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Abstract
Gold nanoshell enabled photothermal therapy (NEPTT) utilizes the efficient thermal conversion of
near infrared (NIR) light for the ablation of cancer cells. Cancer therapies that combine cell killing
with the induction of a strong immune response against the dying tumor cells have been shown to
increase therapeutic efficacy in the clearance and regression of cancers. In this study, we assessed
the ability of dying cells generated by in vitro NEPTT to activate inflammasome complexes. We
quantified levels of major danger-associated molecular patterns (DAMPs), including adenosine
triphosphate (ATP), adenosine diphosphate (ADP), and uric acid, released from tumor cells treated
by NEPTT. The amount of DAMPs released was dependent on the dose of nanoshells internalized
by cells. However, under all the employed conditions, the levels of generated DAMPs were
insufficient to activate inflammasome complexes and to induce the production of pro-
inflammatory cytokines (i.e. IL-1β). The results from this study provide insights into the
development of nanoplasmonics for combining both photothermal therapy and immunotherapy to
eradicate cancers.
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1. Introduction
Significant progress in the development of nanoplasmonics with the high efficiency of
energy conversion from near-infrared light (NIR) to heat has instigated recent advances in
photothermal therapy for cancer treatment [1]. Gold nanoshell/silica cores represent one of
the promising platforms and their efficacy has been demonstrated both in vitro and in vivo
[2–4]. We termed the photothermal therapy based on gold nanoshells as gold nanoshell-
enabled photothermal therapy (NEPTT) in this study.

One of the key roles of the immune system is to clear dying cells in the body and generate
the appropriate response to the dying cells or their cellular components. Programmed cell
death or apoptosis of cells is generally considered not to elicit inflammation or an immune
response, which would otherwise result in autoimmunity. Cell death can lead to an
immunogenic response when they undergo specific forms of necrosis or stress that result in
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the preservation and release of various danger-associated molecular patterns (DAMPs) [5].
Photothermally induced cell damage can occur either by apoptosis or necrosis depending on
the laser dosage, type, irradiation time, and the subcellular distribution of nanoplasmonics
[4, 6–8]. It has been reported that NEPTT induces necrotic cell death [4, 6, 7].

The immune system recognizes DAMPs through a series of receptors either on the surface
or within the cytoplasm of cells. Some of the toll-like receptors (TLRs) that mainly
recognize pathogen-associated molecular patterns (PAMPs), have been shown to detect
DAMPs. TLR2 and 4 recognize high mobility group box 1(HMGB1) protein[9], hyaluronan
[10], biglycan [11], and heat shock proteins (HSPs) [12]. The stimulation of TLR2 and 4 can
induce the production of pro-IL-1β and pro-IL-18 that can be cleaved into the active
secreted form by the caspase-1 complex associated with the activation of inflammasome
complexes [13].

Another group of receptors implicated in sensing cell death and injury are the NOD-like
receptors (NLRs). Some NLRs, such as NLRP1, NLRC4, and AIM2 inflammasome,
primarily involve pathogen recognition [13]. The NALP3 inflammasome has been shown to
be activated by a wide range of pathogen associated danger signals as well as DAMPs. The
DAMPs that can activate the NALP3 inflammasome include extracellular ATP [14], ADP,
AMP [15], uric acid and monosodium urate (MSU) crystals [16]. Uric acid released from
dying cells has been shown to crystallize into MSU in the extracellular environment due to
the presence of high levels of sodium ions [17, 18]. Iyer and colleagues also suggest that
actively-respiring mitochondria that are released from necrotic cells can activate the NALP3
inflammasome possibly through the generation of ATP [19].

Inflammasomes form high molecular weight complexes that lead to the activation of
caspase-1 to cleave precursors of proinflammatory cytokines, such as IL-1β and IL-18 [13].
The generation of IL-1β, a potent proinflammatory cytokine, is believed to be the key
mediator in the generation of a cascade of immune responses [20]. It can recruit neutrophils
to the site of injury [21], promote the maturation of dendritic cells (DCs) [22], contribute to
priming of CD8+ T-cells [22], induce the differentiation of type 17 T-helper cells [23], and
stimulate the production of various downstream molecules such as nitric oxide (NO) and
proinflammatory cytokines such as IL-6 [24] and IL-12[25]. Activation of the
inflammasome complexes has been shown to be required for the development of adaptive
immune responses against tumors [22].

