm. TEM
image revealed that the Au NRs showed a mean size of ~ 60
nm % 15 nm (Fig S1). For very small gold nanomaterials (<4
nm), their chemical reactivity becomes important, and
oxidative damage to cells is possible,”>” while larger
nanomaterials (> 100 nm) could be removed by the
reticuloendothelial system, primarily by the liver and
spleen, and smaller particles by the renal system,> we
thus believe our as-prepared Au NRs are suitable for
photothermal therapy. As shown in Fig 1b, the UV-vis
spectrum of Au NRs showed a sharp and strong absorption
centered at ~ 840 nm. Owing to their strong NIR absorption

feature and the location of maximum absorption wavelength,
the Au NRs exhibit their potential in photothermal ablation
therapy of macrophages using a 808 nm wavelength laser.
Under continuous irradiation of the laser at 0.29 W, the
temperature elevation of aqueous dispersions containing Au
NRs at different concentrations (0-20 ppm) was measured, as
shown in the Fig 1c. The control experiment demonstrates that
the temperature of pure water (without Au NRs) is only
increased by less than 3.0°C (from the room temperature, 22°C)
in 7 min. With the addition of the Au NRs (i.e., 5, 10 and 20
ppm), the temperature of the aqueous dispersion increased by
6.0-19.5 °C after 7 min of irradiation, which indicates that the
Au NRs can rapidly and efficiently convert the 808 nm
wavelength laser energy into heat energy as a result of the
strong photo-absorption at 808 nm.

0.6+

Absorbance

0.3+

0.0

—u—20 ppm

—u—10 ppm
5 ppm

—=— water

484

404

Temperature Change ( °C )

- T
400 600

Wavelength (nm)

¥ ¥ T T T T T T T
800 1000 0 50 100 150 200 250 300
Time (s)

Fig. 1 Preparation and characterization of the Au NRs. (a) TEM image of the Au NRs. (b) UV-vis-NIR absorbance spectrum of the
Au NRs’ solution. (¢) Heating curves of pure water and different concentrations of the Au NRs (5, 10, and 20 ppm) under the 808

nm laser irradiation at a power density of 2 W/cm?.

3.2 Cellular uptake of Au NRs and photothermal treatment
Ana-1 cells, a mouse macrophage cell line, were used in our
study. To analyze the specific protein markers of macrophages,
Ana-1 cells were investigated by imunofluorescence staining
and flow cytometry. After 48 h of culturing, the round-shaped
Ana-1 cells proliferated rapidly and were passaged every other
day. Immunofluorescent staining demonstrated that these Ana-1
cells were positive for macrophage-specific proteins F4/80
(red), Iba-1 (green), and MAC-3 (red) and the nuclei were
stained with DAPI (blue, Fig. S2a). In addition, flow cytometry
analysis further revealed that the Ana-1 cells were strongly
positive for the macrophages surface antigens F4/80 (98.7% +
0.37%, Fig. S2b) and CDI11b (98.1% =+ 0.23%, Fig. Slc)
compared with the control groups (0.3% + 0.02%, Fig. S1d).

The zeta potential of gold nanorods changed from +30.5 +

8.2 mV to +2.5 + 5.1 mV after modification by cystamine
dihydrochloride, indicating the removal of CTAB from the

surface of Au NRs. Despite the excess CTAB was removed
by centrifugation, some CTAB may still adsorb on Au
nanorods. Prior to using the formed Au NRs, the in vitro
cytotoxicity and apoptosis of the Au NRs to macrophages
should be evaluated. In our study, we examined the viability of
the concentration-dependent effects of the Au NRs on the Ana-
1 cells using CCK8 assay. Fig 2a showed that Ana-1 cells do
not display any appreciable morphological changes at the Au
NRs concentration up to 20 pg/mL when compared with the
control cells treated with PBS. When the Au NRs concentration
reached 40 pg/mL, the viability of the Ana-1 was slightly
affected. The results clearly suggest the good biocompatibility
and lower toxicity of the Au NRs in a concentration range of

