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Abstract

Photothermal therapy (PTT) can be an effective antitumor therapy, but it may not completely
eliminate tumor cells, leading to the risk of recurrence or metastasis. Here we describe
nanocarriers that allow combination therapy involving PTT and immunotherapy. Nanocarriers are
prepared by coating Al,O3; nanoparticles with non-toxic, biodegradable polydopamine, which shows
high photothermal efficiency. A near-infrared laser irradiation can kill the majority of tumor tissues,
resulting in the release of tumor-associated antigens. The Al,O; within the nanoparticles, together
with CpG, acts as an adjuvant to trigger robust cell-mediated immune responses that can help
eliminate the residual tumor cells and reduce the risk of tumor recurrence.

Methods: The characteristics and photothermal performance of polydopamine-coated AlLO;
nanoparticles were examined after one-step preparation. Then we studied their internalization,
photothermal toxicity and immunostimulatory activity in vitro. For in vivo experiments, these
nanocarriers were injected directly into BI6FI0 melanoma allografts in mice to ensure specific
localization. After photothermal irradiation on day 0, mice were subcutaneously injected with CpG
adjuvant on day 1, 3 and 5. Tumor volumes and number of living mice were recorded every two
days. Moreover, various immune responses induced by our combined therapy were tested for
mechanism research.

Results: 50% of mice after our combined treatment successfully achieved the goal of tumor
eradication, and survived for 120 days, which was the end point of the experiment. Mechanism
studies demonstrated the combined therapy efficiently led to dendritic cell maturation, resulting in
the secretion of antibodies and cytokines as well as the proliferation of splenocytes and lymphocytes
for anti-tumor immunotherapy.

Conclusion: Taken together, these results demonstrated the promise of our combined
photothermal therapy and immunotherapy for tumor shrinkage, which merited further research.
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Introduction

treatments [3]. Photothermal therapy (PTT) has
recently emerged as an alternative with the potential
for high selectivity and extremely low invasiveness

Cancer continues to be a leading cause of
morbidity and mortality around the world [1, 2].
Standard anticancer therapies, including surgical

excision, chemotherapy and radiotherapy, can kill
normal cells and destroy the systemic immune
system, severely impacting quality of life after several

[4]. In PTT, biomaterials that efficiently convert light
energy (usually at near-infrared wavelengths) into
heat are inserted into the tumor and illuminated to
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induce local, lethal heating of the tumor [5]. PTT is
analogous to photodynamic therapy [6], but without
the need for reactive oxygen species to interact with
target cells or tissues. Because PTT is based on
long-wavelength light, it irradiates the tissue with less
energy, minimizing harm to non-target tissues [7].

Many PTT materials have been developed with
high photothermal conversion efficiency and strong
therapeutic effects in vitro and in small animal studies
[8-15]. Most of these materials, however, are not
widely used in the clinic because of concerns about
their long-term safety [16]. In contrast to these agents,
natural melanin functions well in PTT and shows
excellent biocompatibility, reflecting its presence in
human hair, skin, liver, and spleen [17, 18]. Recently,
the primary component of melanin, polydopamine,
has shown promise in vitro and in vivo for PTT [19, 20].
Polydopamine has several characteristics that make it
well-suited to PTT. First, it forms via simple oxidation
and self-polymerization of dopamine at room
temperature under alkaline conditions [21]. Second, it
shows good biocompatibility and biodegradation,
which should make it safe for long-term
administration [22]. Third, it adheres easily to other
substances. Fourth, it shows good photothermal
conversion efficiency in the near-infrared region.
Therefore, we focused in the present study on
preparing a novel type of polydopamine-based
nanoparticle for antitumor PTT.

In our study, we started with an inner core of
AlOs; nanoparticles, which were coated with
polydopamine via simple dopamine oxidation and
self-polymerization [23, 24], named pD-ALO;
nanoparticles. In contrast to commonly used Au or
Fe30s4 [25] nanoparticles, AlOs nanoparticles as the
inner core of polydopamine have never been
reported, and may be a promising adjuvant for the
development of therapeutic cancer vaccines [26], since
microparticle precipitates of aluminum compounds
(known as alum) have been used as immune
adjuvants in human vaccines for over 80 years [27].