Recently, cancer therapies that combine cell killing by various modalities such as
chemotherapy with the induction of a strong immune response against dying tumor cells
have been shown to increase therapeutic efficacy in the clearance and regression of cancers
[22]. The induction of immune responses to tumor cells during combined therapies involves
the generation of DAMPs by the treatments and the stimulation of the innate immune
sensors by DAMPs, followed by the recognition and presentation of tumor associated
antigens (TAAs) to T cells by antigen presenting cells (i.e. DCs) for the establishment of
TAA-specific immune responses [22].

Towards the goal of eradicating and preventing the recurrence of tumors, an important
question for the development of nanoplasmonics remains to be addressed: does NEPTT
simply perform a microsurgery, which only removes the tumor mass, or can it also mobilize
immune responses against tumors? In this study, we confirmed that NEPTT by continuous
wave (cw) NIR laser induced necrotic cell death. Subsequently, we assessed whether
DAMPs released from NEPTT-treated cells stimulated inflammasome complexes and
whether they were able to activate macrophages for the generation of proinflammatory
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cytokines, i.e. IL-1β. Our results provide critical insights into the development of
nanoplasmonics for combining photothermal therapy and immunotherapy to treat cancers.

2. Materials and Methods
2.1. Materials

Tetraethyl orthosilicate, ammonia, (3-Aminopropyl) trimethoxysilane, gold (III) chloride
hydrate, sodium bicarbonate, tetrakis(hydroxymethyl)phosphonium chloride solution,
sodium chloride, and sodium carbonate were obtained from Sigma-Aldrich (St. Louis, MO)
and used as received. Carbon monoxide gas was obtained from Praxair (Danbury, CT). Cell
culture supplies were obtained from Invitrogen (Carlsbad, CA). Min-U-Sil-15 was kindly
provided by U.S. Silica (Berkeley Springs, WV). Adenosine 5′-triphosphate (ATP) disodium
salt hydrate was obtained from Invivogen (San Diego, CA). Enzyme-linked immunosorbent
assay (ELISA) reagents were obtained from eBiosciences (San Diego, CA)

2.2. Cell Culture
TC-1 cells (ATCC) were maintained in Roswell Park Memorial Institute (RPMI) 1640
media supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1 mM sodium
pyruvate, 10 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid )(HEPES), 1.5 g/L
sodium bicarbonate and 4.5 g/L glucose. 9L gliosarcoma rat cells (ATCC), B16 melanoma
(ATCC), and J774A.1 mouse macrophage cells (ATCC) were maintained in Dulbecco’s
Modified Eagle medium (DMEM) containing 10% fetal bovine serum (FBS), 1% Penicillin-
Streptomycin, 4 mM L-glutamine, and 1 mM sodium pyruvate at 37°C and 5% CO2. Hela
cells (ATCC) were maintained in MEM media supplemented with 10% FBS, 1% Penicillin-
Streptomycin, 2 mM L-glutamine, and 1 mM sodium pyruvate at 37°C and 5% CO2. THP-1
cells were maintained in RPMI 1640 supplemented with 10% FBS, 2 mM L-glutamine, 1
mM sodium pyruvate, 10 mM HEPES, 50 μM 2-mercaptoethanol, 1.5 g/L glucose. All the
cells were maintained at 37 °C and 5% CO2.

2.3. Synthesis of Au Nanoshells
The method employed to synthesize the gold nanoshell/silica core particles was adapted
from Oldenburg et al [26] and Brinson et al [27]. In brief, silica cores with a mean diameter
of 110 nm were prepared using the Stober process [28]. 1.5 ml tetraethyl orthosilicate
(TEOS) was added drop-wise to a 50 ml ethanol solution containing 3.2 ml 70% ammonia,
resulting in condensation reactions self-nucleating into monodisperse particles. They were
subsequently functionalized with 25 μl (3-Aminopropyl)trimethoxysilane (APTMS)
overnight followed by gentle boiling for one hour to enhance attachment. The particles were
washed 3 times by centrifugation, and redispersed in 50 ml of absolute ethanol. 2–3 nm
colloidal gold particles were prepared using a method originally described by Duff et al
[29]. 2 ml 1% gold chloride solution was added to a 45ml solution of water containing 0.5
ml NaOH and 12 μl of the reducing agent tetrakis(hydroxymethyl)phosphonium chloride
(THPC), and quickly reacted to form the colloidal gold particles as indicated by the
development of a dark reddish brown hue. The synthesized colloidal gold particles were
attached to the surface of the silica nanoparticles through electrostatic interactions by adding
0.5 ml of the functionalized silica particles to 4 ml of excess colloidal gold solution followed
by purification through centrifugation and wash cycles before being redispersed in 5 ml
Milli-Q deionized water. The colloidal gold on the surface acted as nucleation sites for
further reduction of gold ions onto silica core.

