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Abstract

Prostate cancer is a significant public health concern in the United States and globally, causing
a substantial number of male deaths each year, ranking second in terms of cancer−related
mortality. Focal therapy, an emerging approach in prostate cancer treatment, aims to ablate
malignant tissues while precisely preserving the neighboring healthy tissues. Photothermal
therapy holds promise as a focal treatment option for prostate cancer, overcoming the limi-
tations of conventional therapies through nanoparticle−based approaches. Despite recent
advancements in the development of diverse photothermal agents, further progress is urgently
required in photothermal therapy. These photothermal transducers should possess the ability
to absorb near−infrared (NIR) light and convert it into heat, enabling localized hyperthermia
and the subsequent destruction of cancer cells. It is crucial for these transducers to absorb
light within the NIR region, which corresponds to the biological window, and to enhance
heat generation, specifically at the cellular level. Multiwalled carbon nanotubes (MWCNTs)
have attracted significant attention in photothermal therapy owing to their exceptional
optical and surface properties. However, their limited absorption within the biologically
relevant 800 nm window requires exploration of methods to enhance their absorption and
improve the light−to−heat conversion. Here, we propose covalently attaching plasmonic
gold nanorods (GNRs) to the surface of MWCNTs, which exhibit localized surface plasmon
resonance within the therapeutic window. This thesis delves into exploring the potential thera-
peutic applications of MWCNTs−GNRs within the first near-infrared window (750 − 950 nm).

Our investigation encompasses the optical and thermal characterization of our plasmonic
hybrid nanostructure, analyzing their light−to−conversion efficiency, temperature profiles,
and potential use as temperature probes using Raman spectroscopy. Through numerical and
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experimental analyses of the optical and thermal properties of the decorated carbon nanotubes,
we present our findings from near-infrared photothermal measurements and quantitative
analysis of the hybrid carbon nanostructure using a laser wavelength of 808 nm. Furthermore,
we evaluated the in vitro performance of MWCNTs−GNRs as photothermal agents, which
resulted in the efficient thermal ablation of cancer cells, surpassing the capabilities of
current plasmonic nanostructures. Using prostate cancer cell lines, we demonstrated the
effective use of MWCNTs−GNRs as nanoprobe thermometers for photothermal therapy by
measuring its anti−Stokes and Stokes signals at different laser powers. Our results revealed
that gold−decorated MWCNTs effectively heated cancer cells and enabled non-invasive
temperature monitoring. The proposed hybrid nanoparticle addresses the current constraints
of in vitro photothermal therapy and serves as a stepping stone for developing a new generation
of photothermal therapy agents.
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Résumé

Le cancer de la prostate est un problème de santé publique important aux États-Unis. Il
présente un taux d’incidence élevé chez les hommes et occupe la deuxième place en termes de
mortalité globale associée au cancer. La thérapie focale émergente vise à ablater précisément
les tissus malins tout en préservant les tissus sains avoisinants. La thérapie photothermique
focalisée est prometteuse contre le cancer de la prostate, en utilisant des nanoparticules pour
surpasser les limites des thérapies conventionnelles. Malgré les récentes avancées dans le déve-
loppement de divers agents photothermiques, il est urgent de progresser dans le domaine de la
thérapie photothermique. Ces transducteurs photothermiques absorbent la lumière infrarouge
proche (PIR) et la convertissent en chaleur, ce qui permet une hyperthermie localisée et la
destruction des cellules cancéreuses. Il est crucial que ces transducteurs absorbent la lumière
dans la fenêtre biologique et améliorent la production de chaleur, en particulier au niveau
cellulaire, pour qu’ils soient efficaces. Les nanotubes de carbone multiparois (MWCNTs) ont
suscité une grande attention dans le domaine de la thérapie photothermique en raison de
leurs propriétés optiques et de surface exceptionnelles. Cependant, leur absorption limitée
dans la fenêtre biologiquement pertinente de 800 nm nécessite l’exploration de méthodes
pour augmenter leur absorption et améliorer la conversion de la lumière en chaleur. Ici, nous
proposons de lier de manière covalente des nanobâtonnets d’or plasmoniques (GNRs) à la
surface des MWCNTs, qui présentent une résonance plasmonique de surface localisée dans la
fenêtre thérapeutique.

Cette thèse explore les applications thérapeutiques potentielles de MWCNTs−GNRs dans
la première fenêtre du PIR (750 − 950 nm). Notre recherce comprend la caractérisation
optique et thermique de nos nanostructures hybrides plasmoniques, en analysant leur efficacité
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de conversion de la lumière, leurs profils de température et leur utilisation potentielle en
tant que sondes de température à l’aide de la spectroscopie Raman. Grâce à des analyses
numériques et expérimentales des propriétés optiques et thermiques de MWCNTs−GNRs, nous
présentons nos résultats de mesures photothermiques dans le PIR et d’analyse quantitative
de la nanostructure hybride de carbone à l’aide d’un laser d’une longueur d’onde de 808
nm. En outre, nous avons évalué la performance in vitro des MWCNTs−GNRs en tant
qu’agents photothermiques, ce qui a entraîné une ablation thermique efficace des cellules
cancéreuses, surpassant les capacités des nanostructures plasmoniques actuelles. Nous avons
utilisé des cellules cancéreuses de la prostate pour démontrer l’efficacité des MWCNTs−GNRs
comme thermomètres nanosondes pour la thérapie photothermique en mesurant des signaux
anti−Stokes et Stokes à différentes puissances de laser. Nos résultats ont révélé que les
MWCNTs−GNRs chauffaient efficacement les cellules cancéreuses et permettaient un contrôle
non invasif de la température. La nanoparticule hybride permet de répondre aux contraintes
actuelles de la thérapie photothermique in vitro et de développer une nouvelle génération
d’agents thérapeutiques.
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Chapter 1

Introduction

1.1 Current Treatment for Prostate Cancer

During a man’s lifetime, approximately one in every eight men is diagnosed with prostate
cancer [7]. Prostate cancer is a major public health concern in the United States, leading to
numerous deaths annually among men. It is one of the most common cancers in men and the
second leading cause of cancer−related death worldwide. According to the American Cancer
Society, approximately 288,300 new cases of prostate cancer will be diagnosed by 2023, and
34,700 men will die [7]. The use of prostate−specific antigen (PSA) for the screening of
prostate cancer is controversial because it has led to increased diagnosis and treatment of
low− and intermediate−risk prostate cancer [8, 9]. Patients with these conditions are typically
considered for active surveillance or whole−gland therapies such as prostatectomy (radical
surgery) or radiation therapy. Prostate cancer treatment has a significant impact on both
the economy and society. Therefore, it is essential to consider the available treatments, their
costs, and the cost−effectiveness of different clinical strategies for treating localized prostate
cancer at different stages of severity [10]. Despite the progress in cancer treatment, more
effective and less invasive treatment options for prostate cancer are still needed. Focal therapy,
which involves the targeted destruction of cancerous tissue in the prostate while preserving
healthy surrounding tissue, is an emerging option that reduces side effects such as urinary
dysfunction, erectile dysfunction, and morbidity associated with whole−gland therapies [8].
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Due to the multifocal nature of prostate cancer, focal therapy is an alternative treatment
for patients with malignant lesions [8]. In recent decades, several focal treatment options
have been developed for low− and intermediate−risk prostate cancer, including irreversible
electroporation [11] radiofrequency ablation [12], focal brachytherapy [13], cryotherapy [14],
photoactivated nanoparticle therapy [15, 16], and highly focused ultrasound therapy [17]. In
recent years, the development of nanoparticles for cancer therapy has emerged as a promising
approach for overcoming the limitations of conventional therapies. Near−infrared plasmonic
photothermal therapy (PPTT) [18–20] has received considerable attention because of its
ability to selectively target cancer cells using near−infrared (NIR) light and generate heat to
destroy them. This therapy is based on the unique properties of plasmonic nanoparticles,
which can absorb NIR light and convert it into heat, causing localized hyperthermia and
inducing cancer cell death.

