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Abstract 
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Hai T. Nguyen 

Chair of the Supervisory Committee: 

Assistant Professor Hong Shen 

Chemical Engineering 

Cancer is one of the three leading causes of death in industrialized nations. Conventional therapies, 

including surgical removal, chemotherapy, and radiation provide increasingly effective methods for 

the treatment of various types of cancer. The invasiveness and side effects of these treatment 

methods can potentially be minimized with new thermal ablation therapies. Gold nanoshell enabled 

photothermal therapy is one thermal ablation strategy with promising initial evidence as a 

minimally invasive, simple, multifunctional treatment that can both detect and remove tumors 

efficiently, and have recently reached the clinical trial stage. 

In this thesis, we characterize the intracellular damage that occurs during the photothermal 

ablation of cancer cells with varying treatment parameters, and model the corresponding localized 

temperature profiles to explain the thermal damage on a local level that occurs to proteins, 

DNA/RNA, and lipid membranes.  

In addition, Immunological implications to nanoshell enabled photothermal therapy are addressed. 

Injection of nanoshells require circulation in the bloodstream and deposition in the tumor through 

the enhanced permeability and retention(EPR) effect.  Nanoshells also accumulate in various 

organs where detection and processing by immune cells such as macrophages can lead to 

inflammation. Activation of the inflammasome complex, a signaling pathway in response to 

particulate sensing is assessed by the quantification of secreted proinflammatory cytokines.  

Finally, immune responses associated with the sensing and clearance of dying cells following 

nanoshell enabled photothermal therapy are evaluated for determining the generation of an 

inflammatory environment in the tumor that would generate an anti-tumor immune response to 

enhance tumor regression and rechallenge. 
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A. Chapter 1: Introduction 
Since the introduction of nanoshells, specifically nanoparticles consisting of silica core 

covered in a thin shell of gold, in 1998 by the Halas group[1], nanoshells have emerged as a 

quickly expanding research area with increasingly promising applications. The tunable optical 

properties of the nanoshells due to the geometry of the structure resulting in high plasmon 

resonances, which can be explained by Mie theory[2], make them a popular subject of interest in 

various research fields, both theoretical and experimental. By varying the core size to shell 

thickness ratio, the optical resonance of the nanoshell can be tuned from the visible to the infrared 

region(700-1100nm)[1], with the near infrared(NIR) region being the most frequently targeted 

region due to the optical transparency of tissue[3]. 

Gold nanoshells have a broad spectrum of applications due to their unique tunable plasmon 

resonance. The most well-known application of gold nanoshells is for use in laser induced 

photothermal therapy, particularly for targeting cancer cells due to their passive accumulation at 

vascularized tumors. Both in vitro[4-8] and in vivo[9-12] applications have been studied, and are 

often coupled with bioimaging[9, 13]. In addition, applications for enhanced fluorescence of 

nearby dye molecules[14], biosensing applications used for blood immunoassays[15], surface 

enhance raman spectroscopy(SERS)[16, 17] and infrared absorption(SEIRA) spectroscopy[16, 

18].  
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Paper Hirsch et al 
2003[10] 

O'Neal et al 
2004[11] 

Gobin et al 
2007[9] 

Zaman et 
al 

2007[19] 

Stern et al 
2008[12] 

Diagaradjane et al 
2008[20] 

Application NEPTT NEPTT NEPTT & 
Imaging Imaging NEPTT Mild Hyperthermia 

NEPTT 

Mice Type CB17-Prkd C 
SCID/J Mice 

5-6 week 
female albino 

BALB/cAnNHsd 
mice 15-20g 

BALBc 
mice 

6-8 week 
Swiss 

athymic 
mice 

6-8 week 
athymic 

mice 

6-8 week swiss 
immunocompromis
ed male nude mice 

20-25g 

Cell 
Innoculation 

Type 
Canine TVT 

CT-26 murine 
colon 

carcinoma 

CT-26 
murine 
colon 

carcinoma 

rat C6-
glioma 

Human 
prostate  

PC-3 

Human colorectal 
cancer HCT 116 

Innoculation 
Volume ~0.25ml 50µl 25µl Not stated 100µl 50µl 

Cell Number Unstated 1.5X105 cells 1.5X105 
cells 

1x106 
cells/µl 2x106 cells 2x106 cells 

Tumor Size 
At Treatment ~1cm 0.3-0.55cm 0.5cm 1cm ~40mm3 0.7-0.8cm 

Innoculation 
Location SC Hind legs SC right flank SC right 

flank 
SC right 

flank 
SC right + 
left flank SC right thigh 

Tumor 
Growth Time 6 weeks 8-16 days 10 days Not stated Not stated No stated 

NS Quantity 
20-50ul 

1.5x1010 PEG 
NS/ml in PBS 

100µl 2.4x1011 
Peg NS/ml 

150 µl 
1.5x1011 

PEG NS/ml 
in PBS 

8x108 Peg 
NS/g 
body 

weight 

7.0-8.5µl/g 
BW 3X109  
PEG NS/ml  

 

8x108 Peg NS/g 
body weight 

Injection 
Location 

Intratumor 
5mm Tail Vein Tail Vein Tail Vein Not stated Tail Vein 

NS tumor 
accumulatio

n time 
N/A 6 h 20 h 1 h, 24 h 18 h 20-24 h 

Laser 

820nm, 
4W/cm2, 

5mm spot 
size 

808nm 
4W/cm2, 5mm 

spot size 

808nm 
4W/cm2, 

5mm spot 
size 

N/A 810nm 
4W/cm2 

808 nm 0.5-
1W/cm2, 10mm 

spot size 

Treatment 
Time <6 min 3 min 3 min N/A 3 min 20 min 

Tumor 
Assessment 

Immediately 
following 
treatment  

>90 days 7 weeks N/A 3 weeks 25 days 

Treatment 
stop time 

Euthanized 
immediately 

Euthanized 
when tumor 

>10mm 
Not stated N/A Not stated Not stated 

Table 1. Summary of in vivo nanoshell enabled photothermal therapy 

 

Cancer is one of the three leading causes of death in industrialized nations. Cancer is the 

result of unchecked growth of malignant cells, therefore, curing cancer requires the removal of all 
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malignant cells without killing the individual. Conventional therapies, including surgical removal, 

chemotherapy, and radiation provide increasingly effective methods for the treatment of various 

types of cancer. The invasiveness and side effects of these treatment methods can potentially be 

minimized with new thermal ablation therapies. Gold nanoshell enabled photothermal therapy is 

one thermal ablation strategy with promising initial evidence as a minimally invasive, simple, 

multifunctional treatment that can both detect and remove tumors efficiently, and have recently 

reached the clinical trial stage. While in vitro and in vivo models have shown the ability to destroy 

tumor cells and induce tumor regression, a widely accepted, optimized treatment process has not 

been determined, and the process of cellular injury and resulting clearance of tumors is not well 

understood. A yet unproven theory proposed by various researchers for tumor regression must 

involve an immune response following treatment. In our work, we propose to determine the 

immunogenicity of the treatment from the start of injection, to clearance and regression of the 

tumor and the immune responses associated. A long term goal would consist of primary tumor 

regression and removal of metastases, accompanied by prevention of tumor recurrence through 

the generation of an anti-tumor adaptive immune response, using gold nanoshell enabled 

photothermal therapy. 
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A.1 Chapter Summary 

Chapter 2: Synthesis and Characterization 

The synthesis of gold nanoshells, consisting of a silica core coated with a thin gold shell, 

was first developed by Oldenburg and colleagues over a decade ago.[1] Tuning of the nanoshell 

surface plasmon resonance(SPR) into the NIR region which is most transparent to tissue is 

accomplished by controlling the core to shell ratio. Nanoshells optimized for photothermal 

therapy are sized in the 1-200nm diameter to utilize the enhanced permeability and 

retention(EPR) effect for passive accumulation at tumors due to the leaky vasculature in rapidly 

expanding tumors[10]. Passivation of nanoshells by PEGylation  of the gold surface is often 

utilized to minimize immune interaction and increase circulation in vivo.[10, 21] Synthesized 

nanoshells will be characterized to determine complete shell formation, optimized NIR 

tuning(800nm), PEGylation, and efficient heating. 

 

Chapter 3: In vitro cell responses to NEPTT 

Efficacy of nanoshell enabled photothermal therapy is often assessed qualitatively with cell 

viability assays that do not provide specific information about cell death modalities. Relevant 

treatment parameters vary widely between studies with no optimized procedure published to 

date. Nanoshell dosing, laser fluence, and irradiation time are varied to modulate cell death 

efficacy and modality in a quantitative manner. Mechanisms of cellular injury leading to cell death 

are also considered. DNA degradation, membrane permeablization, and endocytic compartment 

disruption are implicated as possible heat induced damages resulting in cell death through 

necrosis or apoptosis.  
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Chapter 4: Intracellular temperature modeling 

A number of studies have used gold nanoshells for photothermal destruction of cancer cells 

through the utilization of  near infrared(NIR) lasers. Nanoshells can by internalized by the cell, and 

trafficked to various areas throughout the cytosol. The light energy is converted to heat leading to 

thermal injury of a number of intracellular components including membrane permeabilization, 

protein denaturation, and DNA/RNA damage.   

Currently, no experimental approaches are available to measure temperature profiles 

during nanoshell enabled photothermal therapy(NEPTT) with subcellular resolution. Nanoshell 

heating has been analyzed on the nanoscale for individual particles, and on the macroscopic scale 

for whole tumor heating, while intracellular heating has been largely unexplored. Very few 

numerical simulations on the heat transfer process have been performed on a subcellular level for 

any nanoparticle systems, with no work having been performed on a nanoshell system. 

 

Chapter 5: In vitro inflammatory response 

Newly recognized inflammasome complexes involved in immune response to cell death 

provide a promising innate immune system stimulators. The NALP3 inflammasome has been 

implicated in activation and processing of pro-IL-1β into its active secreted in response to cellular 

injury signals from specific cell death modalities in macrophages primed with LPS[22]. Activation 

the NALP3 inflammasome in dendritic cells has been shown to be required for priming of CD8+ T 

cells. Macrophages will be exposed to dying tumor cells to determine inflammasome activation 

and secretion of IL-1β with the dying cells screened for various damage associated molecular 

patterns(DAMPs) generated following nanoshell enabled photothermal therapy. Dendritic cell 

maturation will also be assessed with the dying tumor cell constituents. 
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Chapter 6: Inflammatory response to Nanoshell accumulation 

 Gold nanoshells are particles consisting of a silica core coated in a thin gold shell used for 

the photothermal ablation of tumors and are currently in clinical trials. The benefit of using a 

nanoparticle system consisting of a silica core and gold shell layer is the relative biocompatibility 

of the two materials and lack of toxicity in clinical use. Nanoshell accumulation in tumors relies on 

the enhance permeability and retention(EPR) effect in which circulating nanoparticles extravasate 

into tumors due to the leaky nature of the vasculature within the rapidly expanding tumor mass. 

Circulating nanoparticles also accumulate in other areas as well, such as the liver, kidneys, spleen, 

and lungs. 

Particulate sensing by the immune system occurs in phagocytic cells such as macrophages, and 

has been shown to require the activation of the NALP3 inflammasome complex. Inflammasome 

activation in macrophages by gold nanoshells will be assessed, and the mechanism associated with 

the complex formation will be elucidated. 
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B. Chapter 2: Synthesis and Characterization 

B.1 Background 

Fabrication of gold nanoshells was originally developed and described by Oldenburg et 

al[1], and involves a multi step process for shell formation. Briefly, monodisperse silica 

nanoparticles made using the stober method[23] are functionalized  with an aminosilane, followed 

by attachment of 1-2nm colloidal gold particles prepared using a method developed by Duff et 

al.[24]. A solution of chloroauric acid(HAuCl4) is reduced onto the gold dressed particles, which 

lead to growth and coalescence into an apparently complete gold shell. 

Reduction of chloroauric acid onto the gold seeded silica particles is one of the most 

important steps in the nanoshell formation process, and is also the step that leads to the most 

defects appearing on the nanoparticles as the gold islands grow and coalesce into a shell. Until 

recently, reduction was carried out with aqueous phase reducing agents, most notably 

formaldehyde(H2CO)[21, 25, 26] and sodium borohydride(NaBH4)[1, 27], and relied on solution 

mixing to quickly distribute the reducing agent, with no discernible difference between the two 

reducing agents in terms of shell formation. When using these reducing agents, aging of the 

precursor reagents seem to effect shell formation, leaving small windows of time for optimized 

nanoshell formation[25]. A new gas phase reducing agent, carbon monoxide(CO), has recently 

been shown to form nanoshells more consistently than aqueous phase reducing agents, without 

the time dependence on reagents. In addition, the gold shells made using CO were thinner and 

more uniform compared to those prepared using H2CO[25]. More importantly, use of a gas phase 

reducing agent which can be bubbled into the reducing solution does not rely on mechanical 

mixing for distribution, and has the potential to move from a batch process to a continuous 

reaction with an appropriately designed reactor.  
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  PEGylation has many attractive qualities common through all colloidal drug delivery 

systems (CDDS). The first and foremost reason for the use of PEGylation is its ability to lengthen 

the circulation time of CCDS so as to have enough time to reach the therapeutic target. PEGylation 

allows for a way to effectively avoid uptake by cells of the Reticulo-endothelial system (RES)[28, 

29]. PEG is also often chosen because it is uncharged, hydrophilic, non-immunogenic and can 

easily be grafted. Through the use of a PEG coating, a decrease in the apparent charge is evident on 

all CCDS, which ensures efficient stabilization.[30] Pegylation, due to the brushlike structure on 

the surface will increase colloidal stabilization, decrease protein adsorption, and increased 

circulation times for injected nanoshells used in vivo. 
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B.2 Research Design and Methods  

Nanoshell Synthesis 

The method employed to synthesize the gold nanoshell/silica core particles was adapted 

based on that described by Pham et al.[21] and Brinson et al [25].  

 

In brief, silica cores with a mean diameter of 110 nm were prepared using the Stober 

process[23]. 1.5ml Tetraethyl orthosilicate(TEOS) was added dropwise to a 50ml ethanol solution 

containing 3.2ml 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 

50ml of absolute ethanol. 2-3 nm colloidal gold particles were prepared using a method originally 

described by Duff et al. [24] 2ml 1% gold chloride solution was added to a 45ml solution of water 

containing 0.5ml NaOH and 12 μl  of the the reducing agent tetrakis(hydroxymethyl)phosphonium 

chloride(THPC), and quickly reacted to form the colloidal gold particles 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 0.5ml of the 

APTMS

Reduction
HAuCl4
+ THPC

Reduction

d

Reductiona

b

c

e f

APTMS

Reduction
HAuCl4
+ THPC

Reduction

d

Reductiona

b

c

e f

Scheme 1. Stepwise fabrication of silica core gold nanoshells. a) Bare negatively charged silica nanoparticles. b) 2-
3nm negatively charged colloidal gold nanoparticles. c) APTMS treated silica with positive surface charge. d) 
electrostatic attachment of negatively charged colloidal gold to positively charged silica core particles. e) AuCl4- 
gold ion reduction on gold islands on silica particle surface. f) eventual coalescence of gold islands into silica core 
nanoshell particles  
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functionalized silica particles to 4ml of excess colloidal gold solution followed by purification 

through centrifugation and wash cycles before being redispersed in 5ml 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 25mg of potassium carbonate to 

100ml of Milli-Q deionized water. After 10 mins of stirring 1.5ml of 1% gold chloride solution was 

added to the reduction solution. The solution was then aged overnight under refrigeration 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 

25ml/min into a mixture of 4ml 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. 

The bare and gold nanoshell-coated silica cores were evaluated 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. Extent of nanoshell formation and 

optimization of the nanoshell reduction conditions was based on absorbance spectra and SEM 

imaging. The absorbance spectra peak was tuned to 800nm by adjusting the amount of colloidal 

gold coated silica particles added to the reducing solution. The size distribution and aggregation of 

nanoshells were examined by the dynamic light scattering.  

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 silica particle quantity 
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assuming no loss of silica particles during the growth of gold nanoshells. For the convenience, the 

term, Au nanoshells, was used in the text to represent gold nanoshell/silica core nanoparticles. 

 

Polyethelene Glycol Nanoshell Conjugation 

Polyethelene glycol-thiol(PEG-SH) was conjugated to the gold surface of the nanoshells  

 5000mw PEG-SH(Sigma) was conjugated to synthesized gold nanoshells by mixing PEG-SH 

at concentrations from 1-10μM with aliquots of ~1x109 nanoshells/ml. The samples are mixed at 

room temperature and incubated for 1 hour. Excess PEG-SH is removed by 3 centrifugation and 

wash steps followed by redispersal in Milli-Q water. Pegylation will be characterized by zeta 

potential and hydrodynamic diameter using DLS(Zetasizer, Malvern Instruments ZS90).  
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B.3 Results 

We have been able to successfully develop a method to prepare silica core gold nanoshells 

based on modifications to methods based on work by Pham et al[21]. To confirm the extent of 

nanoshell formation, imaging of the particles using scanning electron microscopy was performed.  

 

 

Figure 1 displays the size and variance of the silica core nanoparticles and varying extents of 

nanoshell formation due to the reduction of increasing amounts of gold ion solution onto the silica 

cores using formaldehyde as the reducing agent. Many of the defects that have been observed on 

a b 

c d 

Figure 1. 
Fabricated 
silica core gold 
nanoshell 
particles used 
for thermal 
ablation. Bare 
silica core 
particles 
~120nm 
diameter (a), 
nanoshell 
particles with 
increasing gold 
shell formation 
through 
additional gold 
ion solution 
reduction (b-
d). 
Nanoparticle 
solutions at 
various stages 
of shell 
formation 
 

e 
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previous nanoshell formations in Figure 2 are present to some extent in this group of nanoshells 

as well based on the SEM images. 

 

However, even with the suboptimal nanoshells, the absorption spectra of each group in 

Figure 3 is promising for use with 808nm laser irradiation with absorption peaks beginning at 

800nm and blue-shifting back towards 750nm, although each subsequent group has higher overall 

absorption at 808nm. The broad peaks are indicative of a range of nanoshells at slightly different 

stages of shell completion in each sample, as well as due to the relatively high polydispersity of the 

silica core particles used. 