The nanoshell reducing solution was prepared by adding 25 mg of potassium carbonate to
100 ml of Milli-Q deionized water. After 10 min of stirring, 1.5 ml of a 1% gold chloride
solution was added to the reduction solution. The solution was then aged overnight at 4°C
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prior to use. The nanoshells formed were concentrated through centrifugation and
redispersed in Milli-Q deionized water prior to use. Gaseous carbon monoxide, the reducing
agent, was bubbled at 25 ml/min into a mixture of 4 ml of the gold reducing solution and
between 100–200 μl of the colloidal gold coated silica particles. The completion of the gold
reduction was indicated by the development of blue shade in the reaction mixture.

2.4. Characterization of Au Nanoshells
The bare and gold nanoshell-coated silica particles were characterized by scanning electron
microscopy (SEM) (JOEL 7200 SEM) and UV-Vis spectroscopy (Molecular Devices
Spectramax M5). The particle size was calculated based on SEM images. The shell
thickness was estimated based on the images of bare silica and gold nanoshell-coated silica
particles. The size distribution and aggregation of nanoshells were examined by the dynamic
light scattering using a Malvern Zetasizer Nano ZS (Malvern Instruments Ltd
Worcestershire, UK).

The silica particle concentration was calculated based on the average volume of each
individual silica particle and the total silica volume for a given amount of TEOS. The
molecular weight and density of the silica particles was assumed to be similar to bulk
values. Gold nanoshell/silica core nanoparticle concentration was estimated based on the
quantity of silica particles assuming no loss of silica particles during the growth of gold
nanoshells. For convenience, the term Au nanoshells, was used in the text to represent gold
nanoshell/silica core nanoparticles.

2.5. NEPTT
TC-1, B16, and J774A.1 cells at 6×104 cells/well were plated in flat bottom 24 well plates
and allowed to adhere for 24 h. Au nanoshells were collected by centrifugation and re-
dispersed in FBS-free cell culture media, and diluted to the designated concentrations. Cells
were incubated with 500 μl of Au nanoshell solutions for 4 h. Cells were then rinsed with
Dulbecco’s phosphate-buffered saline (DPBS) three times to remove unbound Au
nanoshells prior to the laser irradiation. Hela cells were plated at 3×104 cells/well in flat
bottom 96 well plates incubated with 100 μl of Au nanoshell solutions for 4 h. Cells were
imaged under a bright-field microscope (Nikon Eclipse TE2000-U) with a CCD camera
(Photometrics Coolsnap ES) to confirm Au nanoshell internalization. Images were taken at
the same exposure level and magnification for all samples.

Cells were detached with 0.05% trypsin-EDTA and re-suspended in 100 μl of DPBS. Cells
were irradiated in a well of 96-well plate using a diode laser (Newport Corporation, 808 nm,
23 W/cm2 max), which was positioned to illuminate the full area of the well of the 96-well
plate. Immediately following the irradiation, the temperature of the solution in the well was
measured. The cells obtained from two wells were combined for further analysis and the
stimulation of macrophages.

Other means of inducing necrosis, including the incubation of cells in a 70°C water bath
(water bath) for 5 min, and 3 cycles of freeze-thaw (freeze-thaw), were used as controls.

2.6. Analysis of Cell Death by Flow Cytometry
The apoptosis assay kit (Annexin V, BD Biosciences) was used for the assessment of cell
viability and mode of cell death using flow cytometry. The laser-irradiated cells and controls
were washed 2 times with cold phosphate buffered saline (PBS) and then re-suspended in
the binding buffer. Cells were stained with 5 μl each of the Annexin V-FITC and 7-AAD
dyes and incubated for 15 min prior to FACS analysis. The samples were analyzed within
one hour using a BD FACScan (Cell Analysis Facility, University of Washington).
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Apoptotic cells were positive for the Annexin V-FITC dye, while the necrotic cells were
positive for both the Annexin V-FITC and 7-AAD. Viable cells were negative for both dyes.

2.7. Stimulation of macrophages
J774A.1 cells were initially primed in 24 well plates with 2 μg/ml lipopolysaccharide (LPS)
from Escherichia coli 0111:B4 (Sigma) for 24 h. THP-1 cells were first differentiated into
macrophages using 500 nM phorbol-12-myristate-13-acetate (PMA) for 6 hours, followed
by priming with 2 μg/ml LPS for 8 hours. The primed J774A.1 and THP-1 cells were
washed once with DPBS followed by the culture media. Then they were stimulated with
fractions of cells subjected to NEPTT, 2 mM ATP in DPBS, or 1 mg/ml Min-U-Sil 15 silica
crystals in DPBS. J774A.1 cells and THP-1 cells with and without LPS priming were
stimulated with cell culture media containing DPBS as negative controls to determine the
background level of IL-1β. LPS primed macrophages were stimulated with 0–2 mM ATP,
0–10 mM ADP, and 0–100 μM MSU crystals to determine the concentration required to
activate the inflammasome complex for those DAMPs.