1.2 Limitation of Focal Ablation Therapy

PPTT is a promising method for treating cancers, including prostate cancer, owing to its high
selectivity and minimally invasive nature. Compared to other focal ablation treatment modal-
ities, PPTT has the advantage of generating accurate, predictable, and homogeneous tumor
ablation while minimizing collateral damage to the surrounding tissues. Precision control of
photothermal therapy (PTT) is only possible with the use of light−activated nanoparticles,
which enables spatiotemporal control of treatment and achievement of therapeutic effects.
The effectiveness of NIR plasmonic photothermal therapy has been demonstrated in various
preclinical studies, showing selective cancer cell killing and tumor regression. In 2019, a
research team conducted a pilot clinical trial utilizing gold−silica nanoshells for unifocal
nanoparticle−mediated photothermal therapy in patients with prostate cancer [21]. The
study identified limitations in monitoring the temperature within the tumor and surrounding
tissues using magnetic resonance imaging (MRI)−guided laser interstitial thermal therapy
(LITT). Gold−silica nanoshell−directed ablation addresses this limitation as it selectively
targets only the tissues, ensuring that laser ablation is successful while minimizing the risk of
overheating. These preliminary clinical results provide an impetus for further investigation of
novel nanostructures and strategies for precise, controlled, and uniform energy delivery, as
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well as for temperature measurement and distribution in tumors. Considering the unique
characteristics of prostate cancer, including the location of the prostate gland and its as-
sociated risk factors, numerical and experimental investigations are essential to facilitate
the development of novel nanomaterials suitable for hyperthermia plasmonic photothermal
therapy.

1.3 Research Objectives

Considering this context of photothermal therapy, the objectives of this thesis are i) to
investigate the potential of multiwalled carbon nanotubes (MWCNTs) decorated with plas-
monic gold nanorods (GNRs) to achieve high local absorption and heat conversion in the
near−infrared biological window; ii) to evaluate their efficacy in achieving ablation efficiency
and heat confinement in near−infrared photothermal therapy; and iii) to assess the efficacy
of Raman thermometry in determining the local temperature during photothermal ther-
apy. This research encompasses the design and synthesis of a novel therapeutic plasmonic
nanomaterial, experimental and numerical evaluation of the efficacy of the photothermal
agent using continuous wave, and its potential theragnostic applications using Raman spec-
troscopy. An experimental approach employing prostate cancer cell lines (PC3) was used to
investigate the in vitro applications of plasmonic nanostructures. MWCNTs decorated with
plasmonic nanoparticles offer significant advantages over existing PTT agents, given their
enhanced light−to−heat conversion efficiency in the NIR window, resulting in efficient and
localized heat generation at the cellular level. This thesis focuses on the potential benefits
of gold nanorods−decorated multiwalled carbon nanotubes (MWCNTs−GNRs) as i) NIR
photothermal transducers and ii) nanoprobe thermometers in photothermal cancer therapy.
In summary, this thesis delves into pivotal questions to develop a more efficient and effective
approach to PTT, which has the potential to improve cancer treatment outcomes.

1. Can the NIR absorption of MWCNTs be enhanced through hybridization with plasmonic
nanostructures, and if so, which plasmonic structure is the most suitable?

2. What is the most suitable numerical technique for properly modeling the electromagnetic
response of MWCNTs decorated with plasmonic gold nanorods?
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3. What is the most appropriate chemical process for synthesizing novel photothermal
transducers that involve decorating MWCNTs with plasmonic gold nanorods?

4. Which high-resolution techniques can effectively assess the optical properties and
visualize the morphology and size of MWCNTs−GNRs?

5. Which non-invasive spectroscopic techniques are viable for monitoring the temperature
at the cellular level? Can MWCNTs−GNRs serve as in situ nanoprobes for temperature
cancer cells using anti-Stokes Raman thermometry?

6. Which in vitro assays can be used to comprehensively evaluate the cytotoxicity of the
novel hybrid photothermal transducers (i.e., MWCNTs−GNRs) for NIR photothermal
therapy?

Based on these research questions and according to the proposed objectives, the following
in vitro effects were accomplished, encompassing both computational and experimental
aspects:

1. A numerical model was developed to calculate the optical and thermal properties of
decorated MWCNTs and used to determine their feasibility as photothermal agents for
in vitro and in vivo clinical applications. Finite element method software was utilized
to study the thermal and optical spectral distributions of bare and plasmonic-decorated
carbon nanotubes. This computational model has enabled a better understanding of
plasmonic photothermal therapy using plasmonic hybrid carbon nanotubes as mediated
heating agents and beyond.

2. Efficient thermal ablation was achieved using the novel hybrid nanostructures as
plasmonic photothermal transducers. These novel nanostructures enabled the imple-
mentation of plasmonic nanoparticles exhibiting localized surface plasmons, which
increased the absorbance coefficient and photothermal conversion in the near−infrared
spectrum, as well as maximized tumor cell damage.

3. The combination of Raman spectroscopy and laser delivery has proven useful for direct
temperature measurements at the cellular level at various power levels.
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1.4 Significance of the Work

Nanoparticles in cancer therapy represent a rapidly growing field of research that holds
promise for applications beyond cancer treatment, including imaging, drug delivery, and
diagnostics. The development of more effective and safe therapeutic nanoparticles can extend
their utility across various fields. Overcoming the limitations of conventional cancer therapies,
such as chemotherapy and radiation therapy, is important for reducing damage to healthy
tissues and reducing severe side effects. This could lead to better patient outcomes and
quality of life.

To address these challenges, a novel NIR photothermal transducer that involves multi-
walled carbon nanotubes decorated with plasmonic gold nanorods is proposed and evaluated,
both numerically and experimentally. This innovative hybrid approach to designing hybrid
MWCNTs aims to open the doors for theragnosis based on imaging and confined ablation
of cancer cells, as well as offering a minimally invasive therapeutic strategy with in situ
temperature measurement using decorated carbon nanotubes.

This work has significant implications for cancer therapy and biomedical research by
introducing a novel approach to address the limitations of current photothermal therapy. The
proposed hybrid nanoparticle addresses the current limitations of PTT and lays the ground-
work for the development of a new generation of PTT agents that combine nanotechnology
and laser technology with Raman spectroscopy to improve cancer treatment outcomes. The
interdisciplinary nature of this study underscores the importance of collaboration between
different fields to develop innovative cancer therapies. In summary, NIR plasmonic pho-
tothermal cancer therapy has the potential to transform cancer treatment by providing more
targeted and minimally invasive therapies with fewer side effects. Its economic implications
are also notable, as it has the potential to reduce the cost of cancer treatment.

1.5 Scope and Limitation of the Research

The scope of research on NIR plasmonic photothermal cancer therapy encompasses the
development of nanoparticles with enhanced NIR light absorption. This thesis focuses on the
photophysical properties of near−infrared plasmonic hybrid nanostructures under various
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experimental conditions, evaluated using an in vitro approach to assess the cytotoxicity and
potential cell viability under laser irradiation and plasmonic hybrid nanoparticles. Although
non−targeted cells have been employed, functionalization of these nanoparticles with targeting
moieties such as antibodies, peptides, or small molecules can improve their specificity for
cancer cells. Also, the scope of this thesis does not encompass drug delivery considerations.
Further research should investigate the improvement of nanoparticle delivery and tumor
targeting, as well as the safety and efficacy of this treatment in preclinical and clinical studies
through animal studies, histological analysis, pharmacokinetics, biodistribution, therapeutic
efficacy, and toxicity to normal tissues.

1.6 Original contributions

This thesis presents an exploration of the potential of decorated MWCNTs in NIR photother-
mal cancer therapy, with the following original contributions:

1. Developing a computational model that facilitates a better understanding of plasmonic
photothermal therapy using plasmonic hybrid carbon nanotubes as mediated heating
agents and beyond. This model enables numerical evaluation of the optical and thermal
properties of decorated MWCNTs for in vitro applications. Additionally, the study of
bare and plasmonic-decorated carbon nanotubes allows for the investigation of their
thermal and optical spectral distributions (see [J2, C1]).

2. The design, conception, and synthesis of hybrid plasmonic nanostructures involved
a covalent bonding process to integrate both gold and carbon nanotube components.
This innovative approach aims to engineer nanostructures with enhanced near−infrared
properties that are specifically tailored for advanced photothermal cancer therapy
applications (see [J2, C1]).

3. For the first time, the application of anti−Stokes Raman spectroscopy using decorated
CNTs as a local temperature probe for direct temperature measurements at the cellular
level. This technique provides a useful tool for monitoring temperature changes during
photothermal therapy and for optimizing treatment parameters (see [J3, C2]).
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1.7 Thesis Organization

The remainder of this thesis is organized as follows:

Chapter 2 provides a comprehensive overview of the fundamental principles of photothermal
therapy and highlights the potential of plasmonic nanomaterial therapy as a novel approach
to cancer treatment. This chapter focuses specifically on the use of GNRs and MWCNTs
as photothermal agents, highlighting the unique properties that make them attractive PTT
candidates. Recent advancements in PTT and theragnosis using carbon nanotubes and gold
nanoparticles have also been examined and evaluated in detail. By examining the current
state of the art in PTT, this chapter provides a strong foundation for subsequent discussions
of the proposed use of gold−decorated MWCNTs as plasmonic photothermal transducers for
cancer treatment.