The incidence of tumor recurrence or metastasis
after single tumor-targeting therapies remains high.
Combining PTT and immunotherapy can significantly
inhibit tumor metastasis [28]. This previous work
involved systemic delivery of PTT agents, but
intravenous injection of tumor-targeting nano-agents
could result in quite low accumulation in tumors [29].
Therefore, we decided to investigate the feasibility
and potency of intratumor administration without
systemic toxicity, combined with immunotherapy.

In general, our strategy was to inject the
resulting pD-Al;O; nanoparticles directly into tumors
in mice, then irradiate the animals in PTT. The
resulting large-scale tumor cell death should release

tumor-specific antigens that can trigger a systemic
immune response to eliminate residual tumor cells
[30]. The immunogenicity of these antigens should
increase via association with ALO; in the
nanoparticles. To further increase immunogenicity
after PTT, we injected the mice subcutaneously with
the widely used, inexpensive adjuvant CpG, which
potently stimulates Thl-type cells [31, 32] and has
been used in a hepatitis B vaccine [33, 34], recently
approved for clinical use by the US Food and Drug
Administration. Those beneficial characteristics of
CpG may facilitate the optimization and
implementation of our approach in the clinic. Thus,
the joint action of AlO3; and CpG was intended to
eliminate residual tumor cells and thereby reduce risk
of recurrence or metastasis.

Materials and Methods

Materials

Aluminum oxide (AlOs) nanoparticles were
purchased from NanoAmor (Nanostructured &
Amorphous Materials, Inc., USA). Dopamine
hydrochloride and Fe;Os nanoparticles were
purchased from Aladdin. Propidium iodide (PI),
fluorescein diacetate (FDA) and 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
were purchased from Sigma. Cell Counting Kit-8
(CCK-8) was purchased from Dojindo Laboratories.
Antibodies against cell surface markers for flow
cytometry assay and Ready-SET-go! ELISA kits for
mouse TNF-a, IFN-y or IL-4 were purchased from
eBioscience.

Preparation of pD-Al,O; nanoparticles

To  prepare  polydopamine  (pD)-ALOs;
nanoparticles with a  polydopamine  shell
approximately 1.5 nm thick, 10 mg of dopamine
hydrochloride was suspended in 10 mL of a 10 mM
Tris-HCl buffer solution (pH 8.5) containing 1.0
mg/mL AlO; nanoparticles. After vigorous stirring
at room temperature for 1 h, pD-AlO3 nanoparticles
were easily obtained by centrifugation at 10,000 xg for
20 min and washed three times with deionized water
until a clear solution was obtained. Then pD-ALO;
nanoparticles were stored in the refrigerator at 4 °C
for immediate use, or dried in a vacuum freeze dryer
for long-term storage. Pure polydopamine was
subjected to the same procedure as above, but without
addition of Al,O; nanoparticles, in order to prepare
reference samples for Fourier transform IR (FTIR)
analysis. In addition, pD-Fe3O4 nanoparticles were
prepared as described above, except that the Tris-HCl
contained 1.0 mg/mL Fe3O4 nanoparticles. These
particles served as a comparison sample for in vivo
studies.
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Nanoparticle characterization

Hydrodynamic  diameters of  pD-ALO;
nanoparticles were determined using a Zetasizer
Nano-ZS. The morphology and structure of the
obtained nanoparticles were characterized by
transmission  electron microscopy. FTIR and
energy-dispersive X-ray spectroscopy (EDX) mapping
were used to investigate the interactions between
AlOs nanoparticles and polydopamine.

Measurement of photothermal performance

pD-ALO; nanoparticles were suspended in
deionized water at various concentrations (1,000, 500,
250, 125, 63, 31 and 16 pg/mL), and their absorption
spectra in the UV, visible, and near-infrared range
were recorded using a UV-vis spectrophotometer.

pD-ALOs nanoparticles were dispersed in a
quartz cuvette at various concentrations (50-1,000
pg/mL) and irradiated for 600 s using a near-infrared
laser at 808 nm (Haoliangtech, Shanghai, China) at a
power density of 1.18 W/cm?. Pure water was used as
a negative control. The temperature of solutions was
measured every 100 s using a digital thermometer
with a thermocouple probe. pD-AlLOs nanoparticles at
1,000 pg/mL were irradiated at 1.18 W/cm? for 5 min,
and their temperature was monitored using an
infrared thermal camera (Fotric 225).