2.8. ATP Quantification
ATP levels released from NEPTT-treated and untreated cells were quantified using a
Promega Enliten ATP assay (Promega Corp.). The samples were diluted serially up to the
concentration range suitable for the assay. Luciferase enzyme solution was mixed quickly
with diluted samples at a 1:1 ratio in an opaque white Costar 96-well plate with low
background luminescence. The luminescence was measured by a Spectramax M5 plate
reader. Luminescence from all wavelengths was collected over a 1000 ms-integration time.
At least three separate measurements at each dilution within the assay range were taken. The
concentration of each sample was determined by averaging the values obtained from three
dilutions.

2.9. ADP Quantification
ADP levels released from NEPTT-treated and untreated cells were quantified using a
Transcreener ADP2 FI Assay (Bellbrook Labs). Samples were diluted serially up to the
concentration range suitable for the assay. ADP2 Antibody-IRDye QC-1 was mixed with
diluted samples at 1:1 ratio to a final volume of 50 μl and a final dye concentration of 4 nM
in an opaque black 96-well plate. The fluorescence intensity was measured by a Spectramax
M5 plate reader with an excitation wavelength of 590 nm and an emission wavelength of
617 nm.

2.10. Uric Acid Quantification
Levels of uric acid in the supernatants from NEPTT- and un- treated cells were quantified
using both the uricase enzyme and the Ampliflu Red peroxidase reagent (Sigma-Aldrich)
using a protocol based on the method used by Gasse and colleagues [30]. Uricase converts
the uric acid into allantoin, hydrogen peroxide, and carbon dioxide. Hydrogen peroxide in
the presence of horseradish peroxidase (HRP) reacts with the Ampliflu Red reagent to
produce the fluorescent product resorufin. Supernatants were diluted two times in 0.1 ml
Tris-HCl and mixed with an equal part of a reaction solution containing 100 μM Amplifu
Red reagent, 0.4 U/ml HRP, and 0.4 U/ml uricase. Fluorescence intensity was measured by a
Spectramax M5 plate reader with an excitation wavelength of 540 nm and an emission
wavelength of 590 nm.

2.11. Enzyme-linked Immunosorbent Assay (ELISA)
The level of IL-1β secreted by macrophages was assessed by ELISA. For the J774A.1 IL-
1β quantification, anti-mouse/rat IL-1β was used as the capture antibody (clone B122) and
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biotinylated polyclonal rabbit anti-mouse IL-1β antibody (polyclonal) was used as the
detection antibody. For THP-1 IL-1β quantification, anti-human IL-1β (clone CRM56) was
used as the capture antibody and biotinylated mouse anti-human IL-1β antibody (clone
CRM57) was used as the detection antibody. Samples were diluted at a proper range with
blocking buffer (1% FBS/PBS). The detection range for IL-1β was 8-2000 pg/ml. Standard
procedures described in eBioscience protocol literature (eBioscience San Diego, CA) were
used.

2.12. Statistical analysis
All results are representative of at least two sets of independent experiments, with samples
performed in duplicates or triplicates. Results represent average values with error bars
representing ± the standard deviation (SD) of the samples.

3. Results
3.1. Characterization of gold nanoshell/silica core nanoparticles (Au nanoshells)

Au nanoshells consist of a silica core 119 ± 11nm in diameter (Figure 1a) and a 17 nm gold
shell (Figure 1b). The shell thickness was determined by comparing bare silica and Au
nanoshells (Figure 1a, b). Au nanoshells exhibited little aggregation in aqueous solutions
and had a polydispersity index of 0.28. The Au nanoshells exhibited a broad absorption with
a surface plasmon resonance peak at 780 nm (Figure 1c). The ability of Au nanoshells to
convert light energy into heat was tested by using water as the heating medium. The water
containing Au nanoshells displayed a marked temperature increase within 1 minute upon the
laser irradiation (Figure 1d). These results confirmed that the Au nanoshells used in this
study exhibited similar dimensions, optical and thermal properties as used in previous
studies [2, 3, 26].