Chapter 3 investigates the potential benefits of using decorated plasmonic MWCNTs
in NIR photothermal therapy for nontarget PC3 cell lines. The optical and thermal prop-
erties of the MWCNTs were rigorously evaluated using numerical simulations, as well as
microscopic and spectroscopic characterization of the hybrid nanomaterial. Furthermore, an
in vitro assessment of cell viability after several irradiation treatments and cytotoxicity was
meticulously examined.

Chapter 4 presents an investigation into the potential use of decorated MWCNTs as
local temperature and therapeutic probes for Raman thermometry at the cellular level. This
chapter describes how the Raman mode can be extracted using the Boltzmann distribution.

Chapter 5 provides a summary of the findings obtained from previous chapters and their
importance in advancing cancer imaging and photothermal therapy through targeted nanopar-
ticle delivery. Furthermore, this chapter provides an overview of the potential applications of
decorated plasmonic MWCNTs in cancer therapy, including diagnosis, imaging, and targeted
therapy. This chapter also discusses future directions for enhancing the effectiveness of cancer
treatment through the development of more advanced nanoparticle−based delivery systems.
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The integration of spectroscopic techniques, such as Raman thermometry and plasmonic
nanobubbles, and the use of advanced computational models and simulations can provide
a more comprehensive understanding of the behavior of decorated MWCNTs in biological
systems.
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Transition to Next Chapter

Chapter 2 delves into a comprehensive exploration of foundational principles underlying PTT,
with a specific emphasis on the innovative application of plasmonic nanomaterials for cancer
treatment. Notably, GNRs and MWCNTs emerge as focal points in the discussion, show-
casing their potential as effective photothermal agents. The distinctive properties inherent
in GNRs and MWCNTs render them particularly compelling candidates for PTT applications.

A critical analysis of recent advancements in the field is the central focus of this chap-
ter. Specifically, developments in PTT and theragnosis employing carbon nanotubes and
gold−based nanoparticles undergo thorough examination and evaluation. By scrutinizing
the current state of PTT, this chapter establishes a foundation, laying the groundwork for
subsequent discussions.

Moreover, this chapter sets the stage for a detailed exploration of the proposed application
of gold−decorated MWCNTs as plasmonic photothermal transducers in the context of cancer
treatment. The insights gained from this examination contribute to a nuanced understanding
of the potential efficacy and challenges associated with utilizing these nanomaterials in the
evolving landscape of cancer therapeutics.





Chapter 2

Literature Review

2.1 Introduction

Cancer is a major public health concern, with significant mortality rates worldwide. According
to the International Agency for Research on Cancer (IARC), cancer is the second leading
cause of death, accounting for one in every six deaths globally [22]. In the United States,
there were estimated to be 1,958,310 new cancer cases and 609,820 cancer−related deaths
during 2023 [23]. Conventional cancer treatments, such as chemotherapy, radiation therapy,
and surgery, can have significant side effects including tumor recurrence, high toxicity,
low efficacy, and damage to surrounding healthy tissues. Several oncological modalities
including cryoablation [14], high−intensity focused ultrasound [24], radiofrequency ablation
(RFA) [12, 25], microwave thermosphere ablation (MTA) [25], and laser interstitial thermal
therapy (LITT) [26] have been developed for localized ablation to reduce the side effects of
conventional treatments. However, these thermal−based modalities have limitations such
as the need for precise special control, invasiveness, and treatment homogeneity. There is
an urgent clinical need for cancer treatment that is highly selective, effective, noninvasive,
cost−effective, and treats local malignant tumors without adversely affecting adjacent tissues
and vessels. Photothermal therapy is an emerging approach to cancer treatment that utilizes
light−absorbing nanomaterials to generate localized heat and destroy cancer cells. Unlike
the current mainstream treatments, which are invasive and involve antenna and electrode
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insertion, nanoparticle−mediated photothermal ablation of tumors with near−infrared light
is a less invasive tool for treating cancer. This treatment is highly efficient in damaging
cancerous cells by apoptosis [27] or necrosis [28] and has potential benefits in treating recurrent
and resistant cancers compared to conventional cancer treatments.

This chapter investigates the use of nanoparticles in PTT, focusing on the heating
properties of selected nanomaterials and their versatile functions in the theragnosis of
photothermal cancer treatment. We provide an overview of the mechanism and requirements
of PTT, recent developments in the use of spectroscopic techniques to diagnose, guide, and
monitor treatment effectiveness, and emerging thermal simulation and modeling techniques
and their potential uses in preclinical PTT planning. Finally, we highlight the recent progress
in achieving clinical translation in the field.

2.2 Fundamental of Photothermal Therapy

2.2.1 Light−Tissue Interaction

Phototherapy is a therapeutic modality that has been used in the medical field for centuries,
employing light as a means of treating diseases. Its origins can be traced back to [29] ancient
civilizations, such as the Egyptians and Greeks, who practiced heliotherapy for various health
conditions. The interaction between light and tissue is influenced by various factors, including
the intensity and wavelength of the light, the type of tissue, and the presence of chromophores
that absorb light, such as blood and melanin [30]. In laser−tissue interactions, the amount
of light absorbed depends on the optical properties of the tissue and the wavelength of light
[30, 31]. The Beer−Lambert law is a widely recognized principle for analyzing the interactions
between light and matter [32]. This principle pertains to the attenuation of collimated light
as it passes through a tissue layer, resulting in diminishing intensity due to absorption. The
mathematical formula expressing this concept is as follows:

I(x) = (1 − R)Io exp(−µax) (2.1)
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where I(x) is the intensity of the light at a specific distance x within the tissue, Io is the
initial intensity of the light, µa is the absorption coefficient of the material, and R is the
coefficient of Fresnel reflection at the tissue surface when the light beam is perpendicular
to it. It is important to note that the Beer−Lambert law is based on several assumptions,
including that the light source is monochromatic, and that the tissue is homogeneous and
isotropic. Additionally, this law only considers the absorption of light and does not consider
other factors that may affect the transmission of light through tissues, such as scattering and
fluorescence.

2.2.2 Near−Infrared Biological Window

Fig. 2.1. The NIR therapeutic window is suitable for photothermal therapy because of
minimal light absorption by water (H2O), hemoglobin (Hb), and oxyhemoglobin (HbO2),
adapted with permission from Weissleder et al. [1].

In phototherapy, the near−infrared biological window is a fundamental principle that
pertains to the spectral region where tissues exhibit reduced absorption and scattering,
resulting in increased transparency [33]. The biological window comprises two areas: the
first biological window (NIR−I), which spans from 750 to 950 nm, and the second biological
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window (NIR−II), which extends from 1000 to 1400 nm [1], as shown in Fig. 2.1. The windows
in question display a reduced capacity for absorption and scattering by tissue, making them
well−suited for use in phototherapy. It is therefore essential to comprehend and employ
these windows to attain deeper tissue penetration and prevent the negative consequences of
overheating normal tissues during phototherapy.

2.2.3 Photoresponsive Therapy

Photoresponsive therapy involves agents that respond to light, activating a therapeutic
response in a targeted area. It encompasses two main categories, photodynamic therapy
(PDT) and photothermal therapy, each with their respective mechanisms. PDT utilizes
visible−light−activated photosensitizers that generate reactive oxygen species (ROS), causing
tumor cell death [34, 35]. While PDT has been demonstrated to achieve positive clinical
outcomes [34–36], the limitations of PDT include low absorption cross−section, enzymatic
degradation, and limited photosensitizer penetration into larger tumor sites [34, 35]. In
contrast, PTT employs near−infrared laser−activated nanoparticles that generate heat to
partially destroy tumor cells [37]. The photons absorbed by the photothermal agent produce
excited states, which dissipate excess energy via vibrational relaxation, thereby increasing the
kinetic energy and heating of the surrounding cell medium. Unlike PDT, PTT is minimally
invasive and can be used passively or targeted to minimize the damage to healthy tissues.
Exploring PTT as an alternative therapeutic approach for cancer therapy will be the focus of
this review.

2.2.4 Enhanced Permeability and Retention Effect

Nanoparticle targeting can be achieved through either active or passive pathways. Passive
targeting is achieved through the enhanced permeability and retention (EPR) effect [16],
as illustrated in Fig. 2.2, which exploits the abnormal vasculature and impaired lymphatic
drainage of tumors. After being introduced into the tumor microenvironment by leaking
blood vessels, nanoparticles can be activated by external light to induce the thermal ablation
of cancer cells. However, intravenous injection typically results in low nanoparticle concen-
tration and approximately 0.7% delivery efficiency, which limits treatment effectiveness [38].
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Therefore, efforts are being made to optimize nanoparticle design and delivery, including
improving circulation time, targeting specificity, and increasing accumulation in the tumor
microenvironment [39].