Cytotoxicity and photothermal toxicity in vitro

B16F10 cells were seeded into 35 mm confocal
dishes, and then incubated for 24 h at 37 °C in a
humidified atmosphere containing 5% CO,. Cells
were incubated for 1 h with pD-AlLO; nanoparticles
(1.0 mg/mL), irradiated for 5 min with a near-infrared
laser (808 nm, 118 W/cm?), co-stained with
propidium iodide (PI) and fluorescein diacetate
(FDA), and then imaged using confocal laser scanning
microscopy.

B16F10 cells were incubated for 24 h in 96-well
plates at 37 °C under 5% CO, incubated for 1 h with
pD-ALLOs nanoparticles at various concentrations
(0-1,000 pg/mL), irradiated or not for 5 min with a
near-infrared laser (808 nm, 1.18 W/cm?), and
incubated for another 24 h. Cell viability was
measured using a standard MTT assay.

Uptake by cells in vitro

B16F10 cells were seeded in 12-well plates at 1.0
x 100 cells/well, incubated for 24 h, then exposed for 1
h to lumogallion-stained pD-AlO3 nanoparticles (1.0
mg/mL) in the absence of serum or antibiotics. Cells
were collected and analyzed by flow cytometry.

In vitro dendritic cell maturation

Bone marrow-derived dendritic cells (BMDCs)
were isolated from C57BL/6 mice, seeded into 12-well

plates, and incubated for 24 h with pD-ALO;
nanoparticles (1.0 mg/mL). Cells were treated with
lipopolysaccharide (LPS) as a positive control or with
phosphate-buffered saline (PBS) as a negative control.
Cells were stained with FITC-conjugated antibody
against CD80 and PE-conjugated antibody against
CD40, then analyzed using flow cytometry. Culture
supernatants were assayed for interferon gamma
(IFN-y) and tumor necrosis factor (TNF-a) using an
enzyme-linked immunosorbent assay (ELISA).

Combination of PTT and CpG adjuvant in vivo

To establish melanoma cancer models, B16F10
cells (5.0 x 105 cells/well) suspended in PBS were
inoculated into the right side of the back of C57BL/6
mice, close to the armpit. Eight days later, when
tumor volumes were close to 100 mm?3, pD-Al,O3
nanoparticles (1.0 mg/mL, 100 pL per mouse) were
injected directly into B16F10 tumors, then irradiated
for 5 min with a laser at 808 nm and 1.18 W/cm?2. This
time point was defined as day 0. On days 1, 3 and 5,
three doses of CpG (3 ng per mouse per injection)
were subcutaneously injected into the right forelimb
of mice [35]. Tumor volume, mouse weight and
number of mice alive were recorded every two days.
After PTT treatments, tumor temperature was
monitored at 0, 1, 3 and 5 min using an infrared
thermal camera (Fotric 225). All animal procedures in
our experiments were approved by the Experimental
Animal Center of Sichuan University.

Dendritic cell maturation in vivo

Mice treated with the combination method of
PTT and CpG adjuvant were sacrificed on day 6, and
their axillary lymph nodes were collected and
co-stained with FITC-conjugated antibody against
CD1llc (to mark dendritic cells), PE-conjugated
antibody against CD40 and PE/Cy5-conjugated
antibody against CD86. Cells were then analyzed
using flow cytometry to quantitate dendritic cell
maturation in tumor-draining lymph nodes (TDLNs)
[36], which refer to the axillary lymph nodes on right
side of mice.

Cytokine assay

Serum from mice treated with the combination
method of PTT and CpG adjuvant was sampled at 24
h, 48 h, 72 h, and 1 week. Serum samples were diluted
2-fold and assayed for TNF-a and IFN-y using
commercial ELISA kits.

Antibody assay

B16F10 cells were lysed, and the lysate was
coated onto Costar 9018 enzyme plates. Then wells
were loaded with serum sampled at weeks 1 and 2
from mice treated with the combination method of
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PTT and CpG adjuvant. Then horseradish
peroxidase-conjugated  anti-IgG, anti-IgGl and
anti-IgG2a antibodies were added to the wells.
Absorbance of wells at 450 nm was measured using a
Varioskan Flash reader.