3.2. Cellular uptake of Au nanoshells
Initially, we confirmed the cellular uptake of Au nanoshells by both microscopic analysis
and a semi-quantitative method (Figure 2). By using a light microscope, we observed that
the cellular uptake of Au nanoshells increased as the concentration of Au nanoshells that
cells were exposed to increased. It is difficult to determine whether Au nanoshells were
endocytosed inside cells or simply associated with the surface of cells. The fluorescence
signals of fluorescent molecules are quenched when they are near the surface of gold
nanoparticles [31]. Based on this observation, we developed a semi-quantitative method to
measure the intracellular level of Au nanoshells by flow cytometry. The fluorescent
molecule calcein at a fixed concentration was codelivered to cells along with different doses
of Au nanoshells. Calcein has been shown to be internalized into endosomal compartments
[32, 33]. The fluorescent intensity of calcein, quantified as mean fluorescent intensity (MFI),
was linearly reduced as the dose of Au nanoshells cells were exposed to increased (Figure
2b), confirming microscopic observations (Figure 2a). However, the flow cytometry method
was not able to quantify the number of Au nanoshells internalized per cell and was not
sensitive enough to determine the uptake when the dose of nanoshells decreased to 20,000
nanoshells/cell.

3.3. Cell death induced by NEPTT
Subsequently, we assessed the cell death induced by irradiating Au nanoshell-loaded cells
using near infrared light with a wavelength of 810 nm (Figure 3). Above the dose of 25,000
Au nanoshells/cell, nearly 100% of cells underwent necrotic cell death. As the dose of Au
nanoshells decreased, cells mainly underwent necrotic cell death though the fraction of
viable cells increased. Either Au nanoshells (Control) or laser irradiation alone (Control +
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Laser) caused negligible cell death. Our results are consistent with previous studies when
non-targeted nanoshells and cw laser were used[4]. As previously reported, cells subjected
to high temperature(>50°C) or freeze-thaw underwent necrotic cell death [19, 34, 35]. The
end temperature of cell suspensions was monitored after NEPTT treatment. The end
temperature linearly increased from 37°C to 70°C when the dose of Au nanoshells increased
from 5,000 to 100,000 Au nanoshells/cell. The minimum temperature at which complete
necrotic cell death occurred by NEPTT treatment was 50°C.

3.4. Stimulation of inflammasome complexes by cellular components released from
NEPTT-treated cells

Recent studies suggest that cellular components released from dead cells caused by
chemotherapeutic drugs [22], pressure-disruption, or complement-mediated lysis stimulate
inflammasomes but not cells killed by UV irradiation or freeze-thaw cycles [19, 22]. We
examined whether cellular components from NEPTT-treated cells would trigger
inflammasomes. In this study, a mouse macrophage cell line, J774A.1, and a human
macrophage cell line, THP-1, were used. THP-1 and J774A.1 have been well characterized
as cell lines that respond to a variety of well-documented inflammasome-inducers [36, 37].
J774A.1 and THP-1 cells were first treated with lipopolysaccharide (LPS) to induce pro-
IL-1β. Upon the stimulation of inflammasomes, pro-IL-1β is cleaved into IL-1β which is
secreted from cells. The stimulation of inflammasomes was therefore characterized by the
secretion of IL-1β in J774A.1 and THP-1 cells.

B16 cells loaded with various doses of Au nanoshells were irradiated and separated into
secreted, nuclear and mitochondrial fractions. Initially, all the fractions were tested for the
activation of inflammasomes. None of the fractions induced IL-1β secretions in both
macrophage cell lines (data not shown). Subsequently, only secreted fractions were used to
test the effect of Au nanoshell concentrations and the ratio of dead cells to macrophages.
Regardless of the concentrations of Au nanoshells, secreted fractions from dead cells did not
induce a significantly higher level of IL-1β in macrophages compared to untreated cells
(Figure 4a). Higher ratios of dead cells to macrophages did not activate inflammasomes
either (Figure 4b). Macrophages in the absence of LPS pre-treatment also did not generate
IL-1β. In order to confirm our results from B16 tumor cells, a number of other tumor cell
lines derived from either mouse or human tissues were tested for their ability of stimulating
inflammasomes. None of these cell lines activated the inflammasome complexes to produce
IL-1β (Figure 5).