Fig. 2.2. The enhanced permeability and retention effect is a mechanism where the
nanoparticles (blue color) accumulate in the tumor region (orange color) through the leaked
blood vessel (red color).

2.2.5 Thermal Therapy Regimes

In thermal clinical regimes, various temperature stages characterize the treatment methods,
including hyperthermia−induced apoptosis, necrosis, thermal ablation, and carbonization,
each with distinct biological effects [6]. Hyperthermia involves heating tissues in the range
of 41−48 ◦C, which has demonstrated therapeutic benefits such as partial cell destruction,
increased drug delivery [40], and enhanced immune response [41]. In PTT, a mild cancer
treatment, hyperthermia−induced apoptosis occurs at 41−48 ◦C, causing protein denaturation,
oxidative stress, and cell inactivation [29]. Table 2.1 summarizes the different temperature
ranges, biological effects, and photothermal mechanisms.
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Table 2.1. Thermal clinical regimes involve different biological and physiological mechanisms
[3–6].

Temperature (°C) Biological Effects Mechanisms

37 Non−thermal photobiological ef-
fect.

Normothermia

41 < T < 48 Enzyme inactivation, change in
membrane permeabilization, and
partial cell damage.

Hyperthermia−induced apoptosis

48 < T < 50 Irreversible cell damage, protein
unfolding, and coagulation.

Hyperthermia−induced necrosis

50 < T < 60 Irreversible cell damage, denatu-
ration of proteins, DNA damage,
and complete cell death.

Thermal ablation

T > 100 Cell membrane carbonization, tis-
sue blackening.

Carbonization

2.3 Photothermal Agents in Photothermal Therapy

Various groups have recently studied different types of nanoparticles with excellent pho-
tothermal transduction capabilities for photothermal heating therapy. To ensure maximum
effectiveness, nanoparticles must meet specific criteria, including strong near−infrared absorp-
tion, localization at the tumor site, and compatibility with biological substances. Additionally,
effective photothermal agents must possess high photothermal therapy efficiency, high ab-
sorption cross−section in the NIR spectrum and high photothermal conversion efficiency.
Nanoparticle−mediated photothermal therapy has emerged as a promising approach for the
treatment of tumors using laser−induced thermal ablation. The application of this technique
is contingent upon its ability to regulate heat generation under laser illumination by tailoring
the concentration, size, structure, and dispersion of nanoparticles within the tumor. It is
essential to accurately evaluate the thermal and optical properties of photothermal agents to
optimize the treatment parameters and predict therapeutic outcomes. Numerical simulations
and modeling using tools such as the finite element method (FEM) [42], finite−difference
time−domain (FTDT) [43–47], and discrete dipole approximation (DDA) [48–50] provide an
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effective approach for this assessment. These computational methods provide a thorough
understanding of the thermal and optical properties of photothermal agents under various
conditions. They encompass the modeling of heat generation and dissipation processes as
well as the electromagnetic radiation mechanism of nanomaterials, which involves plasmonic
localized heating of metals or non−radiative relaxation of semiconducting materials [51]
or thermal vibrations of molecules [52]. A common metric of nanoparticle performance is
photothermal conversion efficiency, which measures the effectiveness of the nanoparticle in
transforming incident power into heat, which can induce cell death [53–55]. The following
equation defines the efficiency [54, 55]:

η = hS(Tmax − Tamb) − Qo

I(1 − 10−Aλ) (2.2)

where Tamb is the ambient temperature, Tmax is the equilibrium temperature, Qo is heat
dissipated as a result of the light absorbed by the aqueous solution and the sample cell
in the absence of nanoparticles, h is a heat−transfer coefficient, S is the surface area for
radiative heat transfer, I is the laser power, and Aλ is the optical density of the nanoparticle
solution at the laser wavelength. Another important factor that determines the effectiveness
of thermal treatment is the magnitude of the temperature increase and duration of the
treatment, referred to as thermal dosimetry [56–58].

Numerous nanomaterials have been explored for photothermal cancer therapy, including
noble metals, carbon−based nanomaterials, quantum dots [59], metal oxide nanomateri-
als [60], and organic polymers[61]. Among these, carbon−based nanostructures (such as
carbon nanotubes [62, 63], graphene oxide [64–66], carbon dots [67], carbon nanohorns
[68], and fullerenes [69]), and various morphologies of gold−based nanoparticles (including
gold nanospheres[19], nanoshells [70–72], nanorods [73, 74], and nanomatryoshkas [75]) have
been the most studied. Here, Table 2.2 summarizes recent studies on PTT. Sections 2.3.1
and 2.3.2 discuss the optical characteristics and contemporary progress in the use of gold−
and carbon−nanotube−based nanostructures for photothermal cancer therapy.
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2.3.1 Carbon Nanotubes

Carbon nanotubes have become highly attractive materials for photothermal therapy because
of their unique optical and surface properties, as well as their ability to convert near−infrared
radiation into heat [76]. Since their identification on the cathode of a carbon arc employed
for fullerene synthesis by Iijima in 1991 [77], multiwalled carbon nanotubes have attracted
considerable interest owing to their distinctive physicochemical properties, including optical,
surface, thermal, and electrical characteristics [78–80]. Their anisotropic structure, which
results from their high aspect ratio (length/diameter), has led to experimental and theoretical
investigations of their polarized Raman spectra [80], optical absorption [79], antenna effects
[81], and photoluminescence responses [82]. Carbon nanotubes consist of rolled−up graphene
sheets in a cylindrical form composed of sp2 carbon atoms arranged in a hexagonal honeycomb
network. These one−dimensional carbon nanostructures can be composed of different
diameters, lengths, and chiralities, which determine their structural orientation through the
chiral vector (n, m). They can behave as semiconductors or metals, or even as a mixture
of both, depending on chirality [83–85]. Carbon nanotubes possess a high aspect ratio and
large surface area, which increase their chemical activity [86, 87]. The available surface area
is dependent on the length, diameter, and degree of bundling, and chemical vapor deposition
(CVD) is the preferred method for controlling the morphology. This section discusses the
optical and surface functionalization properties of carbon nanotubes (CNTs) that render
them suitable for photothermal therapy.

2.3.1.1 Optical Properties

MWCNTs, with a size−aspect ratio influencing remarkable electromagnetic properties, exhibit
broad absorption spectra across the NIR region, which is crucial for use in therapeutic
windows in biological applications. MWCNTs exhibit threefold greater optical absorbance
than single−walled carbon nanotubes (SWCNTs), attributed to the increased electron density
per carbon particle, resulting in enhanced absorption in NIR light [88–90]. The antenna
effect of MWCNTs, referring to their efficient absorption and enhancement of the local
electromagnetic field, is influenced by incident light wave polarization and antenna length
[81]. In the polarization antenna effect, the response of CNTs varies with the polarization
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direction of the incoming electromagnetic wave [81, 91]. Meanwhile, the length antenna
effect shows an increased response when the nanotube length exceeds half of the incident
wavelength [90]. Nitrogen−doped MWCNTs, especially those with lengths between 700 and
1100 nm, effectively couple optical wavelengths under 1064 nm, behaving as optical antennas
with enhanced heat delivery around them [90]. Moreover, MWCNTs exhibit electromagnetic
properties with anisotropic responses analogous to those of graphite [81, 91]. Unlike SWCNTs,
which exhibit specific peak absorption resonances, MWCNTs behave as highly efficient dipole
antennas with broad absorption spectra [83, 92]. The optical absorption spectra of the
MWCNTs do not display van Hove transitions in their optical absorption spectra, except
for a peak at approximately 230 nm, which is the peak resonance due to the π − π∗ electron
transition [84]. The photophysical process enabling CNTs to convert NIR radiation into
heat is linked to electron and phonon band structures [84]. The inherent ability of CNTs to
produce heat in response to NIR radiation can be attributed to the decay of photoexcited
electrons back to their ground state, which results in the generation of thermal energy in the
surrounding environment [84]. MWCNTs exhibit a high conversion efficiency compared to
other carbon−based materials [93, 94]. Finally, their heating efficiency, reported at different
NIR wavelengths, is wavelength−independent and surpasses that of gold nanorods, which
have a high efficiency only at 808 nm because of their surface plasmon resonance [2], as shown
in Fig. 2.3.