Splenocyte and lymphocyte proliferation

TDLNs and spleens of mice treated with the
combination method of PTT and CpG adjuvant were
isolated at week 1, ground-up, and passed through a
cell strainer to form single-cell suspensions. These
suspensions were seeded into 96-well plates (100
puL/well), stimulated with B16F10 cell lysate or not,
and incubated for 48 h at 37 °C under 5% CO,. CCK-8
solution (10 pL) was added to each well, and plates
were incubated another 4 h. Then absorbance at 450
nm was measured using a Varioskan Flash reader.
Culture supernatants were assayed for interleukin-4
(IL-4) using a commercial ELISA.

T cell activation

TDLNs and spleens of mice treated with the
combination method of PTT and CpG adjuvant, laser
only or without any treatment were isolated at week
1, ground-up, and passed through a cell strainer to
form single-cell suspensions. Cells were stained with
FITC-conjugated antibodies against CD4 and CD8a as
well as APC-conjugated antibodies against CD3, then
measured using flow cytometry.

Histopathology examination

Hearts, livers, spleens, lungs, kidneys and
tumors of mice treated with the combination method
of PTT and CpG adjuvant were harvested at week 1
and stained with hematoxylin and eosin for
histological analysis. Next, tumor sections at week 1
were immunostained against cleaved caspase-3
(brown), which indicated the process of apoptosis.

Statistical analysis

All results are presented as mean * SEM and
graphed using Graphpad Prism 6.0 (La Jolla, CA,
USA). Differences within and between groups were
evaluated for significance using, respectively,
one-way ANOVA or Student's 2-tailed t test. The
threshold of significance was defined as P < 0.05.

Results and Discussion

Preparation and characterization of pD-Al,03
nanoparticles

We obtained pD-Al;O; nanoparticles in a single
step within 1 h via dopamine oxidation and
self-polymerization (Figure 1A). The average size of
the nanoparticles increased from 286.3 + 4.2 nm to
3444 + 55 nm with increasing dopamine

concentration from 125 to 1,000 ng/mL, while zeta
potentials varied from -0.46 + 0.01 mV to -2.48 £ 0.18
mV (Figure S1A). In all cases, the polydispersity
index (PDI) was lower than 0.300; in fact, it was only
0.165 = 0.011 at a concentration of 1000 pug/mL. The
color of the pD-AlO; nanoparticles went from clear to
black with increasing dopamine concentration from
3125 pg/mL to 1,000 pg/mL (Figure S1B).
Transmission electron microscopy revealed that
polydopamine was coated on the surface of ALO;
nanoparticles, approximately 1.5 nm thick, after 1 h
polymerization (Figure 1B-C). Thicker polydopamine
layers were obtained with longer polymerization time
or higher dopamine concentration.

FTIR spectroscopy of pD-ALO; nanoparticles
showed the appearance of several peaks between
1,000 and 1,600 cm?® following dopamine
polymerization, and the same peaks were present in
the polydopamine reference spectrum (Figure 1D).
These peaks indicated successful synthesis of the
polydopamine  coating [37]. The pD-ALO;
nanoparticle spectrum also contained a peak at 1,059
cm?, which was assigned to C-OH stretching
vibrations, and a peak at 1,288 cm?, which was
assigned to aromatic ring absorption. Peaks at 1,499
and 1,597 cm? corresponded to N-H shearing
vibrations, while a peak at 3,077 cm? was assigned to
C-H stretching vibrations. Additionally, we found
that pD-ALOs; and AlLOs nanoparticles showed
similar peaks between 400 and 1,000 cm, called the
fingerprint region, whereas polydopamine exhibited
no obvious peak there, indicating the presence of
AlLO; in our pD-AlLOs; nanoparticles. Next we
analyzed the weight percent and atomic percent (%)
of four chemical elements (Al, O, C, N) in our ALOs
and pD-AlLOs;nanoparticles by EDX mapping (Figure
S2A). Spectrogram for elements showed that there
were more percentages of C and N in our pD-ALO;
nanoparticles than AlOs; nanoparticles (Figure
S$2B-C), confirming the presence of polydopamine.
Element mapping indicated the presence of
polydopamine and their uniform distribution in
pD-AlLOs nanoparticles (Figure S2D-E).