3.5. Quantification of ATP, ADP and monosodium urate (MSU) released from NEPTT-
treated cells

We next quantified the levels of major DAMPs, including ATP, ADP and MSU that have
been suggested to be responsible for the stimulation of inflammasomes by necrotic cells [15,
19, 38]. The level of ATP released from NEPTT-treated cells is about 0.004 mM or less than
20 fmoles/cell (Supplementary Table 1) and significantly higher than untreated cells (p <
0.05) (Figure 6a). However, concentrations greater than 1 mM ATP were required to
activate inflammasomes and induce IL-1β secretion alone (Figure 6b). Iyer and colleagues
[15]have suggested respiring mitochondria released from pressure-disrupted or complement
induced-lysis of cells actively produce ATP that is responsible for inflammasome activation
[19]. They have also shown that heating to 65°C inactivated the mitochondria and reduced
the ATP level released from cells as well as the inflammasome activation. Tong and
colleagues have observed that Au nanorod-enabled laser irradiation damages mitochondria
[8]. The temperatures at which necrotic cell death was induced by NEPTT were often
greater than 60°C (Figure 3) [4]. As a result, NEPTT may have destroyed the respiring
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mitochondria and reduced the level of ATP generated. It is also possible that the
mitochondria were not released upon cell death as hypothesized by Iyer and colleagues [19].

ATP-mediated inflammasome activation occurs through activation of the P2X7 receptor
found on many immune cells [14]. Exonucleases on the surface of the cell membrane or in
the extracellular milieu may degrade ATP [18]. The degradation products of ATP, including
ADP and AMP, have not been shown to directly activate the inflammasome, but their ability
to activate P2X7 receptors and induce IL-1β secretion has been suggested [15]. ADP, the
product of ATP de-phosphorylation by ATPases, was quantified for both its presence in the
secreted components of NEPTT cells (Figure 6c) and its ability to induce inflammasome
activation (Figure 6d). ADP levels generated by cells treated with NEPTT were higher than
untreated cells, but more than 100 times below the threshold required to produce significant
levels of IL-1β. We did not quantify AMP due to the lack of agents specific for AMP.

Uric acid, a product of purine metabolism, is released by dying cells into the extracellular
environment and has been found to activate inflammasome complexes. The
immunostimulatory effects of uric acid occur at the supersaturation condition (>70 μg/ml
(~417μM)), indicating that MSU crystal formation is required [16, 39]. Uric acid released
following NEPTT was present at insufficient levels to activate inflammasome complexes
(Figure 6e-f). This was likely due to the low uric acid levels generated by NEPTT-treated
cells, which was insufficient to induce the formation of MSU crystals.

In summary, higher levels of ATP, ADP, and uric acid were detected from NEPTT-treated
cells compared to untreated-cells, indicating that DAMPs were released from NEPTT-
treated cells following cell death and membrane disruption. However, the levels of these
DAMPs were not sufficient to activate inflammasome complexes.

4. Discussion
The hidden self model proposes that endogenous DAMPs are located within the interior of
the cell, and are only released following membrane disruption and release of the cytosolic
components [5]. We have demonstrated that NEPTT-treated cells underwent necrosis and
their cell membrane became permeable (Figure 3). However, the NEPTT-treated cells were
poor in stimulating inflammasome complexes and proinflammatory cytokine secretions
(Figure 4 and 5). The inability to stimulate inflammasomes was due to insufficient levels of
the inflammasome-associated DAMPs generated (Figure 6). Levels of ATP released from
NEPTT-treated cells were 3–4, ADP was 2–3, and uric acid was 1–2 orders of magnitude
lower than required to activate the inflammasomes. Uric acid concentrations were not
sufficient to precipitate into MSU crystals, but even the presence of MSU crystals at the
concentration of uric acid found in the supernatant was not sufficient to activate the
inflammasome complexes.

We recognize that in vitro cell culture systems can be different from what could occur in
vivo or in clinical settings. We estimated the possible level of major DAMPs released from a
tumor mass 5 mm in radius and containing 5×106 cells (Supplementary Table 1). We
assumed that all the cells were loaded with sufficient levels of Au nanoshells and underwent
necrotic death after NEPTT treatment. Two extreme scenarios were considered: one was that
DAMPs were confined within the tumor volume, and another was that DAMPs were
immediately diluted into blood. NEPTT-treated cells could trigger inflammasome
complexes in the first scenario but not for the second scenario. The first scenario, however,
unlikely occurs since many DAMPs are small molecules and tend to diffuse away from local
tumor sites. Some DAMPs are prone to be degraded and lose their activity (such as ATP).
Additionally, it is nearly impossible to load all cells within a tumor mass, especially cells
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located in the interior of the tumor, with a sufficient level of Au nanoshells as observed
previously [40].

NEPTT-treated cells may be immunogenic through non-inflammasome pathways. A number
of other DAMPs associated with necrotic cell death have been identified, including heat
shock proteins (HSPs) [41], high mobility group box 1(HMGB1) protein [42], S100 proteins
[43], DNA [44], RNA [45], and the cytokine IL-6 [46].