Based on the promising results, a preliminary laser induced heating experiment was developed to 

test the thermal heating properties of the nanoshells on a solution. Figure 3 displays the heating 

profiles for the three groups of nanoshells tested compared to laser induced heating of a water 

sample as a control. The results show a pronounced heating effect on the nanoshell solutions, 

c d 

a b 

Figure 2. Common defects associated with gold shell formation using aqueous reducing agents such as 
formaldehyde: Uneven coalescence of islands (a), high surface roughness (b), and wide distribution of reduction 
levels (c). Even nanoshells deemed successfully coated show fissures and defects in the nanoshells (d). 
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A B

indicating successful preparation of nanoshells that can be used for laser nanoshell enabled 

photothermal therapy. 

 

An updated reduction process was developed utilizing carbon monoxide as a reducing 

agent for the formation of the gold shell. Reduction with carbon monoxide was achieved by 

bubbling the CO gas through the gold ion solution containing the colloidal gold coated silica 

particles. Gold nanoshells consisted of a silica core with 119 ± 11nm in diameter and a 17 nm gold 

shell. The gold nanoshells exhibited a broad absorption peak at 780 nm is shown in Figure 4. The 

size distribution and aggregation of nanoshells were monitored using a Zetasizer (Malvern 

Instruments ZS-90), with a hydrodynamic diameter of 206±10nm and a polydispersity index of 

0.28 

Figure 4. 
Characterization of gold 
nanoshells used in the 
following studies. 
(A)Scanning electron 
microscopy(SEM) image 
of synthesized gold 
nanoshells with 119 ± 
11nm diameter silica 
core and a 17nm shell, 
and (B) their normalized 
UV-Vis absorption 
spectra in water. The 
nanoshells synthesized 
have an SPR peak in the 
NIR region at 780nm. 
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nanoshells (A) and 
laser induced heating 
of nanoshells 
dispersed in water 
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measured in 24 well 
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thermocouple (B) in 
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Pegylation of the nanoshells was assessed for a range of PEG concentrations using 

5000MW Peg-SH. When excess PEG is used, pegylated nanoshells did not exhibit significant 

difference in surface coverage. Pegylation was assessed using dynamic light scattering to 

determine size and zeta potential. Pegylated nanoshells showed an increase in hydrodynamic 

diameter and decreased zeta potential in accordance with literature findings(Figure 5).  

A B 

Figure 5. Pegylation of gold nanoshells with increasing PEG-SH concentrations. Dynamic light scattering 
measurement of A) hydrodynamic size B) zeta potential. 
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C. Chapter 3: In vitro cell responses to NEPTT 

C.1 Background  

Hyperthermia, the treatment of cancer with varying forms of heat, has long been studied 

using a multitude of methods and temperatures with varying effectiveness as a noninvasive 

alternative to conventional cancer treatment[31]. Localized hyperthermia, which includes 

photothermal therapy, is a subset which has garnered growing interest. Gold nanoparticles with 

various geometries, from spherical gold nanoparticles[32], nanorods[33-35], nanocages[36], and 

nanoshells[3, 6, 9, 36-40], have been demonstrated as excellent candidates to convert light energy 

to heat for PTT. Gold nanoshells are particularly appealing because of their optical resonance 

tuneability into the near infrared (NIR) region, where tissues are most transparent to light, and 

good biocompatibility owing to the inert metal shell, as well as the ease of surface 

functionalization for enhancing “stealthing” properties with PEG [8] or cell-specific targeting by 

antibodies[4, 5, 8, 41]. While a number of studies have used gold nanoshell mediated PTT both in 

vivo[9-12] and in vitro[4-8] for cancer cell destruction in a qualitative way, very little has been 

done to quantify the effects of the various treatment parameters on cancer cells[3, 12]. Table 1 

provides a comprehensive summary of treatment parameters employed using nanoshells 

photothermal therapy. Little is known about the actual process in which the nanoshells mediate 

the death of the treated cells, and the combination of conditions that lead to efficient ablation of 

cancer cells or tumors.  
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Source Cancer Cell System Cell Density Gold Nanoshell 
Dose 

Targeting PTT Conditions 

Hirsch 
2003[10] 

SK-BR-3 human breast 
carcinoma cells 

Not stated 4.4x109 NS/ml 
12 well plate 

PEG Not stated 

Loo 
2004[42] 

SK-BR-3 human breast 
carcinoma cells 

Cultured to full 
confluency 24 well 
plate 

2x109 NS/ml Anti-HER2 820nm 
35W/cm2 for 7 
mins 

Loo 
2005[7] 

SK-BR-3 human breast 
carcinoma cells 

Not stated 3x109 NS/ml 
0.5ml 

Anti-HER2 820nm 
35W/cm2 for 7 
mins 

Lowery 
2006[8] 

SK-BR-3 human breast 
carcinoma cells 

1x104 cells/well 24 
well grown to near 
confluency 

2.9x108 NS/ml 
in 0.5ml 24 well 
plate 

Anti- HER2 820nm 8x10-5 
W/cm2(0.8 
W/m2) for 7 
mins 

Stern 
2007[43] 

PC-3 C4-2 human prostate 
cancer cells 

3x105 cells/35mm 
plate, 8x103 cells/well 
96 well plate 

4-8000 NS/cell N/A 810nm 
88W/cm2 for 5 
mins 

Fu  
2008[44] 

SK-BR-3 human breast 
carcinoma cells 

5-8x104 cells/cm-2 
25cm2 culture flask 

1-1.5 NS/ml Anti-HER2 N/A 

Gobin 
2008[5] 

PC-3 human prostate 
cancer cells, HDF dermal 
fibroblast cells 

Not stated 3.0x109 NS/ml Anti-
EphA2, PEG 

808nm 
80W/cm2 for 7 
mins 

Bernardi 
2009[4] 

Daoy & Daoy.2 human 
medulloblastoma, U373 & 
U87 glioma, HDF dermal 
fibroblast cells 

Not stated 7.2X109 NS/ml 
in 0.5ml 24 well 
plate 

Anti- HER2, 
IL13Rα2 
 

800 nm 
80W/cm2 for 2 
mins 

Table 2: Summary of in vitro nanoshell photothermal therapy literature 

It is apparent that temperature is one of the key parameters in hyperthermia and 

photothermal therapy, and much work has been done for various aspects related to plasmon 

induced nanoshell heating. Theoretical calculations have predicted surface temperatures on 

nanoshells during irradiation in the thousands of Kelvins, but due to the small size and mass of the 

nanoshells the temperature drop-off is also predicted to be rapid[45]. Theoretical modeling has 

shown transient temperatures near the surface of nanoshells up to 350 times the steady state bulk 

temperature[46]. Nanoshell based photothermal therapy thus is a process of localized heat 

generation that leads to conduction first into the space near nanoparticle accumulation and 

eventually build up of heat resulting in a general temperature rise from the thermal gradients 

which must be present near the heat sources, the nanoshells.  

Cell death from localized hyperthermia can be a complicated process involving damage to 

many intracellular components and organelles[31, 47-49], including membrane injury and an 
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increase in its permeability[49-51], and DNA damage [51-55]. Cell death can occur either through 

a necrotic or apoptotic pathway, both of which have been suggested as desirable modes for cancer 

therapy. Apoptosis, a more natural form of cell death has been the preferred method for many 

chemotherapies due to the minimization of an inflammatory response, while other researchers try 

to elicit an immune response for cancer immunotherapy through cell death modulation[56]. 

Necrosis, a non-natural form of cell death associated with irrepairable cell injury, in general elicits 

an inflammatory response to the cell trauma and a corresponding immune response. 

[57]Hyperthermia has been shown to be an efficient method for modulate the cell death 

mechanism through careful control of treatment parameters[58, 59].  

Cell death from localized hyperthermia can be a complicated process involving damage to 

many intracellular components and organelles[31, 47-49]. Membrane injury and subsequent 

increase in permeability is implicated quite often as a major factor in cell death[49-51]. DNA 

damage has also been suggested as a key modulator of cell death[51-55]. 

In our current study, we investigated the effect of nanoshell dosage concentration, laser 

fluence, total irradiation time, and cell density on the mechanisms of cell death using a more 

quantitative approach than had previously been completed.  We also look at the effects of 

nanoshell heating on the environment surrounding the treated cells and indirect damage to 

adjacent cells. These parameters provide a model of the conditions present in vivo, and our results 

can potentially provide a basis for the combination of photothermal therapy and immunotherapy 

of cancers. 
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C.2 Research Design and Methods  

Cell Culture and Incubation of Nanoshells with Cells.  

9L rat gliosarcoma cells (ATCC BRC) were maintained in Dulbecco’s Modified Eagle 

medium(DMEM) containing 10% FBS, 1% antibiotics, L-glutamine, and sodium pyruvate at 37oC 

and 5% CO2. Cells were plated in flat bottom 24 well plates and allowed to attach for 24 hours 

before incubation with nanoshells. Nanoshells were centrifuged and redispersed in cell culture 

media without the addition of FBS, and diluted to the designated concentrations in additional 

media. Cells were incubated with 500 μl of nanoshell solution for 3 hours to allow for uptake and 

internalization of particles. Cells were then rinsed with fresh media three times to remove 

unbound nanoshells prior to laser irradiation. Cells were imaged in 24 well plates under a bright-

field microscope (Nikon Eclipse TE2000-U) with a CCD camera (Photometrics Coolsnap ES). 

Images were taken at the same exposure level and magnification for all samples.  

Quantification of nanoshell uptake 

 Cells were incubated nanoshells redispersed in cell culture media without the addition of 

FBS with the addition of 200μg/ml of the green fluorescent dye Calcein for 3 hours prior to 

washing and detachment and redispersing in FACS media followed by analysis using flow 

cytometry. Changes in fluorescent intensity were measure in the FL-1 channel and differences in 

the mean fluorescent intensity(MFI) between the control population and the nanoshell treated 

samples were calculated. 

Laser irradiation of cells loaded with nanoshells  

Cells were detached with 0.05% trypsin and resuspended in 200 μl fresh culture media 

prior to the laser irradiation. Cells were treated in 96 well plates containing 100 μl of redispersed 

cell solutions(2 wells per sample) using a diode laser (Newport Corporation, 808nm, 23W/cm2 

max) positioned to illuminate the full well area of a 96well plate for each sample.  Immediately 
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following irradiation, the temperature of the well solution was measured, and the cells 

recombined into one sample per concentration for flow cytometric analysis. 

Analysis of Apoptosis and Necrosis by Flow Cytometry 

 The apoptosis assay kit (Annexin V, BD Biosciences) was used for assessment of cell 

viability and mode of death using flow cytometry. The laser-irradiated cells and controls were 

washed 2 times with cold PBS and then resuspended in the binding buffer. The staining of cells 

followed the instructions as suggested by the manufacture. The samples were analyzed within the 

hour using flow cytometry (BD FACScan, Univ. of Washington Cell Analysis Facility). Untreated 

viable cells and cells treated in water bath at 80oC to induce necrosis for 5 min were used as 

controls and for compensation.  

 Nanoshell treated cell staining 

 To differentiate between nanoshell treated cells and untreated cells, cells were co-

incubated with nanoshells redispersed in media without serum along with the cell permeable dye 

Calcein-AM for 3 hours to allow for uptake up the nanoshells and cleavage of the dye into the 

green fluorescent cell impermeable calcein fraction. Cells were washed with PBS 2 times to 

remove excess particles and dye before detachment and redispersal in media, and mixed at ratios 

from 100:0 to 0:100 with untreated cells prior to laser irradiation. Viability was assessed using the 

fluorescent dye 7-AAD, and the samples were process by flow cytometry using the FL-1 channel to 

gate for treated and untreated cell populations, and the FL-3 channel for viability. 

Cell Killing Mechanism Assay 

 An apoptosis assay kit(Annexin V, BD Biosciences) for flow cytometry. The cells were 

washed 2 times with cold PBS before being resuspended in the binding buffer solution. 

Fluorescently conjugated Annexin V and 7-AAD dyes were added, followed by a 15 minute 

incubation at room temperature in the dark before dilution with additional buffer. The samples 
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were analyzed within the hour using flow cytometry(BD Facsan). The samples were gated using a 

control consisting of untreated viable cells and. Compensation was performed with cells 

undergoing necrosis by a standard protocol utilizing water bath incubation at 80oC for 5 minutes. 

 

Membrane Permeability Assay 

 Cells were incubated with cell permeant dye calcein-AM at a concentration of 5 μM prior to 

laser irradiation along with the nanoshells. Cells were washed 3 times before being redispersed in 

100 μl of cell media and treated as previously described. Following PTT, cells were washed in 

DPBS prior to being redispersed in FACS buffer consisting of DPBS containing 5% FBS solution. 

Samples were stored on ice and analyzed within the hour using flow cytometry. 

DNA Fragmentation Assessment 

 DNA extraction for electrophoresis and flow cytometric analysis was performed using a 

protocol described by Gong et al for extraction of lower molecular weight DNA[60]. Treated cells 

were collected for DNA fragment extraction and fixed in 70% cold ethanol after resuspension in 

Hank’s Buffered Salt Solution (HBSS). Cells were stored for a minimum of 24 hours at -20oC. Cells 

were pelleted with a centrifuge at 800g for 5 minutes and redispersed in 40μl of phosphate citric 

acid buffer(PCB pH 7.8) and incubated at 37oC for 30 minutes to enhance DNA fragment migration. 

The solution was centrifuged down at 1000g for 5 minutes to pellet the cells. The supernatant was 

carefully removed and treated sequentially with RNase A and Proteinase K before running on an 

electrophoresis gel prepared at a concentration of 1.5% agarose. The gel was run with 1X TBE 

buffer at 100V for 2 hours followed by DNA staining with SYBR Green fluorescent dye. A positive 

control was prepared by treating cells with the apoptosis inducing drug Camptothecin at a 

concentration of 10μM for 24 hours. Linear DNA size markers in 100bp and 1kbp ranges were 

obtained from New England Biosciences and prepared as instructed.  
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Cellular DNA Content Assessment 

 The cell pellet obtained following DNA extraction was used to assess the DNA content of 

the cells by staining with the fluorescent dye DAPI. Treated cells were stained with DAPI solution 

prepared with 100mM HEPES, 2mM CaCl2, 0.1% Triton X-100, and 1μg/ml DAPI for 15 minutes 

prior to analysis with flow cytometry. Cell doublets were gated out by comparing DAPI-Area vs. 

DAPI-Height as indicated. Cells with DNA content below the g1 subpopulation were gated for DNA 

loss. 

Effect of doses of gold nanoshells on cell death  

 Cell death resulting from hyperthermia can be categorized as either necrosis or apoptosis, 

and forms of cell death were assessed by flow cytometry using the combination of 7-Amino-

Actinomycin (7-AAD) and fluorescently conjugated Annexin V. 7-AAD is a fluorescent dye that has 

a high affinity for DNA, but impermeable to an intact cell membrane.  During late stages of cell 

death either through necrosis or late stages of apoptosis, the plasma membrane becomes 

permeable to 7-AAD. As a result, the 7-AAD can access the nuclei and bind to DNA. Annexin V can 

bind to the membrane ligand phosphatidylserine (PS). For viable cells, few PS is present on the 

intracellular side of cell membranes compared to cells undergoing the early stages of apoptosis 

where PS is externalized. When cells exhibit binding to Annexin V but not to 7-AAD, cells are at an 

early stage of apoptotic cell death. When cells exhibit the binding to both Annexin V and 7-AAD, 

cells undergo either necrosis or late stages of apoptosis[61, 62]. Since the cells were processed 

and stained promptly following PTT, cells positive for both dyes are considered necrotic. 

C.3 Results 

Uptake and cellular distribution of Nanoshells  

The cellular uptake of nanoshells was first qualitatively assessed by using optical 

microscopy (Figure 6A). Gold nanoshells appeared to be darker compared with intracellular 
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components. There existed a correlation between the dosing of nanoshells and the cellular uptake, 

with little to no observable uptake at the lower dosing concentrations. Following 3 hour-

incubation, nanoshells were accumulated in the perinuclear region, which was more obvious at 

the higher dose compared to lower dose. Heterogeneous uptake was observed among cells at the 

same dosing of nanoshells, particularly at the lower dose of nanoshells.  

To semi-quantitatively measure nanoshell uptake, the change in fluorescent intensity of the 

samples incubated with nanoshells were compared to controls containing only the green 

fluorescent Calcein dye using the mean fluorescent intensity of the population. This data is the 

inset plot for the respective dosing and the MFI is graphed in Figure 6B, with quenching calculated 

as the difference in the mean fluorescence intensity of the control population compared to the 

sample.  

 

A aa bb cc
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Figure 6. Relative nanoshell 
uptake quantification 
determined by decrease in 
fluorescence by nanoshell 
quenching. (A) Light 
microscopy imaging of 9L cells 
incubated with nanoshells from 
100,000-10,000 nanoshells/cell 
with nanoshells showing 
localization and internalization. 
Cells stained with 200 μg/ml 
Calcein during nanoshell 
incubation. Fluorescence 
quenching calculated as the 
change in the mean fluorescent 
intensity between the control 
population and the nanoshell 
treated samples.  
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Cells were first exposed to varying dosing of gold nanoshells for 3 hours and irradiated 

with an 808nm laser at a constant 23 W/cm2 power for 5 min, within the typical in vitro treatment 

duration of 3-7 min used by various groups [5, 10, 36, 41]. Cell death was assessed immediately 

after the laser irradiation. As shown in Figure 7, at the higher doses of gold nanoshells, almost 

100% of the cells underwent necrosis. As the doses of gold nanoshells were reduced, an increasing 

percentage of cells were viable and were not affected by gold nanoshell-mediated laser 

irradiation. A corresponding decrease in temperature was also observed as a function of nanoshell 

dose along with a threshold below 43oC where minimal cell damage occurs. At a dosing of 15,000 

nanoshells/cell, corresponding to a final temperature of 47oC, a significant proportion of the cells 

underwent apoptosis, a mode of cell death not observed to a significant degree at other 

temperatures. Researchers looking at the effect of temperature during hyperthermia have 

observed a similar change in the mode of cell death at temperatures in that range for other cell 

lines[58]. The heterogeneity of cellular uptake of nanoshells at the lower doses may contribute to 

the non-uniform killing. This result indicates that the level of nanoshells internalized or localized 

on the surface of the cells is critical for the induction of cell death by laser-irradiation. 