4| J. Name., 2012, 00, 1-3

0-20 pg/mL. Compared with other reports, our Au NRs
exhibited a considerably lower cytotoxicity, even at a high
concentration of 40 pg/mL.%

These nontoxic surface-modified Au NRs were then
investigated for their PTT efficiency with macrophages. A
NIR-coherent diode laser (808 nm) was used to irradiate each
well for 5 min with a different laser power density (0.5, 1.0 and
2.0 W/ecm?). According to literature,

the NIR light (650-950 nm) is generally accepted, not only can
it penetrate the deep tissues, it is also relatively lowly absorbed
by hemoglobin in blood and causes less damage to other normal
tissues.?® The Ana-1 cells treated with the Au NRs (20 pg/mL)
exhibited power-dependent cytotoxicity (Fig. 2b), suggesting an
intrinsic cytotoxicity that could lead to systemic side effects. By
contrast, the Ana-1 cells incubated with Au NRs without
irradiation were not affected. Consequently, our in vitro
phothothermal therapy of Ana-1 cells using the Au NRs
exhibited a significant cell-killing efficacy, even with a
relatively lower concentration of the Au NRs (20 pg/mL) and a
%g)wer NIR power (2.0 W/cm?) than those in previous reports.'*

After the NIR irradiation, calcein AM/PI staining was
conducted to classify the live and dead cells. As shown in Fig
2c, the untreated control cells showed green nuclei and uniform
chromatin, which imply that they were live and healthy cells.
Similarly, most of the Ana-1 cells incubated with the same Au
NRs (20 pg/mL) with increasing the NIR laser powers from 0.5
to 2.0 W/cm? showed color change from orange to red. Thus,
they were suffering from apoptosis, in which some cells were in
the late stages of apoptosis (Fig. 2c). Statistical analysis of the

This journal is © The Royal Society of Chemistry 2012
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relative cell viabilities further demonstrated that with the
increase of the NIR laser power from 0.5 W/cm?to 2.0 W/cm?,
more cells incubated with Au NRs were killed by the laser
ablation (Fig. S3). By contrast, these Ana-1 cells without Au
NRs treatment were unaffected even after a higher laser
irradiation (Fig. S3), which were consistent with CCKS8 results.
The results suggest that the Ana-1 cells internalized the Au
NRs, which adsorbed and transformed the NIR laser power into
heat. As temperatures increase to more than 40°C, irreversible
damage occurs in the organelles.”® These result in the
denaturation of the proteins and the dissolution of nucleus
karyotheca, ultimately triggering cell death.

To investigate the photothermal effect of the Au NRs on Ana-1
apoptosis and cell cycles, the treated cells were incubated in
Annexin V/PI and analyzed by a flow cytometry after the laser
irradiation. The percentages of apoptosis and cell phase
distribution in untreated Ana-1 and treated Ana-1 cells without
or with PTT were 3.62% +£0.58%, 4.35% +£0.63% and
19.91% + 2.87%, respectively, with statistically significant
differences between the Au NRs groups and the control groups
(P < 0.05, Fig. 3a). The representative flow cytometric peaks
and the percentage of the cell cycle in the G0/G1, S, and G2/M
phases are presented in Fig 3b. The cell cycle phases of the
Ana-1 cells incubated with the Au NRs and PTT showed

a "

10
8 ®
6l

44

Cell Viability (%)

24

0 5 i0 20 40
Au nanorods concentration (ug/mL)

Contrel

Nanoscale

significant differences compared with those of the untreated
negative control cells and the Au NRs treated without PTT
groups (data not shown). These results further demonstrate that
the Au NRs are noncytotoxic at the given concentration and
exhibit excellent PTT effects of macrophages.