2.3.1.2 In Vivo and In Vitro Photothermal Treatment

The Dai and Choi research groups were the first to report the application of SWCNTs
in photothermal therapy [95–97]. Their findings demonstrated that SWCNTs could be
utilized with a lower laser power and irradiation time than gold nanoshells [95–97]. Kam
et al. reported the selective destruction of HeLa cells incubated with PEGylated SWCNTs
conjugated with folic acid under NIR laser light exposure [95]. Some groups reported that
MWCNTs required less energy to achieve similar results using SWCNTs and that they were
20−fold more efficient than SWCNTs [88, 94, 96]. In addition to SWCNTs, Torti et al. tested
nitrogen−doped MWCNTs as heat transducers for the photoablation of kidney cancer cells,
which resulted in over 90% cancer cell death under continuous NIR laser radiation at 3
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Fig. 2.3. Thermal images of MWCNTs and GNRs at three different wavelengths. MWCNTs
are wavelength−independent exhibiting temperatures up to 40 ◦C, compared to GNRs
exhibiting the highest temperature at 800 nm. Adapted with permission from Maestro et al.
[2].

W/cm2 for 4 min [90]. Kim et al. studied SWCNTs and MWCNTs as antimicrobial agents
[98], whereas Biris et al. demonstrated cervical cancer HeLa cell ablation with MWCNTs as
a photothermal agent [99]. Burke et al. reported MWCNTs−mediated thermal ablation of
mice bearing kidney cancer cells under NIR laser exposure, resulting in long−term survival
and prevention of tumor recurrence [88]. Gosh et al. carried out an in vivo photothermal
experiment with DNA−encased MWCNTs, which led to complete tumor ablation without
long−term damage to surrounding healthy tissues [94]. Under 1064 nm laser irradiation
at 2.5 W/cm2, the well−dispersed DNA−encased MWCNTs were efficient at increasing
heat production by up to 3 fold compared to non−DNA−encased MWCNTs, as well as at
completely ablating xenograft tumors without long−term damage to surrounding healthy
tissues [94]. Fisher et al. reported MWCNT−containing PC3 (i.e., human prostate cancer)
and murine renal carcinoma (RENCA) tumor sample cell ablation [89]. They evaluated
the thermal deposition of CNT in the PC3−surrounded cells. They observed no PC3 and
RENCA cell viability using a 0.1 mg/mL dose of MWCNTs coupled with a continuous wave
1064 nm NIR laser at 15.3 W/cm2, with varied heating duration. The authors evaluated
the laser heating of cells with and without MWCNTs inclusion and examined the lethal
temperature elevation through heat shock protein expression and extracellular uptake and
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distribution using transmission electron microscopy (TEM) imaging [89]. Lee et al. studied
non−target and target tumor cells with PEGylated MWCNTs under laser exposure [63]. In
contrast, Picou et al. evaluated the spatiotemporal temperature distribution of MWCNTs
injected into the subcutaneous layer of chicken tissue under different laser parameters [100].
Moreover, MWCNTs have been used to treat resistant cancers, such as glioblastoma [62, 101],
and recurrent cancers, such as breast cancer [102, 103]. Some studies have reported the
incorporation of dopants into defect sites, such as boron [104] and nitrogen [90], as well as
the optical properties and heat conductivity of carbon nanotubes.

2.3.1.3 Biocompatibility

Carbon nanotubes have been investigated for use in photothermal therapy in both in vivo and
in vitro. Several studies have found that there are no cytotoxic effects when carbon nanotubes
are incubated with tumor cells. However, pristine carbon nanotubes are neither soluble in
aqueous media nor biocompatible with living organisms. The low solubility and dispersibility
of carbon nanotubes in aqueous media are caused by their Van der Waals interaction and
their π − π interaction among nanotubes [87]. This limitation can be overcome through
surface functionalization, which increases the solubility of CNTs and decreases their toxicity
in biocompatible solvents [86, 105]. Covalent and non−covalent functionalization are the two
major approaches for surface functionalization, depending on the biomedical applications of
CNTs [94, 95, 106]. Functionalized carbon nanotubes were rapidly cleared from the blood
circulation through the renal excretion route [88, 105–108]. Carbon nanotubes can also act as
delivery vehicles for drugs, nucleic acids, and imaging agents owing to their ability to cross cell
membranes [109]. The cytotoxicity of carbon nanotubes and their long−term effects are still
under investigation [110]. Before clinical trials, the toxicological effects of multiwalled carbon
must be considered in terms of pulmonary response, renal clearance, and biodistribution.

2.3.2 Gold−Based Nanostructures

Over the past decades, there has been growing interest in the use of gold nanoparticles for
photothermal therapy in cancer treatment [111, 112]. Plasmonic nanoparticles, particularly
gold nanoparticles (GNPs), gained significant attention in the early 2000s for their potential
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application in photothermal cancer therapy. Boyer et al. [113] were the first to report
work on plasmonic imaging for heating and detection. In the following year, two groups
[57, 71] investigated plasmonic photothermal therapy using gold nanoparticles incubated with
tumor cells to induce hyperthermia. Gold nanoparticles are the most commonly used noble
metal−based nanostructures in photothermal cancer therapy because of their easy synthesis
and functionalization with targeting agents such as aptamers [114] and peptides [115, 116].

2.3.2.1 Optical Properties

Gold−based nanostructures exhibit exceptional optical and thermal properties, making them
ideal candidates for biomedical applications. GNPs possess optical properties that facilitate
efficient photothermal conversion owing to their remarkable plasmonic−resonance effect.
When light interacts with a metal nanoparticle, such as gold, the conduction electrons in
the metal collectively oscillate in response to the incident electromagnetic field, giving rise
to plasmons. This resonance typically occurs on the surface of a metal, known as surface
plasmon resonance (SPR), because the disturbance of the incident electromagnetic wave on
the metal decreases rapidly with depth [117]. When SPR occurs in nanoparticles, called
localized surface plasmon resonance (LSPR), which is comparable in size to the wavelength of
the incident light, two important effects are observed in GNPs: an enhancement effect of the
local electromagnetic field and an increased extinction coefficient [117]. LSPR leads to the
enhancement of the electromagnetic fields near the GNP surface, which can be several orders
of magnitude higher, with the highest enhancement occurring in areas of the highest local
curvature (hot spots). This phenomenon contributes to the amplification of spectral signals
for substances in close proximity, ultimately improving the detection sensitivity surface [117].

Increasing the aspect ratio of gold nanoparticles, from spherical to rod−like, modifies the
LSPR response within the NIR region. Among the various types of gold−based nanostructures,
gold nanorods (GNRs) exhibit a strong longitudinal plasmon resonance peak in the NIR
region, making them highly desirable for in vivo imaging and therapy because of the enhanced
penetration depth of NIR light [118]. GNRs display considerable optical absorption in the
NIR region, with greater absorption efficiency when irradiated along their long axis, which
corresponds to the longitudinal plasmon in the NIR region [119]. In contrast, the transverse
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plasmon peak is related to the excitation of the transverse axis of the GNRs, displaying a
lower absorption magnitude in the visible region [118]. Gold nanoshells are another type
of gold−based nanostructure whose absorption and scattering properties can be modulated
by adjusting the ratio of the shell thickness (comprising a thin layer of gold) to the core
radius (consisting of a dielectric material) [120, 121]. The plasmon resonance peak of gold
nanoshells (GNSs) can be fine−tuned by altering the size of the silica core and thickness
of the gold shell, making them highly attractive for in vivo imaging and therapy because
of their strong absorption of NIR light [122]. The GNSs optical response arises from the
hybridization of dipolar plasmons in core−shell nanostructures, resulting in the splitting of
low and high absorption peaks [123]. Scattering and absorption are competing processes in
which the scattering contribution increases as the volume ratio of the nanoshell increases [124].
Gold nanocages comprise a hollow gold shell with a porous wall, allowing straightforward
functionalization with targeting agents Similar to GNRs and GNSs. The plasmon resonance
peak of gold nanocages (GNCs) can also be adjusted to the NIR region, which makes them
highly attractive for in vivo imaging and therapy [125, 126].

2.3.2.2 In Vivo and In Vitro Photothermal Treatment

The utilization of gold−based nanostructures in photothermal cancer therapy has been
extensively studied and has been demonstrated to be highly effective in both in vitro and in
vivo. For instance, GNPs functionalized with anti−HER2 antibodies have been utilized to
selectively target HER2−positive breast cancer cells and induce cell death upon exposure to
near−infrared light [127]. In vivo studies have demonstrated the ability of gold−based nanos-
tructures to selectively target and destroy tumors upon exposure to NIR light. Furthermore,
human clinical trials on GNP−assisted photothermal therapy have been ongoing in recent
years. In recent studies, AuroLase therapy, developed by Nanospectra Bioscience Inc., is
currently undergoing human clinical trials utilizing 150 nm silica−gold nanoshells coated with
PEG, which are intravenously injected into the bloodstream [21]. Kharlamov et al. conducted
a clinical trial evaluating the safety and feasibility of atheroprotective interventions, where
patients received nano−interventions with silica−GNPs or silica−iron−bearing GNPs via
stem cells [128]. At 12 months post−therapy, results were comparable to a control group with
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stent implantation, showing a low incidence of thrombosis and target lesion revascularization
[128]. Collectively, these clinical studies indicate the promising potential of gold−based
nanostructures for cancer therapy (see Table 2.3).