Photothermal performance of pD-Al,O3
nanoparticles

We assessed three characteristics of pD-ALOs
nanoparticles in order to evaluate their suitability for
PTT [38]: appropriate absorption properties in the
near-infrared range, photothermal conversion
efficiency, and photostability. First, we found that the
nanoparticles absorbed broadly in the UV and
near-infrared range of wavelengths, and their
absorption was much stronger at concentrations from
16 to 1,000 pg/mL (Figure 2A). Absorption in the
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near-infrared region was strongest at 1,000 pg/mL. In
particular, the nanoparticles absorbed strongly at 808
nm, which was the wavelength of the laser that we
planned to use for PTT. Secondly, we investigated
photothermal conversion by pD-Al,Os3 nanoparticles.
The temperature of nanoparticle suspensions
increased with irradiation time and with dopamine
concentration. The temperature of pD-ALO;
nanoparticles at a concentration of 1,000 pg/mL
increased by 29.1 °C after irradiation for 300 s, while
the temperature of deionized water increased by only
3.1 °C under the same conditions (Figure 2B). A rapid
increase in nanoparticle temperature to over 45.0 °C
was observed within 5 min using an infrared thermal
camera (Figure 2C). Cancer cells can be killed after
heating at 42 °C for at least 10 min or at temperatures

. Al203 nanoparticles

O Polydopamine

above 50 °C for only 5 min [39]. Our results suggested
that pD-Al;O; nanoparticles at 1,000 ng/mL initially
present in vivo at 36 °C could easily be heated to over
50 °C within 5 min and efficiently eradicated using an
808 nm laser. We attributed the high photothermal
conversion efficiency of pD-Al,O; nanoparticles to
their polydopamine coating. Thirdly, we evaluated
the photostability of pD-AlO3 nanoparticles at 1,000
ng/mL. No obvious changes in average sizes or zeta
potentials were observed after irradiation at 1.18
W/cem? for 300 s (Figure S1C). In addition, the
temperature of pD-Al;Os nanoparticles could reach a
similar level after irradiation again at 1.18 W/cm? for
either 300 s or 600 s, compared with the temperature
curves after irradiation for the first time in Figure 2B.
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Figure 1. Preparation and characterization of pD-Al,O: nanoparticles. (A) Chemical structure of pD-AO3 nanoparticles. Transmission electron
micrographs of (B) ALOs nanoparticles and (C) pD-ALOs nanoparticles. (D) Fourier-transform IR spectra of ALOs nanoparticles (blue trace), pD-AlLO3
nanoparticles (red trace) and polydopamine (pDA, green trace). Relevant peaks are marked and discussed in the text.
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In vitro cytotoxicity, photothermal toxicity and
uptake of pD-Al,O; nanoparticles

Given the promising stability and photothermal
conversion efficiency of pD-AlLOs; nanoparticles, we
proceeded to in vitro studies of their ability to kill
mouse melanoma B16F10 tumor cells. Exposing cells
to laser irradiation alone or to pD-AlOs nanoparticles
without laser irradiation resulted in negligible cell
death, whereas exposing them to the combination of
nanoparticles and laser irradiation killed most cells
(Figure 3A). These in vitro results suggested that PTT
based on 808 nm illumination of pD-ALO;
nanoparticles can efficiently kill cancer cells within 5
min.

Next we used the MTT assay to quantitate the
cytotoxicity of pD-AlOs; nanoparticles with and
without 808 nm irradiation. Incubating B16F10 cells
for 24 h without laser irradiation caused minimal
impact on cell viability at all nanoparticle
concentrations tested (Figure 3B); even at the highest
concentration of 1,000 pg/mL, cell viability was
approximately 90%. When we repeated these
experiments with laser irradiation, cell viability
decreased in a nanoparticle concentration-dependent
manner, falling to 20% at a concentration of 1,000

pg/mL (Figure 3B).

We used the alum-specific fluorescent dye
lumogallion [40] to examine the fate of nanoparticles
after addition to B16F10 cultures. The nanoparticles
were taken up very efficiently within 1 h (Figure 3C):
approximately half of all nanoparticles were
internalized regardless of whether CpG was also
present in the medium. Uptake was higher in the
absence of the polydopamine coating, possibly due to
a shielding effect. These results suggested efficient
and rapid uptake of pD-ALOs; nanoparticles by
B16F10 cells.