3.3 Intracellular TEM

In Fig 4b and e, after incubation with the Au NRs, a large
amount of electron-staining particles were found in the
intracellular region (as indicated by the red arrow), mostly in
the endosomes/lysosomes. After the NIR irradiation, the TEM
image (Fig. 4c and f) showed that some nucleus karyotheca
were dissolved and broken, and the nucleolus and the
endoplasmic reticulum disappeared. In addition, the Au NRs
were internalized in the Ana-1 cells cytoplasm (as

indicated by the red arrow). By contrast, no black clusters were
observed in the untreated control Ana-1 cells and the cellular
structures were not damaged (Fig. 4a and d), which are
consistent with the results of the calcein AM/PI staining. The
internalization of the Au NRs may occur through two different
mechanisms: phagocytosis and receptor-mediated endocytosis

via cell walls.?*3°
b 120+ [ Contral
Hl AuNRs
~100f
£
. 80
;—.-; 60 - *
; 40}
o #
201+
[
Control 0.5 1 2

Laser power (Wicmz)

Fig. 2 Cytotoxicity of Au NRs and PTT. (a) In vitro cell viability of Ana-1 cells treated with or without various concentrations of
the Au NRs for 24 h. (b) Cell viability of Ana-1 cells treated with or without the Au NRs (20 pg/mL) after the NIR laser irradiation
with different power densities (0, 0.5, land 2 W/cm?). (c) Live cells and dead cells were stained with calcein AM (green) and PI
(red), after incubation of Ana-1 cells with or without the Au NRs (20 pg/mL) and being exposed to the 808 nm laser at different

power densities (0.5, 1and 2 W/cm?). Scale bar: 100 pm.
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Fig. 3 Flow cytometric analysis of cell cycles and apoptosis of Ana-1 cells treated without Au NRs and treated with Au NRs with or
without PTT (n=4).

.

Fig. 4 TEM images of Au NRs-loaded cells after laser irradiation. (a) TEM images of control Ana-1 cells, no black clusters were
observed in the cytoplasm. (b) TEM images of Ana-1 cells incubated with Au NRs (20 pg/mL) for 24 h, Au NRs are mainly
located in the endosomes/lysosomes (indicated by the red arrow). (c) After NIR irradiation, the TEM image shows that some
nucleus karyotheca were dissolved and broken, and the nucleolus and the endoplasmic reticulum disappeared, the Au NRs are
internalized in the Ana-1 cells cytoplasm (indicated by the red arrow). Scale bar measures 2 pum. (d) High-magnification TEM

images of (a). (e) High-magnification TEM images of (b). (f) High-magnification TEM images of (c). Scale bar measures 1pum.
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3.4 Silver staining and micro-CT imaging of macrophages
To evaluate the cellular uptake of Au NRs, the Ana-1 cells
uptake of the Au NRs was subjected to silver staining and in
vitro micro-CT imaging. As shown in Fig 5, accumulated black
spots were observed in the cytoplasm of the Ana-1 cells treated
with different concentrations of the Au NRs, i.e., 10 pg/mL (b),
20 pg/mL (c) and 40 pg/mL (d), for 24 h after silver staining.
With an increase of the Au NRs concentration, the color of the
spots becomes darker, which demonstrates the increase of the
cellular phagocytosis of these Au NRs. By contrast, no black
spots were observed in the Ana-1 cells treated with PBS (Fig.
5a).

The Ana-1 cells treated with different Au NRs concentrations
(10, 20 and 40 pg/mL) for 24 h were also subjected to in vitro
CT imaging. Fig 5e shows that the macrophage pellets
incubated with the Au NRs appear bright, whereas the negative
control pellets treated with PBS are indistinguishable. With an
increase in the concentration of the Au NRs, the color of the CT
images becomes brighter. After quantitative analysis of the CT
values of the Ana-1 cells with the Au NRs (Fig. 5f), it is found
that the CT value of the Ana-1 cells treated with the Au NRs
(40 pg/mL) was significantly higher than that of the cells

0 pg/mL

iy
N

10 pg/mL

40 pg/mL

20 pg/mL

Nanoscale

incubated at 10 pg/mL (p < 0.01) and 20 pg/mL (p < 0.05) and
that of the negative control cells (p < 0.001). The higher CT
values of the Ana-1 cells at a higher concentration of the Au
NRs may be due to the cellular uptake of more Au NRs, which
is in consistent with the results of silver staining.