Quantification of intracellular level of nanoshells can give a better assessment of the threshold of 

nanoshell dose required for cell death.  
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Figure 7. 9L cell death following nanoshell incubation for 3 hours and laser irradiation at 23W/cm2 for 5 minutes 
quantified using flow cytometry. (A) Plots of cells stained with Annexin V-FITC and 7-AAD after PTT treatment to 
asses cell death. Viable cells are negative for both dyes, cells undergoing apoptosis are positive for Annexin V-PE but 
exclude 7-AAD, and cells undergoing necrosis stain positive for both dyes. (a) 100,000, (b) 50,000, (c) 25,000, (d) 
20,000, (e) 15,000, (f) 10,000, (g) 5,000 nanoshells/cell and (h) control cells. (B) Distribution of cells states with 
modes of cell death affected by PTT and the solution temperature after PTT are plotted against the nanoshell dosage. 
Mainly necrotic cell death occurs for nanoshell doses above 20,000 corresponding to temperatures above 50oC, 
mixture of necrotic and apoptotic cell death occurs at 15,000 nanoshells/cell with a temperature ~47oC, and minimal 
cell death occurs below 5,000 nanoshells/cell at temperatures below 43oC. 
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The effect of laser fluence on cell death 

 Due to the heterogeneity of tumor tissues, it is possible that individual tumor cells receive 

varying level of power density, that is, laser fluence dependant of the spatial relationship to the 

source of irradiation.  We subsequently examined how the laser fluence affected the form of cell 

death at a given dose of nanoshells. The fluence at which 100% of cell death was achieved at 23 

W/cm2 for 5 minutes dosed at 50,000 nanoshells/cell. As shown in Figure 8A, when the fluence 

decreased while maintaining the total energy input constant by increasing the duration of 

irradiation, the fraction of cell death was reduced correspondingly. To achieve ~50% of cell death, 

approximately 18 W/cm2 fluence was required. When the fluence was reduced to 5 W/cm2, almost 

all the cells remained viable.  

 

Figure 8.  Effect of laser fluence and total laser power on cell killing. (A) Cells dosed at 50,000 NS/Cell where laser 
fluence during PTT was varied along with the total treatment time to keep total power input constant. Laser 
fluence:treatment times were applied as follows: 23W/cm2:5mins, 11W/cm2:10mins, 7.7W/cm2:15mins, 
5.7W/cm2:20mins. PTT at a constant 11W/cm2 (B) and 7.7W/cm2 (C) for increasing treatment times to vary total 
laser power input. Total power input plays a lesser role compared to fluence rate in cell killing with a definite 
threshold fluence rate required to achieve significant amounts of cell killing. 
 

The effect of laser irradiation time on cell death 

The resistance of cells to elevated temperature has been shown to decrease dramatically in 

response to higher temperatures, thus exposure to increasing amounts of laser irradiation during 

photothermal therapy will increase the efficacy of killing. Figure 8B shows the increase in cell 

death as a result of longer exposure and the corresponding increase in temperature. Below a 

A B C
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threshold temperature at lower dosing however, heat can be dissipated efficiently enough that the 

threshold is not reached where significant cell death occurs in a reasonable treatment timeframe 

as shown in Figure 8C. 

Our results demonstrate that the induction of complete cell death by nanoshell-mediated 

photothermal therapy requires sufficient level of total energy and laser fluence. In addition, there 

exists a threshold of laser fluence. The threshold of laser fluence can be affected by the thermal 

properties of local tissues and flow conditions, which potentially affect the accumulation of heat 

and thus local temperature around targeted tumor cells. 

Effect of Localized Heating on Cell Death 

 Cells were first dosed with 50,000 nanoshells/cell and then diluted at various 

concentrations between 0.75-35 nanoshell-containing cells in 100 μl of medium. As a result, 

nanoshell-containing cells consisted of the same level of intracellular nanoshells, but at varying 

levels of cell density. As shown in Figure 9A, a decrease in cell death resulted from a decreased 

fraction of nanoshell-containing cells. These results indicate that a localized heating alone is not 

sufficient in inducing complete cell death. The density of nanoshell-containing cells plays a critical 

role of inducing complete cell death as well, likely contributing the amount of heat that can be 

dissipated into the medium.  

Next we examined the role of the bulk temperature in the induction of cell death. We 

hypothesized that the exposure of cells to the same bulk solution temperature either through 

nanoshell-mediated PTT or a more convention external heating method by a water bath would 

provide comparable efficiencies of cell killing if the bulk temperature played a dominant role in 

the induction of cell death. As shown in Figure 9B, the bulk solution temperature (~50oC) at which 

nearly complete cell death was achieved during PTT was significantly lower than that (~60oC) 

using a water bath to heat the entire solution and cells more uniformly. Our results with water 
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bath treatment are consistent with previously reported by Ross-Riveros and Leith[63]. In their 

studies, 9L cells were subjected to temperatures in the range of 39-43oC in a water bath. At 

temperatures below 41oC, no cell death occurred for short incubation times below 6 hours. Above 

43oC cell killing was observed in 10-20% of the cells for short incubation periods in close 

agreement with our results. Therefore, the heating resulted from neighboring cells and/or 

extracellular matrix, and thus the rise of temperature in surrounding tissues(media), is critical for 

the induction of complete cell death by nanoshell-mediated PTT. 

 

Figure 9. Effect of localized and overall heating on cell death. (A) Cells dosed at a rate of 50,000 NS/cell followed by 
dilution between 0.75-3x103 cells/ml  to change the cell concentration during PTT, total cell numbers were kept 
constant by treatment of additional wells at higher dilution rates recombined following completion of PTT for all 
samples. (B) Solutions temperatures during PTT required to achieve significant amounts of cell killing were compared 
with conventional hyperthermia treatment using water bath heating. Both localized and overall bulk heating during 
PTT play a role in determining cell death.  
 

Effect of Localized Heating on Adjacent Cell Populations 

Heterogeneous uptake of nanoshells was observed in vitro in our studies based in careful 

analysis of the images obtained showing nanoshell accumulation at all dosing concentrations. At 

higher nanoshell dosing treatments, cell death was observed in virtually all cells regardless of 

observed nanoshell uptake, whereas at lower dosing concentrations, heterogeneous populations 

of cell death were observed in samples dosed with the same concentration of nanoshells. We thus 

hypothesized that heat generated intracellularly due to absorption of light by the nanoshells 

A B
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would dissipate and potentially effect the surrounding environment and cells in close proximity, 

resulting in cell damage to untreated cells. By mixing various ratios of nanoshell treated cells with 

untreated cells the extent of interaction and damage could be assessed. Figure 10 shows the 

results of two different samples treated with high and low nanoshell concentrations. At the higher 

nanoshell dose(Figure 9B), the treated cells were able to efficiently kill untreated cells nearby at a 

wide range of ratios while still efficiently damaging the treated cells. Only where a small 

percentage of treated cells were present did the extent of the heating effects become muted. This 

would indicate that above a threshold loading, the amount of energy absorbed by the nanoshells 

resulted in elevated temperatures through dissipation to a level that could affect the surrounding 

population. At a lower nanoshell dose, the extent of this effect decreased more dramatically as the 

ratio of treated cells to untreated cells decreased. In addition some of the nanoshell treated cells 

did not die which is the result of heat dissipation in a manner observed in the samples from Figure 

9A at lower cell densities. Heat generated is dissipated at a rate below the rate of thermal 

resistance of the cells.  The implication is that homogenous distribution of nanoshells is not 

required throughout the tumor as long as sufficient nanoshell loading occurs. However, damage to 

healthy tissue surrounding the tumor is also a possible undesired side effect.  
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Figure 10. Effect of nanoshell treated cell heating on surrounding cells in the environment. (A) Nanoshell treated cells 
stained with Calcein-AM to differentiate from bare cells assessed by flow cytometry for cell viability prior to and after 
PTT. (a) Viable nanoshell treated cells stained with calcein negative for the viability stain 7-AAD, (b) dead nanoshell 
treated cells stained with calcein positive for the viability stain 7-AAD, (c) untreated viable cells negative for the 
viability stain 7-AAD, (d) untreated dead cells positive for the viability stain 7-AAD, (e) mixture of all possible cell 
populations, (f) unstained control cells. (B) 9L cells treated with 100,000 NS/Cell (B) and 50,000 NS/Cell (C) mixed at 
various ratios of [nanoshell treated:untreated] prior to PTT.  
 

Mechanisms of Cell Injury 

Loss of membrane integrity has long been associated with irrepairable cell damage and 

subsequent onset of cell death through a necrotic pathway[50, 51]. Calcein-AM is a commonly 

used indicator of membrane permeability. Initially membrane permeable and nonfluorescent, 

cleavage by intracellular esterases produces the membrane impermeant fluorescent calcein 

anion[64]. Calcein-AM was employed by the West group[5, 7, 10] as an indicator of cell viability, 

although a dosage dependence was not determined and internalization of the nanoshells was not 
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verified. Figure 11 clearly shows the effects of nanoshell mediated PTT at varying dosages on the 

membrane integrity of the cell and the resulting damage as a function of concentration. The 

nanoshell concentration in turn affected the heating and subsequent temperature rise, which 

plays a key role in membrane damage as evidenced by the water bath samples that show loss of 

fluorescence. For 9L cells, temperatures in excess of 45oC begin to damage the cell membrane 

resulting in loss of calcein. This corresponds with the cell viability data above from Figure 8, 

although the measurements are of essentially the same membrane integrity.  

 

Figure 11. Membrane permeability changes following nanoshell enabled photothermal therapy(NEPTT) and average 
bulk solution temperatures recorded following laser irradiation. Cells dosed at varying concentrations of nanoshells 
and 5 μM Calcein AM as well as water bath treatments near the high bulk solution temperatures observed during PTT. 
Membrane integrity loss is associated with elevated temperatures greater than 50oC for short 5 minute duration 
treatments used.   
 

Loss of membrane integrity in the context of heat damage is an irreversible injury that 

proceeds to cell death, however, it may not be the one of the major cell functions that are damaged 

during nanoshell PTT resulting in loss of cell viability. Nanoshell accumulation in the perinuclear 

100,000 NS/Cell 50,000 NS/Cell75,000 NS/Cell 25,000 NS/Cell 10,000 NS/Cell

0 NS/Cell Control 80oC W.B. 65oC W.B.

100,000NS/Cell 50,000NS/Cell 25,000NS/Cell 10,000NS/Cell 5,000NS/Cell 0NS/Cell
Avg Temp[oC] 58.0 51.3 47.2 42.1 38.5 37.0

Calcein-AM



32 

 
 

region of the cell places the heat source near the DNA within the nucleus that may be damaged 

earlier in the heating process. 

Heat induced DNA damage is not well understood due the complexities associated with its 

constant replication and repair by enzymes and proteins. DNA can be denatured at elevated 

temperatures and nicks in the strands, either in a single or double strand. Whether double strand 

nicks resulting in DNA fragmentation from direct heat is still unclear with contradictory 

findings[55, 65], with different methods of heating being implicated as a possible reason for 

confliction reports related to DNA double strand breaks[66]. What has been observed is that DNA 

can become damaged when exposed to elevated temperatures, which may be a result of direct 

heat damage or loss of DNA repair mechanisms and protein denaturation that stabilizes nuclear 

DNA[31, 51-55]. Replication can also be inhibited which would explain the increased susceptibility 

of S-phase cells to heat damage[51]. 

Heat may also induce apoptosis which activates endonucleases that cleave nuclear dna into 

fragments of multiples of 180bp, forming a DNA ladder pattern when extracted DNA is run on a 

agarose gel. DNA laddering through induced apoptosis is observed for the positive control treated 

with Camptothecin shown in Figure 12A. Loss in DNA content results in a sub g1 population of 

cells when DNA content is determined as shown in Figure 12B for DAPI stained cells. Although no 

DNA laddering appears for nanoshell PTT treated samples, DNA bands appearing in the >10kbp 

range corresponding with cells exhibiting decreased DNA content staining for the cells treated 

with 50,000 and 25,000 nanoshells/cell respectively indicate that some type of DNA damage or 

fragmentation is occurring. It is also feasible that random DNA fragmentation and damage could 

be occurring which are at levels below the sensitivity of the gels. Evidence of this is occurring may 

be seen in the samples treated with the highest concentration of nanoshells, where the highest 

temperatures are observed increasing the likelihood of DNA damage. A definite shift the DNA 
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100,000 NS/Cell 50,000 NS/Cell 25,000 NS/Cell Control+Laser

10uM CAM 24 Hr 5uM CAM 24 Hr 80oC WB Control

content of those cells observed from the flow cytometry data without corresponding staining on 

the gel could indicate random fragmentation of DNA.  

 

Figure 12. DNA 
damage following 
photothermal therapy. 
(A) DNA fragments 
recovered from cells 
treated with PTT and 
conventional 
hyperthermia. A 1.5% 
agarose gel stained 
with SYBR Green 
illuminated with UV 
light. Extracted DNA 
was treated with 
RNase A and 
Proteinase K to 
remove residual 
contaminants prior to 
loading. (B) Cells used 
for DNA extraction are 

stained for DNA content 
using the fluorescent 
dye DAPI as a 
confirmation of DNA 
fragmentation that 
appears on the gel. Cell 
doublets are gated out 
using DAPI-A vs. DAPI-
H. 

 
 

 

Another potential source of DNA is from the mitochondria, which is another organelle potentially 

damaged by heating from PTT. Mitochondrial DNA exists as a ring of DNA 10-15kbp long, which 

could be the DNA band observed in our experiment. Mitochondrial damage has been observed due 

to heat[51] and also by PTT using gold nanorods as the heat absorber[34, 35]. Damage to nuclear 

or mitochondrial DNA would also represent an likely irreversible cellular injury contributing to 

the mechanism of cell death by nanoshell mediated PTT. 
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3. 100,000 Nanoshells/Cell 
4. 50,000 Nanoshells/Cell 
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6. Control with Laser 
7. 10μM Camptothecin 24 Hours 
8. 5μM Camptothecin 24 Hours 
9. 80oC W.B. 5 Minutes 
10. Control 
 
 

100 

200 

300 

400 

500/517 
600 
700 
800 
900 
1000 
1200 
1517 

2000 

3000 

10000 

B.P. A 

B 



34 

 
 

C.4 Discussion 

Our study determined a semi-quantitative way to measure nanoshell uptake combined 

with high magnification cell microscopy to show internalization and localization of nanoshells. We 

determined the effect of nanoshell dosing, laser fluence, and cell density on cell death following 

PTT using a quantitative approach. The contribution from direct localized heating from nanoshells 

on cells directly and indirectly treated was determined in a more qualitative manner. These 

results, taken as a whole, provide insight into the various parameters and conditions that exist 

within a heterogeneous tumor cell population. Our study provides further understanding of tumor 

treatment by nanoshell-mediated PTT in clinical settings.  

Nanoshell mediated photothermal therapy in vivo relies on the preferential accumulation 

and uptake of the nanoshells in tumor tissue. This is most commonly achieved through 

intravenous injection of nanoparticles that have been pegylated to reduce clearance by the 

immune system. Increased nanoparticle accumulation occurs in tumor tissues due to the 

enhanced permeability and retention (EPR) effect. Intravenously injected nanoparticles circulate 

in the blood stream and extravasate into tumor tissues defective and leaky vasculature 

barriers[67]. Tumor neovasculature is often poorly distributed leading to hypoxic regions. Blood 

vessels supplying the tumor are often defective and have poorly aligned endothelial cells allowing 

the leakage of macromolecules and nanoparticles in the tumor interstitium(extracellular space). 

Combined with the lack of effective lymph drainage, passive accumulation and diffusion of 

nanoparticles into the tumor near the blood vessels can occur. This nanoparticle diffusion within 

the extracellular space of tumor tissues will be limited due to the lack of convective flow, leading 

to the development of nanoshell concentration gradients emanating from the leaky vessels. The 

nanoshell distribution within the tumor tissue will thus be concentrated around the vasculature 

resulting in both a heterogeneous accumulation in the local cell environment and cellular uptake 
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of nanoshells[67].  Imaging of tumors treated intravenously with nanoshells indeed illustrates 

heterogeneous accumulation of nanoshells within tumor tissues [68]. A schematic representation 

of possible nanoshell distributions within a tumor are shown in Figure 13, cell uptake can range 

from very high in tissues located near blood vessels, to no nanoshell accumulation at all in hypoxic 

regions with little to no blood flow. A combination of any of the proposed distributions exists 

within larger tumors. The effect of intracellular level of nanoshells on the induction of cell death, 

as shown in Figure 6, can lend some insight into how the heterogeneous cellular level of 

nanoshells would affect the eradication of tumors in clinical practice, in particular the threshold 

levels of nanoshells required for significant cell death. The dose effect can be manifested for larger 

sizes of tumors. Therefore, it is critical to employ strategies to ensure a sufficient level of cellular 

uptake of nanoshells.  

Laser light used to irradiate the tumor may not have an unimpeded path in vivo. A laser 

beam commonly has a Gaussian beam profile that has an intensity that is a function of its radial 

distance from the central axis. Beam intensity falls as a function of the distance and penetration 

depth of a medium due to absorption and scattering which is dependent on the optical properties 

of the light path. The laser fluence received by an individual tumor cell is highly dependent on the 

anatomical location of cells and optical properties of surrounding tissues. Experimental and 

theoretical models for homogenous tissue phantoms show the laser-temperature relationship[45]. 

NIR laser penetration depth for tissue is no more than a few centimeters[3]. Based on our results 

shown in Figure 8, laser fluence has significant impact on the induction of cell death by nanoshell-

mediated PTT. It is possible that tumor cells can escape from cell death through low levels of laser 

irradiation though high levels of intracellular nanoshells are achieved. In a worst case treatment 

scenario, regions of the tumor can receive little to no nanoshell accumulation and receive no laser 

irradiation.  



36 

 
 

In addition to the effect of intracellular level of nanoshells and fluence on cell death, we 

also demonstrate that both short- and long-range heating is critical for the induction of cell death. 

The short-range heating is associated with the cellular uptake of nanoshells, the laser fluence 

received by cells, and thermal properties of cells. The long-range of heating is dependent on the 

distribution of nanoshell-containing cells and thermal properties of tissues. Several situations can 

be envisioned as shown in Figure 13. In additional, our in vitro studies to not account for the 

accumulation and distribution of nanoshells in the interstitium of the tumor, but the method of 

cell injury and subsequent death could be rather dissimilar. Each scenario may result in different 

efficacy of the eradication of tumors. The complexicity of tumor structures and vasculature and 

dimensions associated with individual clinical cases can compound the prediction of successful 

rates of nanoshell-mediated PTT.  