HSPs, including HSP70, HSP90, and GP96, are expressed in cells in response to thermal
stress [35, 47]. These HSPs are immunogenic and can be recognized by CD14, CD40,
CD91, TLR2, or TLR4 [51, 52]. They activate a variety of signaling pathways that induce
proinflammatory cytokines (i.e. TNF-α, IL-1β, IL-6, IL-2) and play a role in DC maturation
and antigen presentation [5, 12]. The up-regulation of HSPs is generally associated with
mild to moderate heating at sub-lethal doses. The release of HSPs and subsequent immune
response are generally associated with necrotic cell death [48]. Thermal ablation of cells that
results in drastic temperature increase and coagulative necrosis may not allow for sufficient
levels of HSP expression prior to cell death. Radiofrequency ablation used to generate
temperatures in the range of 65°C to 123°C within a tumor showed little to no HSP70 within
the tumor core but high HSP70 generation in the tumor periphery where the temperature was
significantly lower [49, 50]. Thermal ablation with multi-walled carbon nanotube-enabled
NIR photothermal therapy showed similar results for HSP27, HSP70, and HSP90: high
temperatures within the tumor corresponds to areas with little to no HSPs, and low
temperatures in the periphery of tumor corresponds to high levels of HSPs. The
temperatures generated during NEPTT are greater than 60°C where coagulative necrosis
would occur [4]. Therefore, it is unlikely that significant levels of HSPs could be generated
prior to cell death.

HMGB1, a nuclear protein that is secreted from necrotic cells, acts upon a number of
receptors including TLR2, TLR4, and the receptor for advance glycation end products
(RAGE). The activation of these receptors involves the MyD88/NF-κB signaling pathways
and upregulates pro-IL-1β [5, 9]. HMGB1 has been shown to translocate from the nucleus
and subsequently released into the lysate following heating at 43.7°C, 47°C and 56°C [50].
The level of HMGB1 increases as the temperature increases up to 56°C. Under NEPTT
conditions, HMGB1 could be induced. We did not directly measure HMGB1 and the
production of pro-IL-1β. We tested the production of IL-1β in absence of LPS priming. The
level of IL-1β was negligible. NEPTT might induce little or no HMGB1. Even if significant
levels of HMGB1 were produced, other DAMPs would be required to activate the
inflammasome complex to cleave pro- IL-1β into its active secreted form.

Other immunostimulatory cellular constituents such as DNA, RNA, S100 proteins, and IL-6
have also been associated with necrotic cell death [5, 51]. Low levels of DNA and RNA
were released from NEPTT-treated cells (data not shown). Proteins and enzymes are likely
to be inactivated during NEPTT or unable to be expressed before the cell death due to the
rapid and drastic temperature increase [52].

DNA and RNA, and HSPs from necrotic cells are able to induce the maturation of DCs and
up-regulate surface molecules, such as CD86 and MHC II [44, 45, 53]. We did examine
whether B16 cells treated with NEPTT were able to activate immature DCs at different Au
nanoshell dosages and the ratio of B16 to DCs (Supplementary Figure 1). The up-regulation
of both CD86 and MHCII on immature DCs were negligible compared to untreated cells.
These results further confirm that NEPTT-treated cells did not release a significant level of
HSPs, DNA and RNA.
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Taken together, cell death induced by NEPTT by cw laser irradiation displays weak
immunogenicity. The effect of a non-immunogenic form of cell death on the efficacy of the
therapy can have a range of consequences. The lack of an innate immune response may
simply decrease the ability of DCs to become activated, mature, and process and present
antigens, failing to establish effective adaptive immune responses against the tumor cells.
Therefore, complete eradication of tumors will only rely on the primary photothermal
therapy. A potential negative consequence may be the induction of immune tolerance to the
tumor cells. Liu and colleagues found that mice developed a tolerogenic response to cell-
associated antigen delivered in dying cells that possibly did not produce significant levels of
DAMPs [54]. A tolerogenic response can result in a poor prognosis due to recurrence of
tumors.

We recognize that the generation of DAMPs from necrotic cells is modality-dependent. In
this study, we used Au nanoshells as the model system and studied the activation of
inflammasomes complexes and immature DCs. These results can be extended to other
nanoplasmonics, such as gold nanorods, which have similar mechanisms of photothermal
effects. cw laser was used in this study. NEPTT has also been performed by nanosecond
laser pulses. It requires additional investigations on whether sufficient levels of DAMPs can
be generated by laser pulses. In this study, Au nanoshells were internalized and distributed
throughout cytoplasm. Au nanoshells or other nanoplasmonics have been targeted to either
cell membrane or subcellular compartments. It is possible that targeting membrane can
induce necrotic cell death while permitting the generation, preservation and release of
sufficient levels of DAMPs.