2.3.2.3 Biocompatibility

Gold−based nanostructures possess a range of desirable properties that make them appealing
candidates for photothermal cancer therapy. The biocompatibility, photostability, low
cytotoxicity, and uniform preparation and surface functionalization of gold nanoparticles
particularly make them suitable for medical applications [112]. However, some challenges
must be addressed. For instance, there are concerns regarding the potential cytotoxicological
effects of employing cetrimonium bromide (CTAB) for the chemical functionalization of
gold nanoparticles in vitro [129, 130] and shape deformation of gold nanorods at high pulse
intensities [131, 132]. Overall, gold−based nanostructures that offer adjustable plasmonic
characteristics, effective photothermal conversion, and the capacity to absorb light in the
near−infrared range are highly promising for a variety of biomedical applications such as
imaging and therapy.

2.3.3 Carbon Nanotubes Decorated with Metal Nanoparticles

Carbon nanotubes decorated with metal nanoparticles have gained significant attention in
recent years owing to their unique properties, including high surface area, excellent thermal
conductivity, and tunable electronic properties. These hybrid materials have shown great
potential in various applications, including sensing [133–135], photocatalysis [136, 137], and
photothermal treatment [138–141]. Gold nanoparticles can serve as photothermal sources
through non−radiative decay and act as a local antenna to enhance the optical energy
absorption of CNTs at plasmon frequencies. CNTs decorated with plasmonic nanoparticles
have shown significant potential in PTT applications. For example, CNTs functionalized with
GNCs have been shown to effectively ablate prostate cancer cells in vitro using near−infrared
laser irradiation [142]. Several studies have reported plasmonic metal interaction with
graphene, in which metals act as local nanoantennas and enhance optical energy absorption
and photocurrent enhancement [143–145]. Studies of GNP−decorated reduced graphene
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oxide (rGO) have reported photothermal enhancement and higher light absorption efficiency
than uncoated rGO [146]. Another study demonstrated that rGO functionalized with silver
nanoparticles (AgNPs) can be used for the targeted destruction of breast cells using laser
irradiation [147]. Additionally, a novel theragnosis application was reported by developing a
CNT ring coated with GNPs [148]. This hybrid nanostructure exhibits strong Raman and
photoacoustic signals that are ideal for surface−enhanced Raman scattering−based sensors,
imaging, and photothermal cancer ablation [148]. Zhu et al. demonstrated a novel hybrid
gold−carbon nanostructure that is ideal as a photothermal agent for cancer therapy [141]. The
gold nanostar−decorated MWCNTs exhibited higher photothermal efficiency than the gold
nanoparticles under 808 nm laser irradiation at a power density of 1 W/cm2. Ou and Huang
reported the formation of carbon nanotube−gold nanoparticle composites [149]. The gold
nanoparticles are interlinked to a pyrene component, which is non−covalently attached to the
sidewall of CNTs via π − π stacking interaction. Using UV−vis absorption spectroscopy, they
observed a redshift of the surface plasmon resonance absorption band of gold nanoparticles
in an aqueous solution containing MWCNT− gold nanoparticle composites. Several methods
have been developed to decorate carbon nanotubes with metal nanoparticles, either by
covalent or non−covalent formation along the nanotube surface [150–154]. Recently, a study
showed that enhancing the light−to−heat conversion efficiency of MWCNTs by covalently
bonding on its surface gold nanorods significantly enhances their photothermal properties
by 4.9 times per unit mass of CNT [155]. These studies have demonstrated remarkable
progress over the last 10 years using MWCNTs as photothermal agents in photothermal
therapy. However, challenges remain in thermal ablation treatment, such as well−located
and well−defined heating spots [156, 157].
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Table 2.2. Summary table of photothermal agents: characteristics, laser parameters, type
of studies, and therapeutic applications.

Nanomaterials Laser parame-
ters

In Vitro/In
Vivo studies

Therapeutic re-
marks

Ref.

MWCNTs−PEG CW, 532 nm, 2.7
W/cm2, 30 s

In vitro, prostate
cancer cell lines
(LNCAP)

65% in vitro cell
ablation with
consistent bulk
temperature in the
cell−MWCNT so-
lution post−laser
exposure.

[63]

MWCNTs−DSPE-
PEG

CW, 970 nm, 3
W/cm2, 60−180 s

In vitro, glioblas-
toma multiforme
(GBM) cell lines

MWCNTs do not
cause heat shock
response to GBM
cell lines.

[62]

MWCNTs CW, 1064 nm, 3
W/cm2, 15−30 s

In vitro/in vivo,
tumor−bearing
mice with kidney
cancer cells

Long−term sur-
vival, prevention of
tumor recurrence,
complete ablation
in 80 % of mice
treated with 100
µg of MWCNT.

[88]

MWCNTs CW, 1064 nm, 15.3
W/cm2, 1.5−5 min

In vitro, human
prostate cancer
(PC3) and murine
renal carcinoma
(RENCA) tumor
sample cell abla-
tion

Ablation through
heat shock protein
expression and
extracellular up-
take, distribution
observed via TEM
imaging.

[89]

Nitrogen−doped
MWCNT

CW, 1064 nm, 3
W/cm2, 4 min

In vitro, kidney
cancer cell lines

Evaluation of
MWCNT length
correlation with
photothermal
effects. Longer
CNTs (1100 nm)
are better in cell
ablation (up to
95%).

[90]

DNA−encased
MWCNTs

CW, 1064 nm, 2−4
W/cm2, 30−70 s

Tumor−bearing
mice with
xenografts formed
from human
prostate cancer
(PC3) cells

Complete abla-
tion of xenograft
tumors without
long−term damage
to surrounding
healthy tissues.

[94]
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SWCNTs−PEG CW, 808 nm,
(3.8 W/cm2, 76
W/cm2), 3 min

In vitro/in vivo,
tumor−bearing
mice− with human
epidermoid mouth
carcinoma tumors

Destruction of
tumors without
harmful side effects
or recurrence over
6 months.

[96]

MWCNTs CW, 1064 nm, 1 W,
4 s

In vitro, cervical
cancer HeLa cell
lines

Laser exposure re-
sulted in tempera-
tures reaching 95
oC, inducing local-
ized damage and
cell necrosis.

[99]

MWCNTs bound
with anti−GD2
monoclonal an-
tibody, and
rhodamine B

CW, 808 nm, 6
W/cm2, 5 min

In vitro, neuroblas-
toma cell lines.

Selective eradica-
tion of GD2 ex-
pressing neuroblas-
toma cells, spar-
ing GD2−negative
PC12 cells.

[101]

MWCNTs−NH2 CW, 1064 nm, 3
W/cm2, 5−45 s

In vitro/in vivo,
breast cancer stem
cells

Lethal to both
stem and bulk
breast cancer cells.

[102]

MWCNTs−PEG CW, 808 nm, 5
W/cm2, 2 min

In vitro/in vivo,
breast cancer

Significant damage
to MCF−7 and
MDA−231 cellsin
vitro, reduced
tumor size in mice,
protected bone in
bone metastasis
model.

[103]

MWCNTs− Gold
nanostars

CW, 808 nm 1
W/cm2, 3 min

In vitro, melanoma
cell line (B16F10)

Cells treated with
MWCNTs/gold
nanostars exhib-
ited the highest
observed cell
death.

[141]

SWCNTs−GNPs CW, 808 nm,
0.25−0.5 W/cm2,
5 min

In vivo/in
vitro U87MG
tumor−bearing
nude mice

No scar, no tu-
mor regrowth at
50 days after treat-
ment.

[148]
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MWCNTs−GNRs CW, 808 nm, 2
W/cm2, 2 min

In vitro, prostate
cancer cell lines
(PC3)

MWCNTs−GNRs
exhibited notable
cell ablation with
abundant cell
debris.

[155]

MWCNTs bound
with TSHR anti-
body

CW, 808 nm, 4 W,
2 min

In vivo,
Tumor−bearing
mice with
xenografts formed
papillary thyroid
cancer

predictive model-
ing and temper-
ature monitoring
enabled effective
tumor photoab-
lation, leading
to a reduction
in post−5−week
tumor recur-
rence with
TSHR−targeted
MWCNTs.