Given our findings, many in vivo studies have shown the efficacy of nanoshell-based 

photothermal therapy, which may arguably indicate that our observations may be due to our 

experimental settings. We would like to mention that, in all the in vivo studies, the size of tumors is 

within 1 to 3 mm in diameter, and all the tumors are grown subcutaneously. In addition, a 

relatively high dose of nanoshells (109-1011 nanoshells/ml[6, 9, 15]) has been used. In such an in 

vivo setting, it is possible that with high levels of intracellular nanoshells, uniform distribution of 

cells containing nanoshells, and homogeneous laser fluence can be achieved. Particularly, we 

observed that the temperature rise in surrounding medium played a significant role. It is possible 

that the heat transfer in a tumor environment is limited, leading to the rapid increases in the 

temperature of the whole tumor tissues. This has been observed in vivo[12, 45, 69].  

Lastly, we have also demonstrated nanoshell-mediated PTT mainly induced necrosis 

regardless of cellular uptake, laser fluence and total laser power input, with apoptosis induced in a 

fraction of cells at moderate nanoshell doses. High bulk solution temperatures often result in 
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necrotic cell death as reported previously. It is possible that the rapid increase of temperatures in 

surrounding media may contribute to the mainly necrotic cell death [58, 59]. This may not be the 

case in an in vivo.  Further studies are required to elucidate the detailed mechanisms of cell death 

in vivo. 

 

Figure 13. Schematic of theoretical nanoshell distributions in tumors. (a-d) Homogenous distribution of nanoshells at 
increasing concentrations. (e-h) Heterogenous distribution of nanoshells at varying ratios of treated and untreated 
cells. (i-l) Potential distributions observed in real tumors. 
 

C.5 Conclusion 

In this study, we have shown the effects of nanoshell dose, fluence, and treatment time on cancer 

cell killing in vitro using flow cytometry to quantify the efficacy. In addition the relative 

contributions of localized and overall heating on cell death were also explored, and damage to 

untreated cell populations was observed, having significant implications for in vivo experiments. 

We have shown the mechanism of cell death can modulated between necrosis and apoptosis 

which can alter the inflammatory response. This brief introductory study into the mechanisms 

associated with nanoshell-enabled photothermal therapy(NEPTT) cell death in vitro can lead to 
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increasingly efficient treatment strategies employed to further improve the use of nanoshell 

mediated-photothermal therapy for cancer treatment, and modulating the potential inflammatory 

response to cell death. 
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D. Chapter 4: Intracellular temperature modeling 

D.1 Background 

A new generation of nanoplasmonics derived from gold nanoparticles, including 

nanorods[33, 35, 70], nanocages[36, 71], and nanoshells[1, 10, 12, 42, 43], have been 

demonstrated as excellent candidates for photothermal therapy (PTT). Compared to spherical 

gold nanoparticles[72], these gold nanoparticles attract increasing attention because of their large 

absorption cross sections and optical resonance tunability into the near infrared (NIR) region, 

where tissues are the most transparent to light. A number of studies have used these gold 

nanoparticles to destruct cancer cells both in vivo[10-12, 33, 42]. Gold nanoshells have recently 

entered clinical trials for treating neck and head tumors[73].  

Gold nanoshell-enabled photothermal therapy (NEPTT) by constant wave (cw) laser 

primarily relies on the elevation of the tumor temperatures[74], which shares the same concept as 

the traditional hypothermia. The temperature change plays multiple roles. One apparent role is to 

induce tumor cell death. Hyperthermia for the treatment of cancer is most commonly performed 

within the range of 40-45oC. 43oC has been considered as a critical temperature for cell death[31]. 

At temperatures near this threshold, cell death increases significantly, as well as often shift from 

apoptosis to necrosis[75, 76]. NEPTT in vivo occurs at much higher temperatures (~ 65 to ~ 97oC) 

within tumors and often induces necrosis[10, 12]. 

Complete removal or killing of tumor cells is often difficult to achieve due to the metastasis 

of tumors, size and anatomical location of tumor cells. The partial tumor cell death presents an 

opportunity for the immune system to take control of the regression and clearance of tumor cells. 

In order for the establishment of effective immune responses, the mode of cell death is critical. It is 

generally recognized that necrotic cell death can be more effective in activating the immune 

system than apoptotic cell death[77].  In recent years, molecular understandings of the link 

between the cell death and the activation of immune responses suggest that dead cells release 
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danger (or damage)-associated molecular patterns (DAMPs)[77]. These findings suggestion an 

additional role for the temperature change is to preserve or induce and to release DAMPs for 

signaling the immune system. In order to establish long-lasting immune responses, the 

temperature change is also expected to preserve tumor-associated antigens (TAAs).  

Cellular components, that provide sources of DAMPs and TAAs, exhibit different sensitivity 

to temperatures. Membrane phase transitions begin to occur at temperatures greater than 37oC, 

with permanent changes occurring at temperature above 41oC[78, 79]. Protein denaturation 

within the cell can occur over a wide range of temperatures from 40 to 65oC[80, 81]. Direct 

thermal injury of DNA and RNA require significantly higher temperatures, greater than 85oC in 

most cases[31]. Besides their different temperature sensitivity, intracellular locations of these 

cellular components are distinct from each other.  

Though the minimal temperature (40oC) required to induce cell death has been 

established, this temperature is in general referred to the average temperature or sometimes the 

environmental temperature a cell experiences. It represents a threshold for cell death to 

occur[51]. It however masks the temperature cellular components are exposed to. Intracellular 

temperature profile at the sub-cellular level would provide a more accurate estimate of 

temperatures cellular components exposed to. Currently, no experimental approaches are 

available to measure temperature profiles during NEPTT with the subcellular resolution. 

Advances in the development of molecular thermometers will soon allow the direct measurement 

of temperature at the subcellular resolution [82]. Alternatively, the intracellular temperature 

profiles can be simulated computationally. Though the simulated temperature profiles are 

required to be validated by experimental measurements, they can shine light on the mechanisms 

of cell death and subsequent signaling pathways resulted from cell death (i.e. proinflammatory 
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and adaptive immune responses). So far, no simulated intracellular temperature profiles at a 

single cell level under various experimental conditions of NEPTT have been investigated yet.   

The modeling of intracellular temperature distribution profiles is compounded by the 

intracellular distribution of nanoshells.  Nanoshells are mainly localized on the cell membrane 

when they are modified to target a surface receptor such as stimulatory anti-HER2 antibody[83].   

In some cases, nanoshells are internalized by cells. Liu and coworkers functionalized nanoshells 

with a peptide, AGKGTPSLETTP (A54) for targeting them to liver cancer cells[84]. They showed 

nanoshells were distributed throughout the cytosol. Recent studies suggest that intracellular 

distribution of nanoplasmonics affect the efficiency of inducing cell death and the cell death mode 

[85]. A number of investigators have attempted to model the intracellular heating of cells by 

nanoplasmonics [32, 86, 87]. The models employed in their studies did not take into account the 

intracellular distribution of nanoshells. 

In this study, we present simulations of intracellular temperature profiles at a single cell 

level during NEPTT by using the finite element analysis. We modeled three scenarios that 

represent different pathways of intracellular trafficking and thus distributions of nanoshells. We 

investigated effects of two key parameters, including the nanoshell density and incident laser 

intensity on the intracellular temperature profiles.  The results of this study can give us insights 

into the onset and mode of cell death and subsequent immune responses. 

D.2 Research Design and Methods  

Mathematical models of intracellular temperature profiles  

Energy conservation was applied to each layer in which thermal properties were 

consistent. Assume there was no convection and radiation, 
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Additionally, heat transfer in the r-direction only was assumed, 

  

where T=T(r,t)                                                                  

Mathematical models for each case were derived for each layer of the cells with corresponding 

cellular geometries shown in Figure 1.  

Case I: 

A monolayer of nanoshells was considered to coat the nucleus (Figure 1A). The heat 

generation was assumed to be evenly distributed within this layer. The monolayer of spheres on 

the surface of the nucleus was modeled as a porous layer of packed spheres, which we called the 

composite nanoshell layer.  The thermal properties of the composite nanoshell layer was 

determined as described in 3.  

 
                                                                           

The initial condition at t = 0 is 

                                                                       

Where Ti is the initial environmental temperature 

Assuming a semi-infinite medium, the boundary conditions are 
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Case II: 

In this case, Au nanoshells were assumed to be homogenously distributed in the cytosol 

(Figure 1B). The effective thermal properties in cytosol packed with nanoshells were determined 

as in 3.  

           

Where 

The initial condition at t = 0 is 

 

Where Ti is the initial environmental temperature 

Assuming a semi-infinite medium, the boundary conditions are 

 

 
Case III: 

A monolayer of nanoshells was considered to coat the outer cell membrane (Figure 1C). 

The heat generation was assumed to be evenly distributed within this layer. The monolayer of 
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spheres on the surface of the membrane was modeled as a composite nanoshell layer for 

determining the thermal properties as below. 

 

                                                                           

Where 

The initial condition at t = 0 is 

                                                                       

Where Ti is the initial environmental temperature 

Assuming a semi-infinite medium, the boundary conditions are  
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 Temperature within the nucleus 
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 Heat Capacity of the cytosol 

 The rate of volumetric heat generation 
by nanoshells 

 
Temperature within the composite 

nanoshell layer 

 
Thermal conductivity of the composite 

nanoshell layer 

 
Density of the composite nanoshell 

layer 

 
Heat Capacity of the composite 

nanoshell layer 

 Temperature within the extracellular 
space 

 Thermal conductivity of the 
extracellular space 

 Density of the extracellular space 
 Heat Capacity of the extracellular space 

 

Rate of volumetric heat generation ( ) 

 represents the total thermal heat conversion of the internalized nanoshells due to the 

absorption of the incident laser source. It is dependent on the absorption efficiency of Au 

nanoshells, nanoshell density and laser intensity. The optical properties of a group of nanoshells 

can differ from an individual nanoshell due to interactions between nanoparticles with close 

interparticle spacing [88]. The optical interference between particles was not considered in our 

model.  

It has been theoretically shown that individual nanoparticles can be heated to high 

temperatures near the particle surface[89-91]. The small size relative to the volume of the 

embedded medium however leads to the rapid dissipation of this heat over a short distance 

through conduction.  In this study, the converted heat from the nanoshells was assumed to be 

dissipated into the immediate area surrounding the nanoshells.  
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Therefore, the total heat generation within a uniform layer of medium or cells was 

calculated by summing the heat generation of individual nanoshells (eq. 14). It was assumed to be 

evenly distributed within each layer. The attenuation of the laser intensity due to the 

directionality of the incident light on a single cell was less than 1% and was not considered in this 

study.  

                                                                                                                
 

Where  

N Number of particles 

 Particle absorbance cross section 
[m2] 

I Laser Intensity [W/m2] 
 Volume of gold nanoshell layer [m3] 

 

The particle cross section for nanoshells was calculated from based on theory[2, 92], and was 

often given in terms of the absorbance efficiency Qabs, a ratio of the absorbance cross section to the 

geometric cross section: 

                                                                                                                     
 

The absorbance cross section σabs or the dimensionless absorbance efficiency Qabs were calculated 

by adapting the BHCOAT program by Bohren and Huffman [93].  Details of the calculation are 

included in the supplemental information. 

Nanoshells with a 110 nm-core and10 nm thick gold shell commonly used in in vitro and in 

vivo NEPTT (Table 2) were used in our model. The Qabs was calculated to be ~3.0 and σabs was 4.0 

x10-14 m2 for an individual nanoshell.  

3. Effective density and thermal properties of composite nanoshell layers 
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The cell layers that contained nanoshells, composite nanoshell layers, were represented by 

a randomly packed bed of spheres with the void volume filled with cystolic fluid. The effective 

density and heat capacity of the composite layer were calculated based on a volume-weighted 

average of all the components.  

 

The effective thermal conductivity for a bed of randomly packed spheres has been 

calculated previously[94, 95]. The heat resistance of thin gold shell was assumed to be negligible 

compared to that of the silica core. Thus, the nanoshell spheres were simplified as silica spheres 

for the calculation of the effective thermal conductivity: 

 

The effective thermal properties and density were calculated at each density of nanoshells 

(Supplemental Figure 1) and used for calculating intracellular temperature profiles. 

4. Choice of parameters 

Current commonly used parameters in in vitro NEPTT were summarized in Table 2. 

Based on Table 2, a range of values for nanoshell density (nanoshell/cell) and laser intensity was 

used to model the temperature distribution.  
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Average Laser Intensity: 0.1-80 W/cm2 
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Nanoshells/cell: 500-200,000 

Average Laser Intensity: 0.1-80 W/cm2 

Case III 

Nanoshells/cell: 500-15,000 

Average Laser Intensity: 0.1-80 W/cm2 

The geometric and thermal properties of cells used in this study are summarized in Table 3. 
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Table 3. Geometric and thermal properties of modeled cells 

 Radius, Rn 
[µm] 

Density, ρn 
[kg/m3] 

Heat Capacity, Cp,n 
[J/kgK] 

Thermal 
Conductivity, kn 

[W/mK] 

Nucleus 2.5 1.05 x103 3.00 x103 0.30 

Cytosol 5 1.05 x103 4.18 x103 0.59 

Membrane 0.01 1.10 x103 2.10 x103 0.20 

Extracellular 
Space 500 1.05 x103 4.18 x103 0.59 

 

D.3 Results & Discussion 
Upon the internalization by cells, the nanoshells can reside in the perinuclear region of the 

cell (Case I) (Figure 14A) or throughout cytosolic compartments (Case II) (Figure 14B). Nanoshells 

can be also situated on the cell membrane (Case III) (Figure 14C). The three cases were modeled 

independently to represent possible subcellular localization of nanoshells.  

  

 

Figure 14. The modeled intracellular distribution of nanoshells. A) Perinuclear localization, B) homogenous 
cytosol distribution, and C) membrane accumulation. Representative images of nanoshell accumulation in cells 
(Top), schematics of nanoshell distribution in model cells (middle), and corresponding model geometry of 
model cells (bottom) were shown. The thin cell membrane layer was not included in the model due to its 
negligible contribution to the heat transfer. 
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(1) Time-resolved intracellular temperature distribution  

Heating of individual nanoparticles has been shown to reach a steady state on the order of 

nanoseconds[91]. Heating of tissue phantoms by Au nanoshells reaches a steady state on the order 

of minutes[96].  300 seconds or longer have been used for most of in vitro laser irradiation of 

tumor cells (Table 2).  

We first examined the progression of the intracellular temperature change for a single cell. 

A quasi-steady state was reached within 0.1 second for all three cases (Figure 15A).  A quasi-

steady state, corresponding to a heating duration of 300 seconds, was assumed for subsequent 

studies. 

 

 

Figure 15. Validation of modeling assumptions. A) Time-dependence of the intracellular temperature change. Nanoshell-
loaded cells were irradiated for the duration from 0 to 300 s. The temperatures approached steady state at 0.1 s. B) 
Intracellular temperature change at tissue environmental temperature (Ti) of 37oC or 45oC after 300 s – laser irradiation. 
Temperature change approached within 10% of the maximum change at 10 times of the cell radius. Case I at 3,906 
nanoshells/cell and 80 W/cm2, Case II at 10,000 nanoshells/cell and 80 W/cm2, and Case III with membrane accumulation 
15,000 nanoshells/cell and 80 W/cm2 were shown.  
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(2) Validation of semi-infinite boundary conditions 
A semi-infinite boundary condition was assumed in determining the intracellular 

temperature profiles. As shown in Figure 15B, the temperature change dropped to below 10% of 

the maximum temperature increase at a distance equal to 10 times the cell radius.  The semi-

infinite boundary condition can be considered to be reasonable when the density of cells that 

contained gold nanoshells was less than 1 million cells/cm3, at which the interspacing between 

cells was larger than 20 cell radius.  A 1-cm tumor often contains 109 cells[97]. Based on the 

analysis by Zaman et al.[19], 1.8 x 108 nanoshells were accumulated in a 1-cm tumor 1 h after the 

tail vein injection of 8 x 108/g nanoshells. In the range of nanoshell density (500 ~ 200,000 

nanoshells/cell) we studied, only 450 to 0.7 million cells/cm3 contains nanoshells. The cell density 

is below 1 million cells/cm3. Some studies have shown that nanoshells are more concentrated 

within the tumor cortex and much less in the core of tumors [10, 98, 99]. In the cortex region, a 

higher density of nanoshell-containing cells is expected than we calculated.  The semi-infinite 

boundary conditions are still reasonable by considering the high density region as a single cell 

with dimensions of cell aggregates. When a direct measurement of the anatomical distribution of 

nanoshell-containing cells in tumors is available, our models can be modified to more accurately 

simulate the conditions occurring in vivo. 

(3) Consideration of the surrounding temperature of the model tumor cell  

During the course of NEPTT, the environment temperature a tumor cell is exposed to is 

influenced by the heat generated from neighboring nanoshell-containing cells, free nanoshells 

residing in the extracellular space and laser.  In this study, we assumed that cells that consisted of 

Au nanoshells were less than 1 million cells/cm3 as discussed above, and the heating from free 

nanoshells in extracellular space and laser was minimal. Under our assumptions, the tissue 

environment temperature at 10 times of the cell radius did not affect the intracellular temperature 

change significantly (Figure 15B). The tissue environmental temperature was assumed to be 37oC, 
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which indicated a tumor that was scarcely populated with Au nanoshell-containing cells (less than 

1 million cells/cm3) and that was not in close contact with laser maintained at the body 

temperature.  

(4) Dependence of intracellular temperature profiles on the density of nanoshells and the 

laser intensity  

The cellular uptake of nanoshells within tumor cell mass varies significantly due to the 

delivery means. Both the radial Gaussian distribution of the laser and the attenuation of laser 

intensity within the tumor mass as the function of the depth can result in a range of incident laser 

intensities throughout the tumor mass. The broad distribution of dimensions and interparticle 

interactions of nanoshells can alter their absorption characteristics.  A systematic survey of a 

range of parameters of NEPTT facilitates our understanding of the heterogeneity of NEPTT at a 

single cell level and provides a framework for better design of NEPTT treatment strategies. The 

temperature profiles of a single cell after 300 s – laser radiation were examined at different 

density of nanoshells and laser intensity for all three cases. For clarity, the temperature increase at 

four intracellular locations, corresponding to the center of the nucleus, the perinuclear region, the 

center of the cytosol, and the cell membrane, is shown in detail (Figure 16 and 17).  
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It is apparent that the cellular location of nanoshells significantly affected the temperature 

profiles at single cell level. The effects of temperature change on cell membrane, protein and 

DNA/RNA at three subcellular locations of nanoshells are discussed in Section (5). The effects of 

subcellular distribution of nanoshells on the efficiency of inducing cell death by NEPTT, the mode 

of cell death and the possibility of preservation or generation and release of DAMPs under 

different experimental conditions, which are critical for mobilizing the immune system, are 

discussed in Section (6 - 8). 