3.5 In vivo thermal therapy

We obtained 3D CT images of Apo E mice model of the
femoral artery restenosis (which is a widely accepted model for
atherosclerotic restenosis 2%) before and after intravenous
injection of the Au NRs. All the Apo E mice were alive, and
no tumor formed in the mice. Although distinguishing the
femoral artery from the surrounding normal tissues in the pre-
injected image (Fig. 6b) is difficult, the femoral artery
restenosis regions showed slightly enhanced intensity with
higher CT values (data not shown) after the injection of the Au
NRs (Fig. 6a), as shown in the cuff placement framed by the
rectangle in Fig 6b. We presumed that an inflammatory reaction
occurred in the right femoral artery after the cuff placement, as
suggested by histological examination in Fig 6g and 6h.
Although cancer cells in vivo can be efficiently killed through
PTT,*" % rare reports have demonstrated the efficacy of PTT
against macrophages.

— T

Hounsfield Unit (HU)

—

0 10 20 40
Au NRs (pg/mL)

Fig. 5 Representative images of the Ana-1 cells after silver staining and micro-CT imaging. (a) Negative control cells treated
without the Au NRs, and the cells incubated with different concentrations of the Au NRs (10 pg/m (b), 20 pg/mL (c) and 40
pg/mL (d)), for 24h. All scale bars: 100 um. Representative transverse micro-CT images (e) and CT values (f) of the Ana-1 cell
suspensions incubated with different concentrations of the Au NRs for 24 h (n = 3).

This paper presents the Au NRs-induced PTT against
macrophages using a 808 nm laser (2 W/cm?). During the laser
treatment, full-body IR thermal images were captured using an
IR camera, by which IR thermal images with high contrast
could be achieved (Fig. 6¢). We can clearly see that the region
11 framed area, which was injected with the Au NRs’ solution,
generates more significant temperature increases under the laser
irradiation (Fig. 6¢); by contrast, very little temperature change
was detected in region 12 framed area in the control (Fig. 6d).
The temperature of the irradiated area was also recorded as a
function of the irradiation time (Fig. 6e). For the mice injected
with the PBS, the surface temperature of the femoral artery
restenosis regions increased by less than 2 °C, and remained
below 31 °C in the entire irradiation process. However, in the

This journal is © The Royal Society of Chemistry 2012

case of the Au NRs-injected mice (Fig. 6c¢), the surface
temperature of the femoral artery restenosis regions increased
rapidly and reached up to 50.5°C, which is due to the good
photothermal effect of Au NRs and the enhanced
photothermal performance from Au NR aggregation in
colloidal solution,> as shown in Fig 6e. These results showed a
rapid elevation of temperature of the in vivo femoral artery
restenosis, which suggests that the Au NRs have an excellent
photothermal effect in vivo.

3.6 Bio-distribution of Au NRs and histological staining

To evaluate the photothermal ablation of the macrophages in
vivo, histological examination of the femoral arteries was
performed by means of microscopic imaging (Fig. 6f and 6g).
Significant macrophage damage was noticed only in the

J. Name., 2012, 00, 1-3 | 7
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femoral artery restenosis regions with injected Au NRs, but not
in the control group. Those injected with the Au NRs show a
decrease in the number of macrophages in comparison with the
control injected with the PBS (Fig. 6h). In addition, the
corresponding histological staining further confirms that the
intima media of the Au NRs groups was significantly thinner
than that of the control groups (data not shown).

These results suggest that the macrophages can be efficiently
destroyed in vivo by high temperature (49.5 £ 1.7 °C) because
of the excellent photothermal effect of the Au NRs. The
ablation effects of the PTT are dependent on the temperature of
targeted regions and time. At 46 °C, irreversible cellular
apoptosis was observed after 60 min, but a time of 4-6 min is
sufficient at 50-52 °C.** 3° Therefore, the synthesized Au NRs
with excellent photothermal effects can be used as theranostic
agents for in vivo imaging and PTT of inflammatory diseases.