[158]

CW = continuous wave

Table 2.3. Summaries of photothermal cancer therapy in clinical trials.

Nanomaterials Clinical trials (Trial
ID)

Company name/Spon-
sor

Ref.

PEG−coated silica−gold
nanoshells

Neoplasms of the prostate,
2019 (NCT01679470;
NCT00848042)

Nanospectra Bioscience
Inc.

[21]

Silica−gold nanoparticles coronary atherosclerosis,
2015 (NCT01270139)

De Haar Research Founda-
tion

[128]
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2.4 Monitoring Photothermal Treatment via Therag-
nosis

Monitoring cancer cells during treatment is crucial for effective cancer therapy. Thermal
imaging is a commonly used tool for real−time monitoring of photothermal treatment,
providing visualization of changes in surface temperature during treatment, and offering
information on the efficacy of nanoparticles within the tumor. However, it is important to
recognize that thermal imaging is limited to surface temperature changes and may not provide
information on deeper tumor changes. Photothermal therapy, which employs photoacoustics,
fluorescence, Raman spectroscopy, and magnetic imaging, has emerged as a promising
treatment and diagnostic tool for cancer. Theragnosis, which is a combination of therapy
and diagnosis, integrates the therapeutic effects of photothermal therapy with diagnostic
tools for monitoring in situ treatment. Carbon nanotubes and gold nanostructures have been
widely used in theragnostic applications to combine imaging and therapy, maximize cancer
treatment efficiency, and minimize heat delocalization during tumor ablation. The following
section provides a concise overview of the principles of operation, advantages, disadvantages,
and current clinical applications of the technologies utilized in diagnostic applications in
conjunction with the aforementioned nanomaterials.

2.4.1 Magnetic Resonance Imaging

Magnetic resonance imaging is a valuable tool for theragnosis in photothermal therapy,
as it provides high−resolution images of tumors and their distribution within the body.
Near−infrared thermal cameras can monitor the temperature on the surface of tumor
tissue; however, magnetic resonance imaging (MRI) using proton resonance frequency can
simultaneously extract information on the temperature at any depth and provide an image
map of the tumor targets.

Carbon nanotubes lack inherent magnetic properties, and consequently, specific contrast
agents must be loaded onto their surfaces for magnetic imaging. MRI contrast agents,
such as iron oxide and gadolinium complexes, provide either T1−positive or T2−negative
contrast agents for imaging and tracking of pathological tissues. The conjugation of magnetic
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nanoparticles to the carbon nanotube surface results in significant MRI contrast enhancement
and the ability to monitor and detect a single cell incubated with CNTs. For example, coating
CNTs with magnetic nanoparticles and iron oxide superparamagnetic nanoparticles has
demonstrated significant MRI contrast enhancement, making them a potential development
for theragnostic therapy.

Various studies have explored the use of MRI−based multifunctional nanomaterials for
the detection, treatment, and monitoring of diseases. One such study investigated the use of
iron oxide (Fe3O4) nanoparticles conjugated onto the surface of MWNTs [159]. Another study
reported the development of polydopamine−encapsulated gadolinium−loaded multi−walled
carbon nanotubes (MWCNT−Gd@PDA) for dual−modality mapping−guided PTT using
the positive signal of MRI [160] in the deeper lymph nodes.

Dai group was the first to report the in vivo combination of synergistic NIR photothermally
enhanced drug delivery and MRI with iron−cobalt/graphene oxide (FeCo/GC) nanocrystals
for targeted drug delivery and imaging [161]. Efficient monitoring of the biodistribution of
gadolinium−CNTs injected intravenously into mice was achieved through covalent bonding
between oxidized MWCNT and gadolinium complexes. Iron−containing MWCNTs display
magnetic contrast properties for magnetic resonance imaging and heating−generating proper-
ties for thermal ablation of tumor−bearing mice under 1064 nm laser exposure. Simulations
have shown that a slower rate of energy deposition may result in heat diffusion, leading
to ineffective treatment and detrimental damage to the surrounding tissue. To achieve
simultaneous cell targeting and ablation, CNTs undergo various surface functionalization
processes to detect and treat cancerous tissue. For instance, theragnostic therapy is based on
the functionalization of magnet−fluorescence using MWCNTs combined with doxorubicin as
a chemotherapeutic agent. CNTs have been used in combination with chemotherapy and
photothermal therapy to enhance the efficiency of chemotherapeutic agents, without causing
significant side effects.

Gold nanostructures such as gold nanoshells [21, 162], gold nanostars [163], and gold
nanorods [164] have also been studied for their potential to combine photothermal therapy
with real−time magnetic resonance temperature imaging. A recent study introduced a new
class of second near−infrared nanotheragnostic agents, referred to as GSM. This agent is
composed of gold nanorods coated with silica dioxide and further covered with magnesium
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dioxide (MnO2), enabling dual photoacoustic/magnetic resonance imaging in the second
NIR photothermal chemodynamic therapy. The combination of the plasmonic properties of
GNRs and the degradation of MnO2 into Mn+

2 owing to the presence of protons in the tumor
microenvironment allows for a reduced background signal and deeper permeation in tissues.
The in vivo therapeutic effects of GSM have been investigated in U87MG−tumor−bearing
mice [164]. In a separate study, a straightforward and efficacious strategy for the fabrication
of theragnostic nanoprobes with heightened sensitivity was introduced. This nanoprobe
comprises gold nanostars deposited on the surface of MnO2 nanosheets, which trigger apoptosis
in lung cancer cells upon exposure to photothermal irradiation. Moreover, the nanoprobe
possesses magnetic resonance imaging capabilities that are responsive to glutathione (GSH)
levels and demonstrates remarkable effectiveness in photothermal therapy for lung cancer.
The efficacy of gold nanostars in absorbing near−infrared light has been utilized in nanoprobes
to demonstrate their remarkable photothermal conversion efficiency. Furthermore, the redox
properties of MnO2 nanosheets enable the nanoprobe to display magnetic resonance imaging
properties that are responsive to the tumor microenvironment [163].

2.4.2 Photoacoustic Imaging

Photoacoustic imaging is a non−invasive diagnostic technique that relies on the photoacoustic
(PA) effect, which involves the generation of acoustic waves through the absorption of light
in biological tissue. This process entails the use of a light source to illuminate the tissue,
typically in the near−infrared region, which leads to thermoelastic expansion and emission of
acoustic waves that are detected by an ultrasound transducer. Photoacoustic imaging has
several advantages, such as its ability to image deep tissue structures, and is a non−ionizing
and non−invasive technique, as acoustic waves can penetrate deeper into the tissue than
light. However, to identify pathological tissues in biological systems, photoacoustic contrast
agents are necessary because they do not exhibit intrinsic photoacoustic signals. Therefore,
high−resolution imaging of deeper tissues is crucial for accurate diagnosis and detection.

Carbon nanotubes are effective photoacoustic imaging agents owing to their phonon
absorption properties in the near−infrared region. The photoacoustic effects in CNTs result
in the conversion of light energy into acoustic pressure in the surrounding environment, and
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CNTs conjugated with contrast agents for acoustic imaging offer high−resolution profiles for
deeper tissues. The first decorated carbon nanotube for photothermal therapy was SWCNTs
coated with gold layers, developed by the Zharov group [165]. These gold nanotubes can
be used for photoacoustic imaging and photothermal therapy, exhibiting plasmon resonance
at 850−900 nm and a high photoacoustic signal at a low laser fluence of approximately
mJ/cm2 [165]. Another group has reported hybrid theragnostic agents composed of fullerene
nanocrystals (FNCs) and gold nanoparticles for PA imaging and PTT [166]. Coupling FNCs
with GNPs for combined photoacoustic imaging and photothermal therapy resulted in a
strong photoacoustic signal within colon cells under 680 nm laser excitation [166].

Gold nanostructures have garnered significant attention as potential PA imaging agents
in the NIR window, owing to their finely tunable size and morphologies. A recent study
investigated the efficacy of sandwich−type gold nanoparticles coated with reduced graphene
oxide as a nanotheranostic platform for second NIR window PA imaging−guided photother-
mal therapy in ovarian cancer [167]. This study highlighted the strong plasmonic coupling
between the gold nanoparticles on the reduced graphene oxide surface, which enhanced both
the photothermal and photoacoustic effects. In another study, small gold nanorods were
explored as theragnostic agents with the development of a macrophage−mediated delivery
system to overcome blood vessel barriers and reach hypoxic regions of tumors [168]. A third
study introduced a novel theragnostic agent for near−infrared image−guided thermal ablation
of mouse tumors. Zhou et al. demonstrated the potential of multifunctional superparam-
agnetic iron oxide−containing gold nanoshells for photoacoustic−MRI resonance−guided
photothermal therapy in mice bearing breast tumors [169].