Figure 16. Representative intracellular temperature change for each case of nanoshell distribution. A) Case I at 3,906 
nanoshells/cell and 80 W/cm2, B) Case II at 50,000 nanoshells/cell and 80W/cm2, C) Case III at 3,906 nanoshells/cell and 
80W/cm2. The four temperature points within the cell correspond to the nucleus center, perinuclear region, center of the 
cytosol, and cell membrane.  
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Figure 17. Temperature change for Case I in A) nucleus center, B) perinuclear region, C) center of cytosol, and D) cell 
membrane; for Case II in E) nucleus center, F) perinuclear region, G) center of cytosol, and H) cell membrane; for Case 
III in (I) nucleus center, J) perinuclear region K) center of cytosol, and L) cell membrane, for a range of nanoshell 
concentrations and laser intensities.  
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(5) Effects of subcellular distribution of nanoshells on the damage of cell membrane, 

protein and DNA/RNA 

Cell membrane 

Most cell membranes undergo irreversible transitions at a range of 41-45 oC [78, 79]. A 

temperature of 41 oC corresponded to temperature increase (ΔT) of 4 oC. This degree of 

temperature increase could only occur at the highest nanoshell concentration for Case I (Figure 

17D), 3906 nanoshells/cell at 80 W/cm2. This condition is not readily achieved experimentally. 

Therefore, it is highly possible that membranes maintain their integrity in Case I. For Case II 

(Figure 17H), where the nanoshells were distributed throughout the cytosol, the minimum 

number of nanoshells required to elevate the membrane temperature 4 oC was 5000 

nanoshells/cell at 80 W/cm2. Decreasing laser intensity required increasing intracellular levels of 

nanoshells, at the highest nanoshell concentration, 200,000 nanoshells/cell, a laser intensity of 10 

W/cm2 is required to achieve sufficient heating. It is in generally impossible to achieve 200,000 

nanoshells/cell.  Nevertheless, a wide range of experimental conditions can irreversibly damage 

membranes in Case II. For Case III (Figure 17L), where the nanoshells accumulated only on the cell 

membrane, membrane damage could occur at nanoshell concentrations greater than 3000 

nanoshells/cell at 80W/cm2. Completely covering the membrane with nanoshells (15,000 

nanoshells/cell) would result in membrane damage at laser intensities as low as ~20 W/cm2. 

Recent studies measured the density of receptors on leukemia cells, which ranges from 550 to 

1300 receptors/m2 [100]. Based on these measurements, 180,000 to 400,000 receptors are 

available for the binding for our model cell. The density of nanoshells on the cell membrane is 

limited by the size of nanoshells. Therefore, a range of experimental conditions could irreversibly 

damage membranes in Case III.  
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Protein denaturation 

Protein denaturation, including the inactivation of enzymes, membrane receptors, and ion 

transporters, is implicated in cell death by hyperthermia [79]. Protein denaturation occurs over a 

wide range of temperatures typically in excess of 40oC. For proteins within the cytosol (Figure 

17C, G, K), a minimum ΔT of 3oC, corresponding to a temperature of 40oC in Case I (Figure 17C), 

occurred at a minimum nanoshell concentration of between 2000 - 3000 nanoshells/cell for a 

laser intensity of 80 W/cm2. It was unlikely that sufficient heating can occur at lower laser 

intensities for nanoshells localized within the perinuclear range (Case I) at ranges beyond a few 

nm into the cytosolic space. Proteins contained in the membrane might not be significantly 

denatured in Case I either, as the temperature decreased significantly in the cytosol to near 37oC 

at the membrane (Figure 17D). For Case II, protein denaturation was likely to occur throughout 

the cytosol (Figure 17G) and within the membrane (Figure 17H) at experimentally achievable 

intracellular level of nanoshells and laser intensity. Proteins residing in the cytosol could denature 

at nanoshell concentrations higher than 3000 nanoshells/cell for an 80W/cm2 laser intensity, 

while nearly 200,000 nanoshells/cell were required to sufficiently heat the cytosol at the lower 

laser intensity of 10W/cm2 (Figure 17G). Membrane protein denaturation would require slightly 

higher nanoshell concentrations, about 4,000 nanoshells/cell at 80W/cm2 and up to 200,000 

nanoshells/cell at 10W/cm2 (Figure 4H). Protein denaturation for Case III would occur in the 

cytosol and within the membrane at concentrations greater than 2,000 nanoshells/cell (Figure 

17K, L). Completely covering the membrane with nanoshells (15,000 nanoshells/cell) would 

result in protein denaturation at laser intensities as low as ~10 W/cm2.  

Damage of DNA or RNA 

More significant heating is required to cause the damage of DNA or RNA, which occurs at 

temperatures higher than 85oC[79]. For Case I (Figure 17A) and III (Figure 17I), under no 
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conditions modeled in this study would DNA or RNA damage likely occurred. For Case II (Figure 

4E), a ΔT of 48oC could occur when the intracellular level of nanoshells was greater than 50,000 

nanoshells/cell, in which ~12.5% cytoplasmic space was filled with nanoshells, with the laser 

intensity of 80 W/cm2. A minimum laser intensity of 20 W/cm2 would be necessary at 200,000 

nanoshells/cell, where the cytosol was nearly filled with nanoshells. Therefore, DNA or RNA 

damage could only occur in Case II at both high density of nanoshells and high laser intensity. 

(6) Effect of subcellular distribution of nanoshells on the efficiency of inducing cell death 

The efficiency of inducing cell death by nanoparticle enabled photothermal therapy with 

cw laser has been shown to depend on the intracellular localization of the nanoparticles 

experimentally [85, 101]. Tong et al. observed that targeting nanorods to the cell membrane (Case 

III) was more efficient in causing cell death by NEPTT than targeting them to the perinuclear 

region (Case I) under cw irradiation[101].  Huang et al. showed that gold nanoparticles distributed 

throughout the cytoplasm were more efficient in inducing cell death under cw laser irradiation 

than localized in nuclei[85]. For both studies, membrane permeability of a membrane 

impermeable dye was examined as an indicator of cell death. Both studies did not quantify the 

level of nanoparticles. In our case, the temperature change at the membrane can be used an 

indicator of membrane permeability. At the same level of Au nanoshells, Au nanoshells 

accumulated at cell membrane (Case III) were more efficient in destroying cells than in 

perinuclear region (Case I) and distributed throughout the cytoplasm (Case II) (Figure 17D, H, and 

L, Figure 18 (r = 5 µm)). The cytoplasmic space, however, could accommodate a much higher level 

of nanoshells, which generated higher temperature and destroyed cells more effectively at a much 

lower laser power. Our results agree with experimental observations and provide additional 

insights into how the level of nanoparticles can compound the assessment of the efficiency of cell 

killing by targeting nanoparticles to a given subcellular location. 
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(7) Effect of subcellular distribution of nanoshells on the mode of cell death 

It is generally accepted that hyperthermia induces different modes of cell death depending 

on the temperature, often resulting in a mixed cell population of apoptotic, necrotic and viable 

cells at temperatures corresponding to mild hyperthermia[31]. Temperatures between 40-46 oC 

have been reported to induce apoptosis and temperatures above 43 oC leading to a shift to 

necrosis. The transition temperature is cell line-dependent [59, 75, 76, 102]. Recent experimental 

observations suggest that Au nanoparticles concentrated at nuclei mainly induced apoptosis 

under cw laser while they induce either necrosis or apoptosis when they were distributed within 

the cytoplasm depending on the laser power[85]. In these studies, the level of Au nanoparticles 

was not quantified. When Au nanoshells were concentrated in the perinuclear region (Figure 17A-

D), an average temperature change of 6oC within cells, corresponding to 43oC, required at least 

70% of coverage. We expect that 70% or more of coverage cannot be readily achieved by the 

majority of targeting strategies. As a result, targeting Au nanoshells to the perinuclear region 

likely induces apoptosis only.  The cytoplasmic space permitted a higher level of Au particles than 

 
Figure 18. Effect of nanoshell distribution for equivalent nanoshell dose and laser intensity on intracellular 
temperature change. The simulation was performed at 3,906 nanoshells/cell and a laser intensity of 80W/cm2. 
RN indicates the nucleus size and RC indicates the outer cell radius. Perinuclear localization of nanoshells (Case 
I) led to higher intracellular temperature within nuclei compared to their dispersion throughout the cytosol (Case 
II) or accumulation on the membrane (Case III). Case II led to higher intracellular temperature within the cytosol 
compared to other two cases. 
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the nuclei, which could give rise to a range of temperatures that could be either below or above 

43oC by varying the laser power (Figure 17C).  This range of temperatures could induce either 

necrosis or apoptosis cell death based on the temperature criteria. Our results agree with current 

experimental observations. As for targeting nanoshells to the cell membranes (Figure 17L), about 

30% of coverage, was required for an average temperature change of 6oC. It is possible to induce 

either apoptosis or necrosis by many of membrane targeting strategies.  

(8) Effect of subcellular distribution of nanoshells on the generation and preservation of 

DAMPs 

A number of damage associated molecular patterns (DAMPs), including heat shock proteins 

(HSPs), high-mobility group box 1(HMGB1) protein, and DNA/RNA associated with the 

temperature increase have been identified [77]. So far few studies have reported how the 

subcellular location of nanoplasmonics affect the generation of DAMPs. Some other hyperthermia 

strategies have proposed that the generation of DAMPs is associated with the temperature cells or 

tissues are exposed to[103].  

HSPs are upregulated in response to elevated temperatures, and can be released following 

cell death[79]. Due to their diverse cellular functions, HSPs are localized in a number of 

intracellular compartments such as the nucleus, cytosol, mitochondria, and endoplasmic 

reticulum[104]. HSPs are generally upregulated at mild to moderate hyperthermia (40.5-47oC) but 

not at thermal ablation range temperatures (above 56oC)[51, 105]. The release of HSPs occurs 

upon necrotic death[106]. As a result, only a small window of temperatures (~43-47oC) at which 

HSP can be generated and released. All three cases of subcellular locations of Au nanoshells can 

potentially generate HSPs (Figure 17C, G, K). It would require careful modulation of the 

intracellular nanoshell level and the laser intensity to achieve significant release of HSPs into 

extracellular space. In Case II (Figure 17G), high nanoshell concentrations within the cytoplasm 
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combined with moderate to high laser intensities led to temperatures in the range of thermal 

ablation which may suppress the generation of HSPs. In Case I (Figure 17C), more than 70% 

coverage of perinuclear region was required for necrosis to occur. It is likely that the intracellular 

HSPs cannot be released into the extracellular space for activating the immune system in this case.  

One promising strategy would be a two-phase photothermal therapy, involving an initial moderate 

temperature increase to promote the upregulation of HSPs followed by an ablative temperature to 

induce necrotic cell death and cell rupture to release the intracellular HSPs. 

HMGB1 is located within the nuclear compartment and secreted from necrotic cells. 

Increasing levels of HMGB1 have been shown to be released into the extracellular space following 

heating at increasing temperature from 43.7oC to 56oC [107]. Based on our simulated results, a 

low level of HMGB1 was expected to be detected in the extracellular space when nanoshells were 

accumulated at perinuclear region alone (Figure 17A).  In contrast, effectively targeting Au 

nanoshells to the cytosolic space (Figure 17E) or the cell membrane (Figure 17I) make it possible 

to achieve temperatures above 50oC and release a significant level of HMGB1.    

DNA/RNA are localized in the nucleus and the cytosolic space. It has been shown that DNA 

and RNA are released into the extracellular space and act as a DAMP when cells undergo necrotic 

cell death[77]. Cells exposed to a range of temperatures from 50 to 90oC can generate DNA 

fragments in response to thermal injury[108]. Based on our simulation results, when nanoshells 

were accumulated in the cytosolic space (Figure 17E), temperatures in the 50-90oC could be 

reached for a number of nanoshell concentrations and laser intensity combinations but would be 

nearly impossible when nanoshells were accumulated in perinuclear region (Figure 17A). The 

release and immunogenicity of these DNA fragments requires further studies.  
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(9) Limitations of our current model 

In our current model, we made a few assumptions.  First, we did not consider cell 

morphologies other than spheres (Figure 14). Second, we did not consider the effect of density of 

nanoshells on the absorption efficiency of individual nanoshells. When the density of nanoshells 

increases, the interspacing between nanoshells decreases and the absorption efficiency of 

individual nanoshell decreases. The dependence of absorption efficiency on the interspacing of 

nanoshells was predicted by Liu et al[88]. Based on their results, the total heat generation was not 

linearly dependent on the nanoshell density as used in the current model (eq. 14). Our current 

model over-estimated the temperature change for the same nanoshell density. In order to achieve 

the same temperature at a given intracellular location, a higher laser intensity than predicated in 

the current model was needed. Third, we assumed that nanoshells were uniformly localized in 

cytosol , perinuclear region, or cell membrane (Figure 14). It is most likely that nanoshells are 

heterogeneously accumulated in a number of subcellular locations.  

While the model we developed had many simplifications, our conclusions are in agreement 

with available experimental observations. A survey of a range of Au nanoshells and laser powers 

helped to clarify some experimental observations and provided possible strategies for the optimal 

treatment by NEPTT. We used gold nanoshells as our model system. The major difference between 

different nanoplasmonics is the absorption efficiency.  Our current model can be easily adapted to 

assess the intracellular temperature profiles induced by other nanoplasmonics. The intracellular 

temperature profiles at a single cell level provide us with a microscopic understanding of the 

effects of subcellular location of Au nanoshells on the onset and mode of cell death and the 

generation and release of DAMPs.  
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D.4 Conclusion 

Theoretical cases presented here represent a range of conditions possible during actual 

treatment. Nanoshell uptake within a population of cells will vary significantly due to delivery 

both in vitro and in vivo. Both the radial Gaussian distribution of the laser, and the attenuation 

within the medium as function of depth will result in a range of incident laser intensities 

throughout the mass. The nanoshells synthesized will not be perfectly monodispersed, with slight 

variation in absorption efficiency, as well as interparticle interactions that can alter their 

absorption characteristics. These variations can lead to a wide range of intracellular temperatures 

within the population of cells treated. The simulations performed in this study can provide insight 

into optimizing the conditions for efficient intracellular heating for a significant portion of cells to 

be treated.   
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D.5 Supplemental Information 

 
Calculation of σabs and Qabs 

The absorbance cross section σabs or the dimensionless absorbance efficiency Qabs were 

calculated based on the BHCOAT program by Bohren and Huffman [93] . Briefly, a coated sphere 

with inner radius a and outer radius b was exposed to an incident electromagnetic field (Ei, Hi) 

that was polarized in the x plane in an isotropic, homogenous medium. The electromagnetic field 

was expanded into an infinite series of vector spherical harmonics 

 

The electromagnetic fields within the core and shell regions, as well as scattered away from the 

particle were written as 
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Figure 19. Effective thermal properties of the gold layer used throughout the simulations. Effective density (A), heat 
capacity (B), and thermal conductivity (C).  
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Where 

                      

             

and are the Reccati-Bessel functions where 

 

N: Refractive index of the medium  
a: radius of core  
b: radius of shell  
λ: wavelength of incident light 
m1: refractive index of the core relative to the surrounding medium 
m2: refractive index of the shell relative to the surrounding medium 
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The absorption coefficient can be calculated from the extinction and scattering coefficients. 
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E. Chapter 5: In vitro inflammatory response 

E.1 Background 

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.[37, 69, 109] The efficacy of nanoplasmonics-enabled 

thermal ablation of tumor cells, particularly those based on gold nanoshell/silica cores, termed 

nanoshell enabled photothermal therapy (NEPTT), has been demonstrated both in vitro and in 

vivo.[4-12]  

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 during normal homeostasis is generally considered not to elicit inflammation 

or an immune response, which would otherwise result in autoimmunity.[77] Cell death can lead to 

an immunogenic response when they undergo specific forms of necrosis or stress that result in the 

preservation and release of various danger-associated molecular patterns (DAMPs).[22] 

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,[110, 111] hyaluronan and biglycan,[22, 

112-114] and heat shock proteins (HSPs).[115, 116] 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.[117]  

The other 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.[117-119] The NALP3 inflammasome has been shown to be activated by a 
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wide range of pathogen associated danger signals as well as DAMPs. The DAMPs that can activate 

the NALP3 inflammasome include extracellular ATP,[22, 120, 121] ADP, AMP,[122] uric acid and 

monosodium urate (MSU) crystals.[123-125]  Uric acid released from dying cells has been shown 

to crystallize into monosodium urate (MSU) in the extracellular environment due to the presence 

of high levels of sodium ions.[125, 126] Iyer and colleagues also suggest that actively-respiring 

mitochondria that are released from necrotic cells can activate the NALP3 inflmmasome possibly 

through the generation ATP.[22]  

Inflammasomes form high molecular weight complexes that activate caspase-1 to cleave 

precursors of proinflammatory cytokines, such as IL-1β and IL-18.[127] 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.[128] It can recruit neutrophils[22, 129] and other inflammatory cells[128] 

to the site of injury, promote the maturation of dendritic cells (DCs),[120] prime CD8+ T-

cells,[130] induce the differentiation of type 17 T-helper cells,[131] and stimulate the production 

of various downstream molecules such as nitric oxide(NO) and proinflammatory cytokines such as 

IL-6 and IL-12.[132] Activation of the inflammasome complexes has been shown to be required 

for the development of adaptive immune responses against tumors.[130] 

Recently, cancer therapies that combine cell killing 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.[133, 134] 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.[120]  
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Towards the goal of eradicating and preventing the recurrence of tumors, an important 

question for the development of nanoplasmonics remains to be addressed: does nanoplasmonic-

enabled photothermal therapy simply perform a microsurgery, which only removes the tumor 

mass, or can it also mobilize immune responses against tumors? In this study, we show that 

NEPTT, under commonly-used experimental conditions, induced necrotic cell death. Subsequently, 

we assessed whether DAMPs released from NEPTT-treated cells stimulated inflammasome 

complexes and whether they were able to activated macrophages for the generation of pro-

inflammatory cytokines, i.e. IL-1β. Our results provide critical insights into the development of 

nanoplasmonics for combining photothermal therapy and immunotherapy to treat cancers. 