Dendritic cell maturation in vitro

Our therapeutic strategy was to inject pD-ALO;
nanoparticles into tumor allografts in mice, and
irradiate the tumors to destroy them and release
tumor-associated antigens that could be internalized
by immature dendritic cells, then processed and
displayed on the surface of mature dendritic cells
bound to the major histocompatibility complex. These
surface-displayed antigens could then trigger innate
and adaptive immunities [41, 42]. We examined the
feasibility of this strategy in vitro by evaluating
whether pD-AlOs; nanoparticles could stimulate
dendritic cell maturation. Incubating BMDCs with
pD-ALO; nanoparticles led to much higher
expression of CD80+ or CD40+ than incubating cells
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Figure 2. Photothermal performance of pD-AlO: nanoparticles. (A) UV-visible-near-infrared absorbance spectrum of pD-AhO; nanoparticles at
concentrations from 15.625 to 1,000 pg/mL. The graph on the right shows the absorbance at 808 nm as a function of concentration. (B) Temperature of deionized
water or pD-AlO; nanoparticles at various concentrations as a function of 808 nm irradiation time from 0 s to 600 s. The graph on the right shows the temperature
change (AT) of suspensions of pD-Al,O3 nanoparticles at various concentrations after 808 nm irradiation for 300 or 600 s. (C) Infrared thermal image of pD-ALO3

nanoparticles at 1,000 pg/mL after 808 nm irradiation for 300 s.
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with PBS, albeit lower expression than incubating in the presence of CpG (Figure 3E). These results
cells with LPS (Figure 3D). Adding CpG to the suggested that pD-Al,O; nanoparticles, especially in
medium promoted CD80+ expression. Incubating  conjunction with CpG, could stimulate downstream
BMDCs with pD-AlLO; nanoparticles led to greater = immune responses to boost the efficacy of PTT.

IFN-y and TNF-a secretion, and this further increased
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Figure 3. Toxicity, internalization and immunostimulatory activity of pD-Al2O3 nanoparticles in vitro. (A) BI16F10 cells were incubated with pD-ALO3
nanoparticles and irradiated (or not) for 5 min with a near-infrared laser operating at 808 nm and 1.18 W/cm?2. Cells were then stained with fluorescein diacetate and
propidium iodide and examined by confocal fluorescence microscopy. Live cells appear green and dead cells appear red. Scale bar, 100 um. (B) Relative viabilities of
B16F10 cells after incubation with different concentrations of pD-Al,O3 nanoparticles and 5 min irradiation with a near-infrared laser (or not) at 808 nm and 1.18
Wi/cm2, (C) Efficiency of uptake of lumogallion-stained Al2O3 or pD-Al2O3 nanoparticles by B16F10 cells within 1 h in the presence or absence of CpG. (D) Mean
fluorescence intensity (MFl) of CD40+ or CD80+ expression by bone marrow-derived dendritic cells after treatment with pD-AlLO3 nanoparticles in the presence
or absence of CpG. Cells were stimulated with lipopolysaccharide (LPS) as a positive control, or with phosphate-buffered saline (PBS) as a negative control. CD40 and
CD80 are markers of dendritic cell maturation. (E) Levels of IFN-y and TNF-a in the supernatants of bone marrow-derived dendritic cells based on ELISA. Results
in all panels are mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001; ****P<0.0001; # P < 0.05; ## P < 0.01.
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PTT and immunotherapy in vivo

We tested this possibility of combination therapy
in vivo by subjecting mice with B16F10 allografts to
PTT, which was meant to both destroy tumor tissue in
its own right as well as initiate downstream immune
responses mediated by mature dendritic cells (Figure
4A). Injecting nanoparticles directly into tumors on
day 0 and later CpG subcutaneously on days 1, 3 and
5 led to tumor shrinkage such that tumors were nearly

undetectable by day 18 (Figure 4B). In contrast,
injecting nanoparticles without CpG inhibited tumor
growth during only the first 10 days, demonstrating
the important role of the immune adjuvant CpG in
triggering strong anti-tumor immune responses.
Survival analysis showed that 50% of mice treated
with pD-Al:Os; nanoparticles and CpG survived for
120 days, whereas all animals in the other groups died
within 10-30 days (Figure 4C). Median survival was
75 days for animals treated with pD-ALO;
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Figure 4. Anti-tumor effects of pD-Al2O3 nanoparticles in vivo. (A) Schematic illustration of PTT based on pD-ALO; nanoparticles followed by
immunotherapy in the presence of CpG. (B) Tumor growth after the indicated treatments (8 mice per group). (C) Survival of mice after the indicated treatments (8
mice per group). (D) Infrared thermal images of mice after intratumor injection of pD-Al,O3 nanoparticles and subsequent irradiation for 5 min with a near-infrared
laser at 808 nm and 1.18 W/cm2. (E) Photograph of the same mouse before and after 5 min irradiation. These results are representative of eight mice tested.