Understanding the bio-distribution of the Au NRs is crucial for
their use as a theranostic platform for their in vivo PTT of
macrophages. The bio-distribution of the Au NRs in the major
organs (heart, lung, liver, spleen, stomach, intestines, kidney,
testicle, and blood) after the PTT was quantified by ICP-AES
(Fig. 7a). Large amounts of Au element were found in the
spleen and liver, which are known as the reticuloendothelial
system (RES).>® 37 This result indicates that aside from the
accumulation within macrophages., the Au NRs can be
cleared mainly through the renal/urinary route and RES.**

¥ By contrast, no obvious Au element was found in the
untreated group. Future efforts for reducing the capture by RES
and detailed pharmacokinetic studies of the Au NRs are needed
for better understanding. Overall, our bio-distribution studies
show that the developed Au NRs can be uptaken by these
macrophages

via different administration routes, thereby
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Fig. 6 In vivo PTT of femoral artery restenosis with the Au NRs. 7z vivo 3D micro-CT images of the femoral artery before (b) and
after (a) the intravenous injection of the Au NRs. IR thermal images (c, d) of Apo E mice injected with the Au NRs (the right
mouse, indicated region 11) or saline (the left mouse, indicated region 12) via the intravenous injection, respectively, irradiated
with the 808 nm laser (2 W/cm?) at a time point of 0 (¢) and 300 s (d). (¢) The temperature profiles in regions 11 and 12 as a
function of the irradiation time. (f, g) The representative histological examination sections stained with CDG68, of the
corresponding ex vivo the femoral artery restenosis regions, after irradiation for 10 min. The irradiation source is an 808 nm laser
with the safe power density of 2 W/cm? (h) Statistical analysis of the macrophages number between Au NRs with and without

PTT. Scale bars in fand g: 100 pm.
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of the bio-distribution of the Au NRs in the

major organs (heart, lung, stomach, spleen, liver, intestines, kidney, testicle, and blood) after the PTT. (b) Representative images
of HE staining of the main visceral organs in the Apo E mice treated with the Au NRs after the PTT. All of the organs appear
histologically normal. Scale bars: 100 um. All scale bars = 100 pm.

We resected and then dissected the major organs (i.e., the heart,
lung, liver, spleen, kidney, and intestines) for histological
analysis after the PTT, all of which showed certain particle
accumulation, as shown by ICP-AES. Sections of major organs
were stained with H&E (Fig. 7b), compared with the control
groups, no significant organ damage and inflammatory lesions
were found in the mice injected with the Au NRs, which
suggests the excellent biocompatibility of the Au NRs to the
major organs.

Recently, localized PTT has been investigated for targeted cell
ablation, given that the sudden generation of heat can promote
denaturation and disruption of intracellularly organized
biomolecules.** To overcome nonspecific organ uptake and
cytotoxicity, targeted Au NRs, modified with specific protein
markers or molecules are urgently needed. The key objective of
photothermal ablation is to damage the targeted regions without
destroying the surrounding normal tissues.*! Our results
demonstrated that the Au NRs used in the PTT exhibit good
biocompatibility, high photothermal conversion efficiency, and
excellent PTT in the NIR region.

4. Conclusions

In summary, we have developed a facile method to synthesize
nontoxic and good biocompatible Au NRs for efficient imaging
and phothothermal ablation of macrophages in vitro and in vivo.
The combined in vitro results of CCKS8 assay, calcein AM/PI

This journal is © The Royal Society of Chemistry 2012

staining, flow cytometry analysis, TEM, CT imaging, and
phothothermal ablation treatment show that the Au NRs are
non-cytotoxic at the given concentration and are able to image
and ablate macrophages, even with lower NIR powers. In
addition, the in vivo therapeutic experiments demonstrated that
the Au NRs could image and PTT of inflammatory
macrophages in the femoral artery restenosis of Apo E mice.
Findings from our results suggest that the Au NRs have a great
potential to be used as multifunctional theranostic agents for
imaging and photothermal therapy of inflammatory
macrophages, which paves the way for further theranostics of
atherosclerosis and other inflammatory diseases.
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