69 

 
 

E.2 Research Design and Methods  

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, 1mM 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 37oC 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 37oC 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 37oC and 5% CO2.  

Gold Nanoshell Enabled Photothermal Therapy  

TC-1, B16, and J774A.1 cells at 6x104 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. 9L cells were plated at 3x104 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.  
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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, 808nm, 

23W/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 70oC water bath for 

5 minutes, and 3 cycles of freeze-thaw, were used as controls.  

 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 µ85l 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). 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.  

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 
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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. 

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. 

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.  

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 collegues.[135] Uricase converts the uric acid 
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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.   

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 

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. 

Dendritic Cell Maturation 

 BC-1 mouse dendritic cells were stimulated with Au nanoshell-treated B16 cells for 48 

hours prior to flow cytometric (BD Biosciences FACSCan). Cells were washed 3 times in DPBS 

prior to nonspecific site blocking with FC block (2µg/ml purified rat anti-mouse CD16/32) for 15 

minutes on ice. Cells were then stained with 0.05 µg/ml anti-mouse FITC-conjugated CD-86 and 

0.05 µg/ml anti-mouse PE conjugated MHCII for 30 minutes at 4oC. The cells were then washed 3 

times prior to being re-dispersed in 200 µl of FACs buffer containing 7-AAD. The samples were 

analyzed within one hour. BC-1 cells treated with 1 ng/ml LPS were used as a positive control for 

maturation. 
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Statistics 

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. 



74 

 
 

E.3 Results 

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

Recent studies suggest that cellular components released from dead cells either by 

chemotherapeutic drugs,[120] pressure-disruption,[22] or complement-mediated lysis[22] 

stimulate inflammasomes but not by UV irradiation or freeze-thaw cycles.[22, 130]  We then 

examined whether cellular components from NEPTT-treated cells would trigger inflammasomes. 

In this study, a mouse macrophage cell line, J744A.1, and a human macrophage cell line, THP-1, 

were used. J744A.1 and THP-1 have been well characterized as cell lines that respond to a variety 

of well-documented inflammasome-inducers.[136-138] J744A.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-1βin J744A.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 concentration 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 20A). Higher ratios of 

dead cells to macrophages did not activate inflammasomes either (Figure 20B).  
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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 

tested activated the inflammasome complexes to produce IL-1β (Figure 21). 

Figure 20. The stimulation of 
inflammasomes by NEPTT treated 
cells are not affected by the dose of 
gold nanoshells or the cell 
supernatant concentration. (A) 
J774A.1 macrophage cells were 
stimulated with supernatant 
fractions collected from treated B16 
cells. A ratio of B16 to J774A.1 of 
10:1 was used. (B) J774A.1 
macrophage cells were stimulated 
with supernatant fractions collected 
from treated B16 cells at a ratio of 
B16 to J774A.1 of 10:1-1:1 for a 
gold nanoshell dosing concentration 
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. DPBS was used as a 
negative control. Values are mean ± 
SD. Experiments are representative 
of at least two independent 
experiments.  
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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.[22, 122, 125] 

The level of ATP released from NEPTT-treated cells is about 0.004 mM  and significantly higher 

than untreated cells (p < 0.05) (Figure 22A). However, 0.5-5 mM ATP was required to activate 

inflammasomes and induce IL-1β secretion alone (Figure 22B). Iyer and collegues[22] have 

suggested respiring mitochondria released from pressure-disrupted or complement induced-lysis 

of cells actively produce ATP that is responsible for inflammasome activation. They have also 

shown that heating to 65oC 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-

Figure 21. Inflammasome activation by NEPTT is not cell line dependant. Two macrophage cell lines were 
stimulated with supernatant fractions collected from treated cells at a ratio of 1:1 for gold nanoshell dosing 
concentrations of 75,000 nanoshells/cell. Three murine cell lines, TC1, B16, and J774A.1 were used to stimulate 
J774A.1 macrophages, with 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. 2mM 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. 
Values are mean ± SD. Experiments are representative of at least two independent experiments.  
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Figure 22. Cellular components released 
from dying cells known to trigger 
inflammasome activation are quantified 
and used to stimulate IL-1β secretion at 
the measured levels. (A)   Extracellular 
ATP concentration quantified using a 
Promega Enliten ATP assay. (B) 
Inflammasome activation using 0-2 mM 
ATP. (C) Extracellular ADP 
concentration was quantified using a 
Bellbrook Labs ADP assay. (D) 
Inflammasome activation using 0-10 
mM ADP. (E) Extracellular uric acid 
concentration was quantified. (F) 
Inflammasome activation using 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 at least two 
independent experiments.  

 

enabled laser irradiation damages mitochondria[35]. The temperatures at which necrotic cell 

death was induced by NEPTT were often greater than 60oC[12, 101] . As a result, NEPTT may have 

destroyed the respiring 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 

collegues.[22] 

 

ATP-mediated inflammasome 

activation occurs through activation 

of the P2X7 receptor found on many 

immune cells.[139] Exonucleases on 

the surface of the cell membrane or 

in the extracellular milieu may 

degrade ATP.[120] The degradation 

products of ATP, including ADP, AMP and adenosine, have not been shown to directly activate the 

inflammasome, but their ability to activate P2X7 receptors and induce IL-1β secretion in immune 
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cells has been suggested.[121, 122, 140] ADP, the product of ATP de-phosphorylation by ATPases, 

was quantified for both its presence in the secreted components of NEPTT cells (Figure 23C) and 

its ability to induce inflammasome activation (Figure 22D). ADP levels generated by cells treated 

with NEPTT were higher than untreated cells, but 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.[123, 125] Uric acid released following NEPTT was present at 

insufficient levels to activate inflammasome complexes (Figure 22E-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.  

E.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.[77] We have demonstrated that NEPTT-treated cells underwent necrosis and their 

cell membrane became permeable (Figure 7). However, the NEPTT-treated cells were poor in 

stimulating inflammasome complexes and pro-inflammatory cytokine secretions (Figure 20 and 

21). The inability to stimulate inflammasomes was due to insufficient levels of the inflammasome-

associated DAMPs generated or released from cells (Figure 22).  
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Supernatant levels of ATP 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 monosodium urate 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 measurements can be different from what could occur in vivo or 

clinical settings. We estimated the possible level of major DAMPs released from a tumor mass 5 

mm in radius and containing 5x106 cells (Table 4). 

 

We also 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 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 of DAMPs are small molecules and tend to diffuse away from local tumor sites. Some DAMPs 

Table 4. Estimated in vivo DAMP concentrations. The measured concentration of the DAMPs ATP, ADP, and uric 
acid are converted to the generation rate per tumor cell. The intratumor concentration was estimated assuming a tumor 
density of 5*106 cells within a 5 mm diameter tumor. Circulation within the bloodstream assuming dispersion was 
estimated for humans (4 liters total) and mice (2 ml total). 

DAMP
Measured 

Concentration
Cell 

Generation Tumor 

Blood 
Circulation 

(Human)

Blood 
Circulation 

(Mouse)
ATP mM mmol/cell mM mM mM

100,000 NS/Cell 4.1E-04 2.0E-13 1.9E+00 2.5E-07 5.1E-04
75,000 NS/Cell 2.9E-04 1.4E-13 1.4E+00 1.8E-07 3.6E-04
50,000 NS/Cell 3.3E-04 1.7E-13 1.6E+00 2.1E-07 4.2E-04
25,000 NS/Cell 1.8E-04 8.9E-14 8.5E-01 1.1E-07 2.2E-04
Water Bath 9.8E-05 4.9E-14 4.7E-01 6.1E-08 1.2E-04
Freeze Thaw 7.6E-05 3.8E-14 3.6E-01 4.7E-08 9.5E-05
Control Cell 5.3E-05 2.6E-14 2.5E-01 3.3E-08 6.6E-05
Media 2.7E-05 1.3E-14 1.3E-01 1.7E-08 3.3E-05

ADP
75,000 NS/Cell 7.9E-03 3.9E-12 3.8E+01 4.9E-06 9.8E-03
50,000 NS/Cell 0.0E+00 0.0E+00 0.0E+00 0.0E+00 0.0E+00

Uric Acid
75,000 NS/Cell 5.4E-03 2.7E-12 2.6E+01 3.4E-06 3.3E-05
50,000 NS/Cell 7.6E-03 3.8E-12 3.6E+01 4.8E-06 3.3E-05
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are prone to be degraded and lose their activity (such as ATP). We also would like to note that it is 

nearly impossible to load all the tumor cells, especially cells located in the interior of the tumor, 

with a sufficient level of Au nanoshells to induce necrotic cell death and release DAMPs.  

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),[106, 116, 133] high mobility group box 1(HMGB1) protein,[110, 141, 142] 

S100 proteins,[143, 144] DNA,[145] RNA,[146] and the cytokine IL-6.[147] 

  Heat shock proteins (HSPs), including HSP70, HSP90, and GP96, are expressed in cells in 

response to thermal stress.[79, 103, 148, 149] These HSPs are immunogenic and can be 

recognized by CD14, CD40, CD91, TLR2, or TLR4.[150], [115, 116, 151, 152] They activate a 

variety of signaling pathways that induce pro-inflammatory cytokines (i.e. TNF-α, IL-1β, IL-6, IL-2) 

and play a role in DC maturation and antigen presentation[153]. 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.[51, 106, 151, 154] 

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 to 123oC 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.[155] 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 high levels of HSPs. The temperatures during NEPTT 

generated are greater than 60oC where coagulative necrosis would occur.[12],[156] Therefore, it is 

unlikely that significant levels of HSPs could be generated prior to cell death.  
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 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.[153] HMGB1 has been shown to translocate from the nucleus and subsequently released 

into the lysate following heating at 43.7oC, 47oC  and 56oC.[107]  The level of HMGB1 increases as 

the temperature increases up to 56oC. 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.[77, 153] 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.[31]  

HSPs, DNA and RNA from necrotic cells are able to induce the maturation of DCs[145, 146, 

157] and up-regulate surface molecules, such as CD86 and MHC II. We did examine whether B16 

cells treated with NEPTT were able to activate immature DCs at different nanoshell dosages and 

the ratio of B16 to DCs (Figure 23). 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 may not be immunogenic due. 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.[158] A tolerogenic response can result in a poor prognosis 

due to recurrence of tumors. 

Figure 23. Killed B16 melanoma cells do not induce maturation in BC-1 dendritic cells. BC-1 maturation 
measured through CD86 and MHCII surface expression analyzed by flow cytometry. (A) BC-1 dendritic 
cells were stimulated with treated B16 cells at a ratio of B16 to BC-1 1:1 for gold nanoshell dosing 
concentrations of 100,000-25,000 nanoshells/cell. (B) BC-1 dendritic cells were stimulated with treated 
B16 cells at ratios of B16 to BC-1 from 4:1 to 1:1 for a gold nanoshell dosing concentration of 50,000 
nanoshells/cell. 
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We recognize that the generation of DAMPs from necrotic cells is modality- and 

temperature dependent.  In this study, we used nanoshells as the model system and studied the 

activation of inflammasomes in a cell culture system. Other nanoplasmonics may require 

additional analysis. The heterogeneity of the temperature profile within the tumor in vivo during 

NEPTT can generate necrotic tumor cells that may release sufficient levels of immunostimulatory 

DAMPs. Hirsch and colleagues reported a change in temperature range within a tumor from 10 to 

a maximum of 34oC and an average temperature change between tumors from 28-60oC.[10] An 

array of temperatures within a particular tumor undergoing NEPTT may provide a population of 

killed cells with diverse immunogenicity and/or tolerance, which can complicate the therapeutic 

outcomes of NEPTT.  

E.5 Conclusion 

 Laser irradiation mediated by nanoplasmonics, including gold nanoshells, represents a 

novel 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 and other studies give insights into the 

development of nanoplasmonics for combined photothermal therapy and immunotherapy of 

cancers.  
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F. Chapter 6: Inflammatory Response to Nanoshell Accumulation  

F.1 Background 

Gold nanoshell/silica core nanoplasmonics have a broad spectrum of applications due to 

their unique tunable plasmon resonance. One of primary applications is laser-induced 

photothermal therapy, particularly for targeting cancer cells due to their passive accumulation at 

vascularized tumors [9-12]. Nanoshell accumulation in tumors relies on the enhance permeability 

and retention (EPR) effect in which circulating nanoparticles extravasate into tumors due to the 

leaky nature of the vasculature within the rapidly expanding tumor mass.  

Normal blood vessels have tight endothelium which allows only small molecules such as 

nutrients to be diffuse across along with blood plasma, while retaining red blood cells and 

majority of macromolecules and nanoparticles[159]. Tumors larger than 2-3mm induce 

angiogenesis to sufficiently supply the rapidly growing tumor mass. Neovascularization of the 

tumor results in characteristic defective blood vessels with leaky endothelium[160]. Tumor cells 

also produce  various growth factors such as vascular endothelial growth factor(VEGF) that 

increase vascular permeability[161].The leaky nature of the endothelium allows macromolecules 

and nanoparticles to be extravasted into the tumor interstitium where the tumor cells reside, 

which are not in direct contact with the blood flow. In addition to the leaky nature of the tumor 

blood vessels, poor lymphatic drainage allows macromolecules and nanoparticles to remain for 

extended periods of time[162]. This combination of increased leakiness and decreased drainage 

results in tumor interstitial fluid pressure (IFP), which can limit extravasation into the tumor[163, 

164]. Nevertheless, gold nanoshells can still accumulate at high levels within the tumor utilizing 

the EPR effect[165]. 
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Circulating nanoparticles often accumulate in other healthy organs as well, such as the 

liver, kidneys, spleen, and lungs[166].  In those organs, there exist abundant numbers of 

macrophages and other phagocytes that may tend to engulf nanoparticles encountered. 

Gold nanoshell/silica core nanoplasmonics for cancer treatment and imaging has thought 

been relatively safe and biocompatible[3, 37, 167]. In recent years, particulates, such as micro- 

and nano- sized silica particles[168-170], asbestos[168], aluminum hydroxide[169], and crystal 

uric acid[124], have been shown to activate an intracellular sensor, NALP-3 inflammasome. NALP-

3 Inflammasome is a protein complex consisting of apoptosis-associated speck protein with a 

caspase and recruitment domain (ASC) and caspase-1. NALP-3 acts as a scaffold protein, and ASC 

bridges NALP-3 to caspase-1 for its activation. The activated caspase-1 then cleaves precursors of 

proinflammatory cytokines, such as pro-IL-1β, to IL-1β[127]. The release of IL-1β into 

extracellular space triggers neutrophilic inflammatory responses. Several diseases, including 

silicosis, gout, asbestosis, type II diabetes mellitus, are involved in the pathway of NALP3-IL-1β. 

IL-1β has been responsible for many other disorders, which are extensively reviewed in [117].  

It has been established that the activation of NALP-3 inflammasomes by silica particles is due to 

the resultant reactive oxygen species (ROS). Au nanoparticles have been shown to be the 

scavenger of ROS[170].  Will Au nanoshell/silica core nanoparticles activate NALP3 

inflammasome and are indeed biocompatible and safe? In order to enhance their circulation time, 

poly(ethylene glycol) (PEG) has been used for modifying the surface of nanoparticles[29]. Will 

PEG attenuate or enhance the ability of Au nanoshell/silica core nanoparticles in activating NALP3 

inflammasomes? 

In this study, we set out to address these two questions. We show that Au nanoshell/silca core 

nanoplasmonics, currently involved in clinical trials, activated the NALP3 inflammasome complex 

and induced IL-1β secretions by macrophages. Pegylation reduced the production of IL-1β by 
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macrophages. Our results suggest that Au nanoshell/silica core nanoplasmonics mediated-

inflammation can occur in various organs that are not being targeted for nanoshell enabled 

photothermal therapy. When they are used for in vivo imaging, neutrophilic inflammation due to 

the activation of NALP3 inflammasome and the generation of IL-1β should be carefully assessed.  

Surface modification of Au nanoshell/silica core nanoplasmonics, such as peglyation, can 

potentially reduce the probability of triggering NALP3 inflammasome pathway.  

F.2 Research Design and Methods  

Materials 

Tetraethyl orthosilicate, ammonia, (3-Aminopropyl) trimethoxysilane, gold (III) chloride 

hydrate, sodium bicarbonate, tetrakis(hydroxymethyl)phosphonium chloride solution, sodium 

chloride, dihydrorhodamine 123, dichlorodihydrofluorescein, 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).  Enzyme-

linked immunosorbent assay (ELISA) reagents including primary and secondary antibodies, 

Streptavidin-horse radish peroxidase (SA-HRP), and 3,3’,5,5’-tetramethylbenzidine (TMB) were 

obtained from eBiosciences (San Diego, CA) 

Cell Culture 

THP-1 cells (ATCC) were maintained  in Roswell Park Memorial Institute (RPMI) 1640 

media supplemented with 10% fetal bovine serum (FBS), 2 mM L-glutamine, 1mM sodium 

pyruvate, 10 mM (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid )(HEPES), 50 µM 2-

mercaptoethanol, and 1.5 g/L glucose. Cells were maintained at 37 oC and 5% CO2, and kept at a 

concentration of between 4 and 8 ×105 cells/ml.  

Fabrication of nanoparticles 
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Silica NP and GNS nanoparticles were fabricated as previously described [171]. The PEG-

GNS nanoparticles were fabricated by mixing 1 to 10 μM PEG-SH (MW: 5, 000 Da, Sigma) with GNS 

nanoparticles at the concentration of ~1×109 nanoparticles/ml. The samples were left at room 

temperature for 1 h while shaking. Excess PEG-SH of was removed by 3 times of centrifugation 

and followed by wash steps, The PEG-GNS nanoparticles were dispersed and stored in Milli-Q 

water before use.  

Characterization of nanoparticles 

Nanoparticles 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 silica 

NP and GNS nanoparticles. The size distribution and aggregation of nanoparticles 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 silica mass concentration determined by freeze drying an aliquot of 

known volume of the stock solutions. The molecular weight and density of the silica particles was 

assumed to be similar to bulk values. GNS nanoparticle concentration was estimated based on the 

quantity of silica particles assuming no loss of silica particles during the preparation of GNS 

nanoparticles.  