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 8

2237

nanoparticles and CpG, and this survival was 3.9- to
6.3-fold longer than for the other groups. These results
suggested strong potential for the combination of
pD-ALOs nanoparticles and CpG to inhibit tumor
recurrence and metastasis. Mice treated with
combination therapy appeared to be in good physical
condition. The ability of PTT to increase tumor
temperature much better in the presence of pD-ALLO3
nanoparticles was confirmed by visual assessment of
temperature using an infrared thermal camera (Figure
4D). The tumor temperature in animals injected with
pD-AlL:Os nanoparticles reached 55.0 °C within 5 min.
Meanwhile, mice before and after this treatment were
photographed with a digital camera; representative
results from one animal are shown in Figure 4E.

Nanotechnology is an emerging scientific field
that has developed since the 1990s, and a number of
nanocarriers targeting malignant tissues have been
widely studied for PTT in recent years. When such
nanoparticles are delivered to solid tumors via
systemic administration, only approximately 0.7%
arrive at the tumor [29]. Here we bypassed this
problem by incorporating intratumor injection into
the combination of PTT and immunotherapy.
Intratumor injection could ensure 100% distribution
of the drug at the tumor site, avoid degradation by
first-pass hepatic metabolism, and reduce potential
toxicity to other tissues as well as the immune system
for safer application. With the combination of
near-infrared laser, the local intratumoral
temperature contributed to cell damage, while the
temperature of surrounding healthy tissues remained
at a safe level, demonstrated by simulations that could
be applied in future research [43]. On the other hand,
our findings indicated that, on its own, intratumoral
injection of pD-ALO; nanoparticles followed by PTT
only partially suppressed the growth of tumors in
vivo, which might be caused by uneven distribution of
nanoparticles in the tumor tissues. To ensure more
complete tumor eradication, we administered CpG
subcutaneously to PTT-treated mice, with the aim of
inducing more robust antitumor systemic immunity
and inhibiting tumor growth in the long term.

Induction of dendritic cell maturation and
immune responses in vivo

Combination treatment of PTT based on
pD-ALOs nanoparticles and immunotherapy with
CpG led to significantly higher expression of CD40+
or CD86+ (gated by CD11c+) within TDLNs (Figure
5A). These results suggested that the combination
therapy induced dendritic cell maturation, leading to
the secretion of IgG, IgGl, and IgG2a antibodies
(Figure 5B). These antibody levels remained higher
than the control groups from day 7 to day 14,

demonstrating our combination therapy could
successfully enhance the humoral immune response
of immunized mice. It is generally believed that the
IgG1/IgG2a ratio between 0.5 and 2.0 suggests a
mixed or balanced response [44, 45], so our
combination therapy elicited a quite mixed immune
response (Figure S3). PTT-induced dendritic
maturation was also associated with increased
secretions of TNF-o. and IFN-y [46]: treatment with
pD-AlLO; nanoparticles and CpG led to much higher
levels of both cytokines at 24 h, 48 h, 72 h and 1 week
than the other treatments (Figure 5C). TNF-a, a
mediator of cellular immunity, can kill tumor cells
directly without harming normal cells, while the Th1
marker IFN-y regulates immune responses. The
ability of pD-AlO3 nanoparticles to induce dendritic
cell maturation and cytokine secretion was stronger in
the presence of CpG than in its absence, indicating the
adjuvant effect of CpG.

Next we analyzed whether the combination of
nanoparticles and CpG could activate and regulate
the immune system by examining the proliferation
and cytokine secretion of immune cells at 1 week after
in vivo treatment. The combination of pD-Al;O3
nanoparticles and CpG led to the fastest proliferation
of splenocytes and lymphocytes (Figure 6A) and the
highest IL-4 secretion by these cells (Figure 6B).
Again, these immune responses were stronger in the
presence of CpG than in its absence. In addition, the
combination of pD-AlLOs nanoparticles and CpG
resulted in higher levels of CD8+/CD3+ cytotoxic T
lymphocytes and CD4+/CD3+ helper T lymphocytes
in TDLNs and spleens than the control group (Figure
6C). Cytotoxic T lymphocytes release perforin,
granzymes and granulysin, which kill target cells
directly, while helper T lymphocytes regulate
adaptive immunity. Together, these various assays
revealed the ability of PTT to release tumor-associated
antigens that, with the help of adjuvants such as ALO;
and CpG, could efficiently activate T cells for
anti-tumor immunotherapy.