5. Conclusion
Laser irradiation mediated by nanoplasmonics, including Au nanoshells, represents a
promising means of surgical removal of tumors through thermal treatment. Thermal injury
by NEPTT did not result in significant levels of DAMPs to activate the inflammasome
complexes and induce proinflammatory cytokines, such as Il-1β. The lack of activation of
inflammasomes and maybe other receptors for DAMPs potentially suppress the generation
of adaptive immune responses to the tumor following NEPTT. The results from this study
give insights into the development of nanoplasmonics for combined photothermal therapy
and immunotherapy of cancers.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Characterization of Au nanoshells used in this study. (A) Scanning electron microscopy
(SEM) image of synthesized silica nanoparticles 119 ± 11 nm diameter and (B) Au
nanoshells. (C) UV-Vis absorption spectra of gold nanoshells in water. The nanoshells have
a SPR peak at 780nm. (D) Heating profile of Au nanoshells dispersed in water in the
absence of cells.
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Figure 2.
Cellular uptake of Au nanoshells at different dosage of nanoshells. (A) Light microscopy
images of cells incubated with nanoshells from 100,000–10,000 nanoshells/cell. Scale bar =
25μm (B) Geometric mean fluorescence (MFI) of calcein in cells incubated with 200 μg/ml
calcein and different dosage of Au nanoshells.
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Figure 3.
Mode of cell death and final solution temperature of cell suspension. TC1 cells were
incubated with indicated doses of Au nanoshells for 4 h followed by the removal of excess
nanoshells. The cells suspended in 100 μl medium were irradiated by a 810 nm laser at
23W/cm2 for 5 minutes. The solution temperature was measured immediately following the
NEPTT. Cell death was evaluated by both Annexin V-FITC and 7-AAD fluorescent
staining. Cells incubated in a water bath at 70°C for 5 minutes or exposed to 3 cycles of
freeze thaw were used as positive controls for cell death. Cells incubated in cell culture
media at 37°C were used as negative controls (Control). Experiments were repeated three
times independently.
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Figure 4.
The stimulation of inflammasomes by NEPTT-treated B16 cells. (A) J774A.1 macrophage
cells were stimulated with supernatant fractions collected from treated B16 cells. A ratio of
10:1 of B16 to J774A.1cells was used. (B) J774A.1 macrophage cells were stimulated with
supernatant fractions collected from treated B16 cells at ratios from 10:1 to 1:1 for at Au
nanoshell dosing of 75,000 nanoshells/cell. IL-1β secreted by stimulated macrophages were
collected after 24 h and quantified by ELISA. 2 mM ATP and 1 mg/ml Min-U-Sil 15 silica
particles were used as positive controls for inflammasome activation. Untreated cells were
used as a negative control (Control). Values are mean ± S.D. Experiments are representative
of three independent experiments.
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Figure 5.
The stimulation of inflammasomes by different cells treated with NEPTT. Either J774A.1
(dark or grey bars) or THP-1 (White bars) macrophage cells were stimulated with
supernatant fractions collected from NEPTT-treated cells. The ratio of NEPTT-treated cells
to macrophage was 1:1 and 75,000 nanoshells/cell was used. Three murine cell lines, TC1,
B16, and J774A.1 were used to stimulate J774A.1 macrophages, and human Hela cells used
to stimulate THP-1 macrophage cells. DPBS treated with NEPTT in the absence of cells was
used as a negative control (Media Control). 2 mM ATP and 1 mg/ml Min-U-Sil 15 silica
were used as positive controls. IL-1β secreted by macrophages were collected after 24 h and
quantified by ELISA. Untreated cells were used as a negative control (Control). Values are
mean ± SD. Experiments are representative of three independent experiments.
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Figure 6.
Quantification of DAMPs released from NEPTT-treated cells and the activation of
inflammasomes of each DAMP at different concentrations. (A) Quantification of ATP
released from NEPTT-treated at different dosages of nanoshells or controls. Untreated cells
were used as a negative control (Control). (B) IL-1β production by J744A.1 stimulated with
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standard ATP with the concentration range of 0–2 mM. (C) Quantification of ADP released
from NEPTT-treated cells at different dosages of nanoshells. (D) IL-1β production by
J744A.1 stimulated with standard ADP with the concentration range of 0–10 mM ADP. (E)
Quantification of uric acid released from NEPTT-treated cells at different dosages of
nanoshells. (F) IL-1β production by J744A.1 stimulated with standard MSU with the
concentration range of 0–100 μM MSU. IL-1β secreted by macrophages were collected after
24 h and quantified by ELISA. Values are mean ± SD. Experiments are representative of
three independent experiments.
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