Stimulation of macrophages 

 THP-1 cells were initially treated in 96-well plates with 2 μg/ml lipopolysaccharide  (LPS) 

from Escherichia coli 0111:B4 (Sigma) for 24 h at 1x105 cells/cell. Then they were stimulated with 

different nanoparticles and Min-U-Sil 15 silica crystals (silica MP) in culture medium without FBS 

for 4 h before the addition of the FBS to a final concentration of 10%. Supernatants were sampled 
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after 24 h for ELISA. THP-1 cells incubated with cell culture media only after LPS stimulation were 

used as negative controls to determine the background level of IL-1β.  

Enzyme-linked Immunosorbent Assay (ELISA) 

 The level of IL-1β secreted by macrophages was assessed by ELISA. 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 the blocking buffer (1% FBS in PBS). The detection range for IL-1β was 8 - 2000 pg/ml. 

Standard procedures described in eBioscience protocol literature (eBioscience) were used. 

Detection of intracellular ROS 

Intracellular ROS generation was assessed using the fluorescent probes 

dichlorodihydrofluorescein(DCF) and dihydrorhodamine 123 (DHR 123) (Sigma Aldrich St. Louis, 

MO). DHR 123 and DCF are cell permeable dyes that become fluorescent following the oxidation 

by ROS. 1x105 LPS-treated THP-1 cells in 96-well plate were incubated with 10 μM DHR 123 and 

DCF for 45 min, washed twice carefully with DPBS, and exposed to the nanoparticles dispersed in 

media without FBS. ROS levels were monitored for a duration of 2 h at 490 nm (Ex)/536 nm (Em) 

in by a SpectrMax M5 plate reader. 

Assessment of scavenging effect of GNS, PEG-GNS nanoparticles 

50µl hydrogen peroxide (H2O2) was introduced to a 50µl solution containing GNS and PEG-

GNS  for 30 min at a concentration range from 10 to 0.1 µM of H2O2 in 96 well plates. The solutions 

were then spun down at 2000 rpm for 10 min to remove all the nanoparticles. 50µl of the 

supernatant was transferred to an opaque white Costar 96-well plate, and 50 µl of solution 

containing HRP at a 1:100 ratio, and 10µM DCF were added to each well. The solutions were 

allowed to react for 15 min before the fluorescence was measured at 490 nm (Ex)/536 nm (Em) in 

96-well plate on a SpectraMax M5 plate reader. 
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Assessment of the quenching of fluorescence of DHR 123 and DCF by Au nanoparticles 

A solution containing 100 µM of H2O2, HRP at a 1:100 ratio, and 4 µM of DHR 123 or DCF 

was reacted for 15 min before the addition of nanoparticles at a final concentration of 5 to 1mg/ml 

and measured immediately at 490 nm (Ex)/536 nm (Em) in 96-well plate on a SpectrMax M5 plate 

reader. 

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 ± the standard deviation 

(SD) of the samples unless otherwise indicated. 

F.3 Results 

Characterization of nanoparticles 

Four types of nanoparticles, including Au nanoshell/silica core (GNS), PEGlyated Au 

nanoshell/silica core (PEG-GNS), and silica nanoparticles (Si NP), were used in this study.  GNS 

consisted of a silica core of 119 ± 11nm in diameter (Figure 24A) and a 17 nm-thick of gold shell 

(Figure 1b).  PEG-GNS showed an increase in hydrodynamic diameter by 25 nm (Figure 24B) and 

zeta potential by 20 mV (Figure 24C), consistent with literature findings for other gold 

nanosparticles that show an increase in hydrodynamic diameter and neutralization of surface 

charge[172]. Both GNS and PEG-GNS nanoparticles used in this study exhibited similar dimensions 

and optical properties as used in previous in vivo and in vitro studies [5, 7, 9, 10, 25, 32, 92, 173] 

(Figure 24D). The silica particles exhibited positive charge with the zeta potential of 40 mV 

(Figure 24C).  
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Cellular uptake of nanoparticles and morphological changes of macrophages  

Initially, we qualitatively assessed the cellular uptake of the nanoparticles by microscopic 

analysis (Figure 25).  The cellular uptake of all the nanoparticles increased as their concentrations 

that cells were exposed to increased. Silica nanoparticles were taken up by THP-1 cells at a higher 

level than other nanoparticles due to their positively charged surfaces. For all types of particles, 

some nanoparticles were simply associated with the surface of cells and could not be removed by 

washes. GNS appeared to aggregate while PEG-GNS remained dispersed at the high concentration 

of nanoparticles.  Cells formed large aggregates in the presence of high concentration of GNS (> 3 

mg/ml) and silica particles, but not in the presence of PEG-GNS (Figure 25). 

 

Figure 24. Characterization of silica and gold shell nanoparticles. (A) Scanning electron microscopy (SEM) image of 
silica nanoparticles (silica NP), and Au nanoshell/silica core nanoparticles (GNS). (B) Hydrodynamic size and (C) Zeta 
Potential of silica NP, GNS and pegylated GNS (PEG-GNS) measured by dynamic light scattering. (D) UV-Vis 
absorption spectra of GNS and PEG-GNS in water. The GNS had a SPR peak at 830 nm.  
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Induction of secretion of IL-1β by nanoparticles 

Recent studies suggest that particulates such as silica particles and asbestos can activate 

NALP3 inflammasome and induce the cleavage of pro-IL-1 and subsequent IL-1β secretions[124, 

168, 169, 174]. We examined whether GNS and PEG-GNS, or silica NP would trigger NALP3 

inflammasomes. Silica microparticles, used in previous studies[169], were used as controls 

(Figure 25). A human macrophage-like cell line, THP-1, was used. THP-1 cells have been well 

characterized as a cell line that responds to a variety of well-documented inflammasome-

inducers[136-138]. 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 can therefore be assessed by the secretion of IL-

1βin THP-1 cells.  

Figure 25. Cellular uptake of nanoparticles at different concentrations of particles. Light microscopy images of cells 
incubated with GNS, PEG-GNS ranging from 5.0 to 0.1mg/ml. Silica NP and Min-U-Sil 15 silica microparticles (Silica 
µP) at 0.1mg/ml and cells with no nanoparticles(Control). Scale bar 20µm 
 



92 

 
 

As shown in Figure 26, PEG-GNS did not induce the secretion of IL-1β at the concentration 

up to 5 mg/ml. In contrast, GNS yielded a statistically significant level of IL-1β at 3 mg/ml 

nanoparticles compared to cells without particles, and the level of IL-1β increased as 

concentrations of particles increased.  Silica NP at the same mass concentration as GNS particles 

induced nearly 5 to 8 fold higher level of IL-1β. In summary, the ability of the same mass 

concentration of nanoparticles in stimulating the inflammasomes followed the order: SNP > GNS > 

PEG-GNS nanoparticles.    

 

 

Generation of Reactive Oxygen Species (ROS) by nanoparticles 

It has recently been clearly demonstrated that ROS induced by silica particles and uric acid 

releases thioredoxin (TRX)-interacting protein (TXNIP) from TRX, and released TXNIP binds and 

activates NALP3 inflammasome [168]. We subsequently assessed intracellular ROS levels induced 

by different nanoparticles by a ROS fluorescent probe, DCF.  Cells exposed to a given 

concentrations of soluble H2O2 were used as controls. We monitored the fluorescence change for 2 

h (Figure 30). The fluorescence of oxidized DCF leveled off after 1 h for all the particle groups and 

Figure 26. The stimulation of IL-1β production by GNS, PEG-GNS, and silica NP. (A) LPS-treated THP-1 
macrophage cells were stimulated with nanoparticles at concentrations ranging from 5 mg/ml to 0.01mg/ml. Silica 
µP were used as a positive control, and untreated cells were used as a negative control (Control). IL-1β secreted by 
stimulated macrophages were collected after 24 h and quantified by ELISA. Values are mean ± S.D. (B) IL-1β 
levels plotted as a function of particles/cell exposed to the macrophages. Experiments are representative of three 
independent experiments.  
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soluble H2O2 except high concentrations of silica nano- and micro-particles. For clarification, we 

compared all the groups at 100 min (Figure 27).  

 

 

As expected, intracellular level of H2O2 linearly increased as extracellular concentration of 

H2O2 increased. For particle groups, silica NP exhibited significant level of intracellular ROS, which 

increased as the mass concentration of particles increased. Interestingly, both GNS and PEG-GNS 

did not yield a significant level of intracellular ROS in comparison with cells without any 

treatments. Macro-sized silica particles generated a significant level of ROS as demonstrated in 

previous studies[170]. 

Scavenger effect and fluorescent quenching of Au nanoparticles 

Silica particles induced a significant level of ROS detected by DCF while a low level, even 

lower than untreated cells, of ROS was detected in cells treated with either GNS or PEG-GNS 

Figure 27. ROS generation by GNS, PEG-GNS, and silica NP. LPS-treated THP-1 macrophage cells were 
stimulated with nanoparticles at concentrations ranging from 5 mg/ml to 0.1mg/ml. Silica µP and extracellular H2O2 
were used as a positive control, and untreated cells were used as a negative control (Control). ROS generation was 
monitored for a duration of 120 min with the ROS specific fluorescent probe DCF. For clarity, the fluorescent 
intensity at 100min was plotted. The kinetics of fluorescent intensity of DCF is shown in Figure 30. 
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nanoparticles. The level of ROS induced by silica particles correlated with that of IL-1β. The signal 

of DCF of cells treated by GNS and PEG-GNS nanoparticles was lower than untreated cells. As 

shown in Figure 3, GNS at the concentration greater than 3 mg/ml instigated a lower but 

significant level of IL-1β. 

Two questions were raised: Do GNS or PEG-GNS nanoparticles not generate ROS at all, or is 

the generated ROS scavenged by them? Do Au nanoparticles quench the fluorescence of the ROS 

probe, DCF? We first tested whether Au nanoparticles acted as the scavenger of ROS. A known 

concentration of H2O2 was reacted with all Au nanoparticles for 30 min followed by the removal of 

Au nanoparticles. The residual of H2O2 was detected by DCF.  As shown in Figure 28, only GNS 

particles exhibited a statistically significant scavenger effect while PEG-GNS did not.  

 

 

Figure 28. H2O2 scavenging effects of GNS (A), PEG-GNS (B) nanoparticles.  Nanoparticles are incubated with 
H2O2 solutions of varying concentrations for 15 mins prior to centrifugation and removal of the supernatant to assay 
for  levels using the fluorescent ROS dye DCF. Values are mean ± S.D. Experiments are representative of two 
independent experiments. 



95 

 
 

The broad absorption spectrum of Au nanoparticles (Figure 25D) suggested that Au 

nanoparticles could potentially quench fluorescence of DCF, which was excited at 490 nm and 

emitted at 536 nm. We tested this possibility by first oxidizing DCF with a given concentration of 

H2O2 and then tested the fluorescence level of DCF in the presence or absence of Au nanoparticles. 

As shown in Figure 29, both GNS and PEG-GNS quenched the fluorescence of DCF at a 

concentration dependent manner. In the presence of 1 mg/ml of particles, the fluorescence of DCF 

was reduced 6 times.  

 

 

F.4 Discussion 

GNS or surface modified GNS (i.e. PEG-GNS) are currently utilized in clinical trials for 

cancer treatment[175]. The components of these particles, silica and gold, are considered to be 

both biocompatible and nontoxic, and are used in various applications in medicine[167]. In this 

study, we have assessed the ability of GNS, PEG-GNS and silica nanoparticles to activate the NALP3 

inflammasome and induce the production of proinflammatory cytokines IL-1β (Figure 26A). Our 

results demonstrate that non-pegylated GNS induced significantly higher levels of IL-1β compared 

Figure 29. Fluorescent quenching effects of GNS and PEG-GNS.  H2O2 is reacted with DCF prior to nanoparticle 
addition and fluorescence at 536nm is measured. Values are mean ± S.D. Experiments are representative of two 
independent experiments. 
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to pegylated ones (Figure 26A); silica nanoparticles yielded about 5 times higher level of IL-1β 

than non-pegylated GNS at the same mass concentration (Figure 26B).  

In recent years, it is established that the ROS induced by particulates, such as silica nano- 

and micro-particles and crystal uric acid, activates NALP3 inflammasome, which cleaves pro-IL-1β 

into secretory form of IL-1β.  Intracellular ROS was detected by DCF as in this study. For silica 

particles, the generation of IL-1β was correlated with the level of ROS, which is consistent with 

previous findings[170]. The correlation of DCF signal, ROS level and IL-1β generation induced by 

Au nanoparticles became less apparent due to the quenching and scavenging effects of these 

particles (Figure 28 and 29). Based on our observations (Figure 26, 27 and 29), PEG-GNS unlikely 

induced a significant level ROS, and the reduced signal of DCF compared to untreated cells was 

attributed to the quenching effect by particles.  The DCF signal in cells treated with them 

correlated the level of ROS and resultant IL-1β GNS did induce ROS at the high concentration (> 3 

mg/ml), but both the scavenging and quenching effects masked the generation of ROS that was 

undetected by DCF. Additionally, the scavenging effect possibly diminished the activation of 

NALP3 inflammasome by ROS and thus the level of IL-1β. As a result, GNS was less active in 

stimulating NALP3 inflammasomes than silica NP. 

ROS generation by macrophages in response to particulates is due to the phagocytosis of 

the particles and the activation of NADPH oxidase[168]. Frustrated phagocytosis, which occurs 

when the particles are not able to be internalized by cells is also thought to activate the NADPH 

pathways to generate ROS[176]. While the NADPH pathway has been implicated in the generation 

of ROS during the frustrated phagocytosis, some evidence suggests that this pathway is not the 

sole pathway. Mice lacking the gp91phox subunit (NOX2) of the NADPH oxidase complex still 

respond to silica and MSU crystals as wild type [169]. Zhou and colleagues have recently 
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demonstrated that mitochondria, in response to the particulates such as silica and MSU crystals, 

can generate ROS that activates NALP3 inflammasome [177]. 

The catalytic decomposition of reactive oxygen species such as hydrogen peroxide(H2O2) 

by gold surfaces has been studied by various groups. Much of the earlier work on H2O2 

decomposition was summarized by Johannes Schwank[178]. Based on the mechanisms proposed 

by Weiss[179] and Ono[180] and adapted for Au, decomposition of H2O2 proceeds through a 

number of reactions with an array of intermediates. The rate limiting step in the decomposition of 

H2O2 is in the initial electron transfer from the gold to hydrogen peroxide catalyzing the 

decomposition to a hydroxyl anion and hydroxyl radical(Equation 19). From there a number of 

reactions can occur and are outlined below: 

Bulk gold, a noble metal, has been typically regarded as a relatively inactive catalyst. The limited 

but measureable capability of bulk gold catalytic decomposition  of hydrogen peroxide compared 

to other metals , alloys, and metal oxides has been well established[180, 181]. However nano sized 

gold owing to its high surface area to volume ratio have been used extensively in various catalysis 

reactions summarized in the following reviews[182-184].  While nanometer sized colloidal gold 

grown from reduction of HAuCl4 showed low H2O2 decomposition catalytic capability[185],  

nanoparticle gold supported on a range of materials showed high catalytic activity,  mainly on 

polymers[186] and metal oxides such as TiO2, ZnO, SrTiO3, BiVO4[187, 188]. Suh and coworkers 

showed gold deposited on SiO2 had higher decomposition activity for H2O2 than α-Al2O3, TiO2 or 

𝐴𝐴𝐴𝐴 + 𝐻𝐻2𝑂𝑂2 →  𝐴𝐴𝐴𝐴+ + 𝑂𝑂𝐻𝐻− + ∙ 𝑂𝑂𝑂𝑂 

𝐻𝐻2𝑂𝑂2 + ∙ 𝑂𝑂𝑂𝑂 →  𝐻𝐻2𝑂𝑂 + ∙ 𝐻𝐻𝑂𝑂2  

∙ 𝐻𝐻𝑂𝑂2 ↔ 𝐻𝐻+ + 𝑂𝑂2
− 

𝐴𝐴𝐴𝐴+ + 𝑂𝑂2
− → 𝐴𝐴𝐴𝐴 + 𝑂𝑂2  

𝐴𝐴𝐴𝐴 + 𝐻𝐻𝑂𝑂2 →  𝐴𝐴𝐴𝐴+ +  𝐻𝐻𝑂𝑂2
−  

𝐴𝐴𝐴𝐴+ + 𝐻𝐻𝑂𝑂2 → 𝐴𝐴𝐴𝐴 + ∙ 𝐻𝐻𝑂𝑂2     

(20) 

(21) 

(22) 

(23) 

(24) 

(19) 
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SiO2[189]. This would suggest that gold nanoshells, with a silica(SiO2) core support and a gold 

shell could be active in H2O2 decomposition. Decomposition of H2O2 and corresponding 

decomposition of superoxide 𝑂𝑂2− according to equations 20 and 22 above, would provide a 

reasonable mechanism for reactive oxygen species(ROS) scavenging produced by the cell by gold 

nanoshells taken up or interacting in with the cell, minimizing the ROS signaling required for 

NALP3 inflammasome activation. 

GNS nanoparticles appeared to form aggregates and aggregation became more severe at 

the high mass concentrations. Macrophages formed clusters and attempted to engulf the 

aggregated nanoshells. In contrast, PEG-GNS nanoparticles remained dispersed and formed rather 

small aggregates (Figure 25). Therefore, the induction of ROS by GNS was likely through the 

NADPH pathway due to the frustrated phagocytosis of aggregated GNS. GNS nanoparticles are 

often pegylated for in vivo applications to increase circulation time[190, 191]. Our results suggest 

that PEGylation also reduces the aggregation of particles and thus attenuates the ability of GNS in 

activating NALP3 inflammasome.  