Adjuvanticity of CpG and Al,O3

Our experiments in vivo showed clearly that the
ability of pD-Al;Os nanoparticles to suppress tumor
growth and stimulate immune responses effectively
depended on co-administration of another adjuvant
such as CpG to supplement the adjuvanticity of Al,Os.
Comparison of the therapeutic effects of pD-ALO;
nanoparticles in the presence or absence of CpG
showed the importance of this adjuvant. CpG is a
potent, inexpensive and well-studied adjuvant, which
has been used in a hepatitis B vaccine, recently
approved for clinical use by the US Food and Drug
Administration. We also wanted to confirm that, as
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intended, the ALO; inner core of the nanoparticles = weaker than the corresponding Al Os; nanoparticles at
was acting as an adjuvant. Therefore, we generated  inhibiting tumor growth, stimulating proliferation of
pD-Fe;O4 nanoparticles and investigated their ability ~ splenocytes and lymphocytes, and inducing IL-4
to inhibit tumor growth and stimulate immune  secretion (Figure S4A-D).

responses in vivo. These nanoparticles were much
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Figure 5. Dendritic cell maturation and production of antibodies and cytokines induced by pD-Al,O3 nanoparticles in vivo. (A) Proportions of
dendritic cells expressing CD40 and/or CD86 in tumor-draining lymph nodes after the indicated treatments (gated by CD1 | c+ cells). CD40 and CD86 are indicators
of dendritic cell maturation. (B) Serum levels of IgG, IgG1 and IgG2a from mice on day 7 and day 14 after pD-Al,O3 nanoparticle-based PTT. (C) Serum levels of
TNF-a. and IFN-y from mice at 24 h, 48 h, 72 h and | week (Iw) after pD-Al,O3 nanoparticle-based PTT.
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Histopathology examination

Hearts, livers, spleens, lungs and kidneys from
mice treated with pD-ALOs; nanoparticles and CpG
were dissected and stained with hematoxylin and
eosin. Few differences were noted between this group

and the control group, except for extensive necrosis in
the tumors after pD-AlLOs; nanoparticles-based
irradiation plus CpG therapy (Figure 7A). Consistent
with this, immunohistochemistry revealed higher
levels of cleaved caspase-3 in tumors of mice treated
with our combination therapy (Figure 7B), indicating
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Figure 7. Histopathology examination. (A) Mice were treated as shown and sections were prepared from heart, liver, spleen, lung, kidney and tumor at week I,
then stained with hematoxylin-eosin. Scale bar, 50 um. (B) Tumor sections at week |1 were immunostained against cleaved caspase-3 (brown). Scale bar, 50 um.

the induction of melanoma cells’ apoptosis and
necrosis in vivo, thereby inhibiting tumor growth.
Furthermore, the combination therapy did not
significantly affect mice body weights (Figure S5).

Conclusions

Here we have designed a multifunctional
platform of pD-AlLO; nanoparticles for use in the
combination of PTT and immunotherapy. We chose to
focus on polydopamine as a PTT material because of
its good characteristics of photothermal capability,
biocompatibility and biodegradation. Polydopamine
has several advantages over other PTT materials. For
example, it does not persist in the body for long
periods unlike gold nanoparticles, it does not induce
some toxic responses such as pulmonary
inflammation unlike carbon-based nanomaterials, and
does not require specific delivery vehicles unlike
indocyanine green. pD-AlLO; nanoparticles between
or inside tumor cells absorb near-infrared light, which
they convert efficiently into thermal energy to kill
tumors in PTT. The ALLO; within the nanoparticles,
together with co-administered CpG, acts as an
adjuvant to present tumor-associated antigens to the
cell-mediated immune system, triggering robust

responses that can help reduce the risk of tumor
recurrence. Better understanding of disease biology
and advances in translational research are leading to
novel modes of cancer therapy, including
individualized oncology drugs, targeted drugs and
new immunotherapy drugs [47]. The combination of
PTT and immunotherapy described here may be a
useful tool for personalized treatment of cancers. The
challenges of cancer monotherapy argue for
development of safe and effective combination
approaches, and the strategy presented here merits
further research.
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