GNS particles injected intravenously for cancer photothermal therapy accumulates in the 

liver, kidney, spleen, and lungs in addition to the targeted tumor sites [165]. High levels of 

accumulation in those organs can expose phagocytes, such as macrophages, to an environment 

containing a high concentration of particles. In such cases, activation of NALP3 inflammasomes 

likely occurs and leads to a cascade of inflammatory responses in untargeted organs. Chronic 

inflammation at untargeted sites can compromise the treatment of cancers and cause severe side 

effects.  Peglyation of GNS plays a dual role in the activation of inflammasomes. Peglyation reduces 

the scavenging effect of GNS nanoparticles and the possibility of forming large aggregates. The 

balancing of these two effects can be a critical design parameter for minimizing inflammatory 

responses due to the activation of inflammasomes.  
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F.5 Conclusions 

We have demonstrated here that Au nanoshell/silica core nanoparticles activate 

inflammasome complex in macrophages, resulting in the release of the proinflammatory cytokine 

IL-1β. They join a growing list of particulates that act as “danger signal” and trigger the 

intracellular sensors of the innate immune system. Colloidal stability of particles in a given 

physiological environment appears to play a critical role. Aggregations of particles can lead to 

frustrated phagocytosis and ROS generation, which may activate inflammasomes.  Surface 

modification of these particles with PEG successfully minimizes the aggregation and mitigates the 

activation of inflammasomes. These findings have important implications in designing 

nanoplasmonics for either imaging or therapy. Though Au nanoshell/silica core nanoparticles 

were assessed in this study, our finding in correlating the aggregation with the activation of 

NALP3 inflammasomes has implications in other particulates for drug delivery, imaging and 

therapy as well.  
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F.6 Supplementary Information 

 

Figure 30. Kinetics of intracellular ROS generation. LPS-treated THP-1 macrophage cells were stimulated with 
nanoparticles at concentrations ranging from 5 mg/ml to 0.1mg/ml. Silica µP and extracellular H2O2 were used as a 
positive control, and untreated cells were used as a negative control (Control). ROS generation was monitored for a 
duration of 120 min with the ROS specific fluorescent probe DCF. 
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G. Conclusions and Future Directions 

Gold nanoshells have been shown to be useful in a variety of biomedical applications, and 

have already reached clinical trial status. This thesis expands on both the fundamental aspects of 

the nanoshell enabled photothermal therapy induced damage through experimentation and 

modeling using quantifiable methodologies. Immunological implications of the nanoshell 

accumulation and cell death associated with the thermal ablation were also addressed, with a 

focus on the newly discovered inflammasome complex implicated in a variety of innate immune 

responses to sterile inflammation. 

Combined Nanoshell Enabled Photothermal and Immunotherapy 

In recent years, increasing research has begun to map out the innate immune response to 

cell damage and death within the body. Cell death modality has been shown to be an important 

factor in the induction of the inflammation process and the resulting innate immune 

responses.[22, 125, 192] While our work in vitro did not indicate an immune response to the 

thermally ablated cells, the tumor microenvironment in vivo, along with differing accumulation 

levels and treatment parameters may induce an immune response that could be utilized to 

increase tumor clearance and regression as well as the development of an adaptive specific 

antitumor immune response. This could lead to the eradication of metastases at distant sites from 

the primary treatment, and the ability to defend against future rechallenges. 

Induced Inflammation by Gold Nanoshell Accumulation 

Our preliminary exploration of the inflammatory response to gold nanoshells indicates that 

at high concentrations, sensing of the nanoparticulates can occur by resident macrophages in sites 

of accumulation which can trigger the activation of the NALP3 inflammasome complex resulting in 

the generation of proinflammatory cytokines. The can be mediated by surface modification and 

passivation in vitro. It has yet to be determined if an inflammatory response to high levels of 
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nanoshells in vivo occurs, and what the potential implications to successful cancer photothermal 

therapy.  

Gold Nanoshell Catalysis 

Our initial observation of H2O2 decomposition catalyzed by the gold nanoshells opens up the 

possibility for the use of gold nanoshells, and silica particles with varying degrees of gold coverage 

for the catalysis of a range of reactions that gold nanoparticles are currently being used for. 

Optimizing the H2O2 decomposition reaction and determining the reaction kinetics would be the 

initial step, followed by the examination of other gold catalyzed reactions.   
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I Appendix A 

I.1 Synthesis of Gold Nanoshells with Varying Geometries 

Based on Mie theory, nanoshell surface plasmon resonance can be tuned by variation of the 

core to shell ratio, as well as the overall size of the nanoshell itself. By varying the silica core size 

synthesized, nanoshells with varying core to shell ratios were obtained, with corresponding 

changes in the resonance peak. Silica particles were synthesized using a modified Stober method 

described in Chapter 2. By varying the ratio of NH4OH while keeping TEOS and EtOH constant, the 

silica size can be varied. 

In Figure 31 below, the characterization of the nanoshell geometries synthesized is 

summarized. 8 gold nanoshell batches were produced which are labeled GNS1-8.   

 

 

Figure 31. Gold nanoshell synthesis of varying geometries. A) TEM images of complete nanoshell formation for 8 
silica NP samples, corresponding to the GNS1-8 designation. GNS1 100,000X magnification, GNS2-8 50,000X 
magnification. B) Absorption spectra of GNS samples 1-8 in water. C) Size and geometry of GNS from TEM image 
measurements.  
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GNS1 consists of gold nanoshells synthesized and aged for over 1 year. GNS1 nanoshells were used 

in all experiments in previous sections, while all subsequent batches (GNS2-8)were used 

immediately after synthesis for the experiments in the following sections. In addition, gold 

nanoshells were synthesized with vary degrees of gold reduction on the surface until complete 

shell formation was obtained, utilizing the same silica nanoparticle cores as the GNS2 batch of 

nanoshells. Figure 32 summarizes the characterization of the nanoparticles with varying degrees 

of gold.  By varying the amount of colloidal gold coated silica particles added to a gold reducing 

solution, varying degrees of gold reduction were achieved while keeping the total amount of gold 

between the samples the same.   

 

 

I.2 Scavenger effect and fluorescent quenching of newly synthesized gold nanoshells 

H2O2 scavenging was performed on aged and newly synthesized GNS using the procedure 

described in Chapter 6. Comparisons between aged gold nanoshells(GNS1) and freshly 

synthesized gold nanoshells showed a repeatedly observable difference in the interaction with the 

Figure 32. Gold nanoshell synthesis with varying degrees of gold reduction. Completed gold nanoshells were 
labeled GNS2. A) TEM images of nanoparticles with different amount of colloidal gold particles added to the gold 
reducing solution at 50,000X magnification. B) Normalized absorption spectra of samples in water.  
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fluorescent ROS detection system consisting of HRP and H2DCF in PBS buffer. For control samples 

without H2O2 consisting of only buffer and newly synthesized gold nanoshells, supernatant 

aliquots obtained after centrifugation and removal of nanoshells, when combined with the 

HRP/H2DCF detection solution, exhibited a higher background fluorescence than the controls 

without gold nanoshells, while aged gold nanoshells did not exhibit this increase in 

fluorescence(Figure 33A,D). The increase in background fluorescence is GNS concentration 

dependent as well (Figure 33B). Newly synthesized gold nanoshells with varying geometries also 

increase background fluorescence that appears to not be specifically related to plasmon resonance 

peaks and size (Figure 33C). 

 

 

Figure 33. H2O2 scavenging effects of aged and newly synthesized GNS. Nanoshells are incubated with H2O2 
solutions of varying concentrations for 15 mins prior to centrifugation and removal of the supernatant to assay for  
levels using the fluorescent ROS dye DCF. (A) Aged gold nanoshells(GNS1) compared to newly synthesized GNS2 
(B) Concentration dependent scavenging by newly synthesized GNS2. (C) Scavenging by newly synthesized GNS3-
7. (D)  Aged gold nanoshells(GNS1) compared to newly synthesized GNS8. 
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The consistent results for the newly synthesize gold nanoshells indicates that some interaction 

with the buffer solution is occurring that can either increase the interaction with the HRP 

resulting in oxidation of the H2DCF to DCF, or indirectly increase the fluorescent signal of the DCF. 

The exact mechanism of this interaction is not known, but it is thought to involve adsorption or 

desorption of ions in the PBS solution during incubation at 37oC.  The surface of gold nanoshells is 

covered in Cl- and CO32- ions in the gold reducing solution that come from the reduction of the 

AuCl4- ion onto the gold shell, freeing the Cl- ions, or from the dissociation of the K2CO3 added as a 

buffer. During aging of the nanoshells, atmospheric CO2 can dissolve in the aqueous solution and 

form carbonic acid which may lead to the desorption of carbonate ions from the surface of the 

nanoshells that will buffer the solution. A decrease in carbonate ions on the surface of the particles 

can allow for the adsorption of ions found in the PBS buffer.  

I.3 Effect of Buffer conditions on Background DCF Fluorescence 

To explore the contribution of the buffer to the background signal, DPBS was compared to 

PBS for determination of buffer effects. DPBS does not contain calcium or magnesium ions. The 

overall fluorescence in both the samples containing H2O2 and controls is lower overall in DPBS, 

while the effect of newly synthesized GNS2 for both sample sets is similar(Figure 34A).  
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Considering that the interaction of the newly synthesized gold nanoshells would occur in 

the samples containing hydrogen peroxide as well as the solutions only containing buffer, H2O2 

scavenging by gold nanoshells would be masked by the increased background. To account for this, 

the scavenging data in Figure 33 was replotted accounting for this by subtracting the 

corresponding background levels from the control samples incubated with nanoshells (Figure 35). 

Figure 34. Buffer effects on DCF background signal. Nanoshells are incubated with H2O2 solutions of varying 
concentrations for 15 mins prior to centrifugation and removal of the supernatant to assay for  levels using the 
fluorescent ROS dye DCF. (A) Nanoshells are dispersed in DPBS and PBS (B) PBS is purged for 15 mins with N2 
to remove residual oxygen prior to incubation. 
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I.4 Quenching of DCF signal by gold nanoshells 

The absorption spectra of the newly synthesized gold nanoshells still overlaps significantly 

with the emission spectra of the fluorescent DCF, which would lead to significant quenching of the 

signal (Figure 36).  

Figure 35. Normalized H2O2 scavenging effects of aged and newly synthesized GNS. Nanoshells are incubated 
with H2O2 solutions of varying concentrations for 15 mins prior to centrifugation and removal of the 
supernatant to assay for ROS levels using the fluorescent ROS dye DCF. Fluorescence is normalized to 
background controls without H2O2. (A) Aged gold nanoshells(GNS1) compared to newly synthesized GNS2 (B) 
Concentration dependent scavenging by newly synthesized GNS2. (C) Scavenging by newly synthesized 
GNS3-7. (D)  Aged gold nanoshells(GNS1) compared to newly synthesized GNS8. 
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I.5 Comparison of Aged and Newly Synthesized GNS in inducing Inflammasome Activation 

Newly synthesized gold nanoshells with the ability to activate inflammasome complexes in 

macrophages was assessed. LPS stimulated THP-1 cells were incubated for 4 hours with GNS1 and 

GNS8 particles prior to imaging. Gold nanoshell aggregation and association with macrophages 

differed greatly for the aged and newly synthesized nanoshells in terms of apparent quantity for 

the same mass concentration (Figure 37).  

Figure 36. Fluorescent quenching effects of aged GNS1 and newly synthesized GNS8.  H2O2 is reacted with DCF 
prior to nanoparticle addition and fluorescence at 536nm is measured. Values are mean ± S.D.  
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The ability of the newly synthesized gold nanoshells to generate intracellular ROS(Figure 

38) and activate inflammasomes(Figure 39) is independent of ROS scavenging. Quenching of the 

fluorescent signal by the GNS may explain the low intracellular ROS generation by the newly 

synthesized GNS8. 

 

 

Figure 37. Cellular uptake of aged and newly synthesized GNS at different concentrations of particles. Light microscopy 
images of cells incubated with GNS1 and GNS8 ranging from 3.0 to 0.2mg/ml.  

Figure 38. Intracellular ROS generation in THP-1 cells by aged and newly synthesized GNS. LPS-treated THP-1 
macrophage cells were stimulated with nanoparticles at concentrations ranging from 1 mg/ml to 0.2mg/ml. Silica µP 
and extracellular H2O2 were used as a positive control, and untreated cells were used as a negative control (Control). 
ROS generation was monitored for a duration of 120 min with the ROS specific fluorescent probe DCF. 
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Based on the cell microscopy images, the number of newly synthesized nanoshells that are 

interacting with the cells is lower than the aged nanoshells, however higher IL-1β levels are 

observed(Figure 39). This could be due to a number of reasons. The newly synthesized gold 

nanoshells may have a slightly different surface chemistry compared to the aged particles which 

may lead to higher macrophage stimulation and inflammasome activation. A decrease in ROS 

scavenging ability may also explain also explain an increased inflammasome activation response. 

The current observations and data indicate a significant difference in gold nanoshell properties 

between the aged and newly synthesized particles that we aren’t able to characterize at this time.  

I.6 Pegylation of nanoshells to limit surface interaction 

It is clear that freshly synthesized gold nanoshells have a more reactive surface than aged 

nanoshell surfaces. Generally, pegylation of the surface is utilized to minimize interactions 

between the nanoparticle surface and its surroundings due to steric hindrance and water ordering 

at the PEG corona. In an attempt to minimize surface interactions of freshly synthesized gold 

Figure 39. The stimulation of IL-1β production by aged and newly synthesized GNS. LPS-treated THP-1 
macrophage cells were stimulated with nanoparticles at concentrations ranging from 3 mg/ml to 0.2mg/ml. Silica µP 
were used as a positive control, and untreated cells were used as a negative control (Control). IL-1β secreted by 
stimulated macrophages were collected after 24 h and quantified by ELISA. Values are mean ± S.D 
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nanoshells, a number of pegylation parameters were employed to coat the nanoshell surface and 

are summarized below in Table 5. 

  PEG-GNS1 PEG-GNS2 PEG-GNS3 PEG-GNS4 PEG-GNS5 
PEG Concentration [uM] 5 0.5 5 20 50 
PEG/GNS 36697 3670 36697 146787 366968 
Excess PEG 67.5 6.7 67.5 269.8 674.6 
Hydrodynamic Diameter [nm] 181.3 204.4 220.1 202.2 291.7 
PDI 0.1 0.2 0.2 0.2 0.4 
Zeta Potential[mV] -4.8 -3.7 -5.6 -4.1 -7.0 
Estimated PEG length [nm] 12.2 23.7 31.5 22.6 67.4 

Table 5. PEG-GNS characterization. Gold nanoshells functionalized with varying concentrations of PEG. PEGylation 
was characterized by hydrodynamic diameter, PDI, and zeta potential using dynamic light scattering. Estimated PEG 
coverage was based on the flory radius determined for 5000MW PEG. Estimated PEG length was determined from 
comparison of hydrodynamic diameter to bare gold nanoshell diameter. 
 

An increase in the hydrodynamic diameter and corresponding decrease in the zeta potential 

indicates that pegylation of the nanoshell surface occurred. Differences in hydrodynamic diameter 

and zeta potential could indicate a difference in the degree of pegylation on the surface, and the 

conformation of the PEG chains from a mushroom to a brush structure. The length would indicate 

a brush structure for all the PEG-GNS samples.  

I.7 Effect of Pegylation on nanoshell uptake 

Aged gold nanoshells showed a tendency to aggregate to a greater extent than freshly synthesized 

gold nanoshells(Figure 37), however pegylation also led to a decrease in aggregation(Figure 25). 

For freshly synthesized gold nanoshells, pegylation also decreased the extent of aggregation that 

occurs in media (Figure 40), but not to as significant of an extent as for the aged nanoshells. This 

would indicate that the surface is not fully protected from interaction with the media solution in 

the case of freshly synthesized gold nanoshells. 
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I.8 Comparison of Newly Synthesized PEG-GNS in Limiting Inflammasome Activation 

Pegylation decreases nanoshell induced inflammasome activation by decreasing aggregation and 

uptake of the nanoshells in the case of aged nanoshells. For freshly synthesized gold nanoshells, 

the role of pegylation may extend beyond this, by also shielding the more reactive surface from 

interacting with the macrophage cells. As seen in Figure 40, the pegylated nanoshells do not 

appear to significantly decrease the amount of aggregated and settled nanoshells, but the 

macrophage cells do not cluster around the aggregated clusters the same way as the bare 

nanoshells. This would indicate potentially indicate a decrease in surface interaction due to the 

pegylation. Intracellular ROS production, a key indicator of inflammasome activation is again 

measured(Figure 41).  

Figure 40. Cellular uptake of aged and newly synthesized GNS and pegylated GNS. Pegylation does not significantly 
decrease aggregation of th efreshly synthesized nanoshells.Light microscopy images of cells incubated with GNS1 and 
GNS8 ranging from 3.0 to 1.0mg/ml.  
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Secreted IL-1β was quantified for both the bare and pegylated nanoshells (Figure 42). 

 

 
Pegylation of the freshly synthesized gold nanoshells decreased the inflammasome activation 

significantly, but did not completely eliminate inflammasome activation as was the case for the 

aged GNS(Figure 26). One indicator that the pegylation is insufficient in preventing interaction at 

the nanoshells surface is inability to decrease the buffer solution interaction that occurs during 

nanoshell scavenging. The freshly synthesized GNS have some interaction with the PBS buffer 

Figure 41. Intracellular ROS generation in THP-1 cells by newly synthesized GNS with varying degrees of 
pegylation. LPS-treated THP-1 macrophage cells were stimulated with nanoparticles at concentrations ranging from 
1 mg/ml to 0.2mg/ml. Silica NP and extracellular H2O2 were used as a positive control, and untreated cells were 
used as a negative control (Control). ROS generation was monitored for a duration of 120 min with the ROS specific 
fluorescent probe DCF. 

Figure 42. The stimulation of IL-1β production by freshly synthesized GNS, PEG-GNS, and silica NP. (A) LPS-
treated THP-1 macrophage cells were stimulated with bare and pegylated GNS. Silica NP were used as a positive 
control, and untreated cells were used as a negative control (Control). IL-1β secreted by stimulated macrophages 
were collected after 24 h and quantified by ELISA. Values are mean ± S.D (*P < 0.05 versus value  for media 
control, **P < 0.05 versus value  for GNS8). (B) IL-1β levels replotted on smaller axis to show detail . Experiments 
are representative of three independent experiments.  
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solution that causes the background DCF signal to increase. If pegylation of the nanoshell surface 

were to shield it from interaction with the solution, then the increase in background signal would 

not be present(Figure 43). 

 

 
While there is a decrease in the pegylated samples, it does not completely remove the nanoshell 

surface effects. Either insufficient surface coverage of PEG or a strong surface chemistry on the 

freshly synthesized still allows for some interaction to occur between the gold nanoshell surface 

and the surrounding solution. The consequences of this effect on freshly synthesized GNS is still 

not properly understood, and leaves open the possibility for addition exploration in the field on 

the minute differences between gold nanoshell surfaces and the storage implications for medical 

use.  

Figure 43. Scavenging effects of freshly synthesized  GNS and PEG-GNS (B) Values are normalized to PBS 
samples without H2O2 containing nanoparticles.  
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