Although studies on carbon nanotube photoacoustic therapy have primarily concentrated
SWCNTs, which exhibit exceptional photoacoustic signals relative to other carbon−based
materials, additional research is necessary to assess the efficacy and safety of this therapeutic
approach. Nonetheless, photoacoustic imaging, as an imaging modality, has great potential
because of its ability to provide high−contrast, high−resolution, and deep−tissue imaging
capabilities.
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2.4.3 Fluorescence Imaging and Thermometry

Fluorescence is a valuable tool in photothermal therapy, allowing for the visualization
and tracking of nanoparticles during treatment and monitoring of changes in the tumor
microenvironment. This process involves the emission of light by a material following
excitation by an external energy source such as a laser. During fluorescence, a fluorophore
molecule absorbs photons at a specific wavelength and emits photons at longer wavelengths,
typically in the visible or near−infrared region. A fluorescence imaging system provides
high−spatial−resolution imaging of biological systems. Fluorescence imaging typically
involves the binding of fluorophore molecules as imaging agents, enabling high spatial
resolution imaging of biological systems in the near−infrared region. Researchers have
utilized dual−PEGylated phospholipid SWCNTs as photoluminescent and photothermal
agents for simultaneous tumor imaging and therapy. The dual imaging and therapy modality
resulted in in vivo tumor imaging in the 1.0−1.4 µm emission region and NIR heating at 808
nm for photothermal tumor ablation at the lowest laser irradiation power. The fluorescence
emission of SWCNTs is determined by the bandgap energies correlated with the Van Hove
singularities.

In this study, a multimodal strategy was employed for cancer imaging and therapy,
relying on magnetic and fluorescent MWCNTs. The nanotubes were functionalized with
magneto−fluorescent carbon quantum dots and doxorubicin, rendering them suitable for the
targeted delivery of drugs in cancer therapy [170]. A prior study disclosed that mesoporous
carbon nanospheres comprising minute gold nanoparticles laden with IR780 iodide dis-
played remarkable real−time fluorescence imaging and phototherapeutic capabilities. These
carbon−gold hybrid nanocomposites serve as diagnostic and therapeutic probes, exhibiting
favorable targeting and exceptional therapeutic effects, including photothermal therapy,
photodynamic therapy, and nanoenzyme oxidative therapy for folate−overexpressing gastric
cancer in tumor−bearing mice [171].

Recently, a study was conducted to design a near−infrared light−controlled biosensing
strategy that employed dual Pt@Gold nanoring@DNA (PAD) probes for fluorescence imaging
and targeted PTT of cancer cells. The probes are composed of a photosensitizer, which
includes gold nanorings with a platinum framework (Pt@GNR), and a sensor that consists of
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functionalized double−stranded DNA (dsDNA) hybrids. These probes can recognize specific
cell subtypes and conduct fluorescence imaging under NIR irradiation [172].

Temperature monitoring through fluorescence is an emerging method that measures
alterations in the fluorescence emission spectrum or lifespan of a fluorescent probe in response
to temperature variations. A previous study used fluorescence lifetime imaging microscopy
to assess the temperature distribution within cells during laser−induced hyperthermia.
In this study, gold nanorods served as nanoheaters and near−infrared laser illumination
generated a temperature gradient across the cells that was precisely measured using nanoscale
thermometry. This study was successful in optimizing photothermal therapy parameters by
adjusting the concentration of gold nanorods associated with the cells and the laser power
density [173]. Finally, one study merged fluorescent nanodiamonds with nitrogen−vacancy
(NV) centers and gold nanoparticles within polymer microcapsules to create a hybrid platform
for delivering bioactive compounds with thermometric capabilities. The application of laser
irradiation triggers the heating and rupture of gold nanoparticles in the polymer−carriers,
thereby releasing cargo molecules. Additionally, the incorporation of NV centers facilitates
temperature measurements during the non−invasive administration of bioactive compounds
[174].

2.4.4 Raman Imaging and Thermometry

Raman spectroscopy, a versatile technique, has found numerous applications in the biomedical
field, including imaging, temperature sensing, and spectral analysis. This method involves
measuring the inelastic scattering of light, which provides information regarding the molecular
structure and chemical composition of a sample. In particular, Raman imaging detects the
scattering signals of molecules owing to their vibrations resulting from the phonon scattering
process under light exposure, thus providing information on the chemical composition of
molecules. For example, SWCNTs exhibit specific Raman spectra, such as the radial breathing
mode (100−300 cm−1), G peak at 1580 cm−1, and D peak at approximately 2600 cm−1. Dai
and colleagues conducted extensive research on the application of Raman imaging in biological
systems using functionalized single−walled carbon nanotubes. Research groups such as Iijima
[175] and Fan [176] correlated the temperature change of laser−induced MWCNT with Raman
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shifts. However, the majority of extensive studies on Raman image−guided photothermal
therapy have utilized GNPs owing to their unique localized plasmonic properties [111].

Surface−enhanced Raman scattering is a refined form of Raman spectroscopy that employs
metallic nanoparticles to augment the Raman signal, thereby facilitating the highly sensitive
and specific detection of analytes. The utility of surface−enhanced Raman scattering (SERS)
in cancer diagnosis and therapy has grown significantly, due in part to its exceptional sensitivity,
ability to multiplex, and capacity for subcellular resolution. Through the deployment of
SERS−based imaging techniques, cancer cells can be identified both in vitro and in vivo, and
the biodistribution and pharmacokinetics of nanotherapeutics can be monitored continuously.
Raman spectroscopy can be employed to measure temperature fluctuations by utilizing the
anti−Stokes Raman thermometry method. This technique is based on the anti−Stokes
process, which occurs when a molecule’s initial state is in an excited vibrational state that
is poorly populated, following a Boltzmann exponential distribution at room temperature
[177, 178]. As the temperature increased, the population of excited states increased, which
led to stronger anti−Stokes signals. During inelastic scattering events, energy is transferred
from photons to virtual states, leading to either a loss of energy (Stokes) or an increase
in energy (anti−Stokes) [177, 178]. By detecting anti−Stokes Raman scattering, Raman
thermometry can measure and detect subtle temperature changes that occur during treatment,
provided that the Raman bands do not shift during temperature changes. The intensity
ratio of Stokes (IS) and anti−Stokes (IaS) for a particular Raman band is governed by a
temperature−dependent equation [177, 178]that is expressed through the contribution ratio
(ρ):

ρ = IaS

IS

= (ωl + ων)n

(ωl − ων)n
exp (−ℏων/kBT ) (2.3)

where T is the temperature, the kB is the Boltzmann constant, ℏ is the reduced Planck
constant, ωl is the laser frequency, the ωv is the frequency of the Raman mode and the
exponent n is either the 3rd or 4th power depending on whether the spectra are acquired
using a photon counting device or energy detection device [177, 178].

This rapidly growing field of spectroscopy provides a promising solution for measuring
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temperatures at the cellular level [179]. Recent advances in nanoprobe Raman thermometry
have allowed researchers to measure intracellular temperature [180–182], and other groups
have used probe molecules on gold surfaces to measure the temperature of nanoparticles
[183–185]. For instance, a group reported Raman thermometry based on the SERS spectra
of fluorophenyl isocyanide (FPNC) molecules absorbed on gold nanorods on glass pipettes in
cancer cell photothermal therapy.

In general, the combination of photothermal therapy with therapeutic diagnostic methods,
such as Raman spectroscopy, fluorescence, photoluminescence, MRI, and thermal imaging,
provides a highly effective means of monitoring treatment efficacy in real−time. These
methods enable the visualization of alterations in the tumor microenvironment as well as
the distribution and effectiveness of nanoparticles within the tumor. The integration of
therapeutic diagnostic techniques, including Raman thermometry, is expected to become
increasingly important for optimizing treatment outcomes and improving patient outcomes as
photothermal therapy continues to progress. Carbon nanotubes have demonstrated significant
potential for therapeutic diagnostic applications in cancer treatment. Although carbon
nanotubes are still in the early stages of development in the biomedical field, they represent
a promising candidate for cancer nanotechnology research. Further research is necessary to
optimize these techniques for clinical translation and to fully understand their potential in
cancer nanotechnology.

2.5 Planning the Outcome of Photothermal Treatment
Temperature

Achieving precise control of tissue temperature presents significant challenges, and optimizing
thermal heating is crucial for achieving successful outcomes. However, preclinical planning of
photothermal treatment and temperature control is difficult because accurately predicting
the temperature distribution within tissues during photothermal therapy is a major challenge.
This requires a comprehensive understanding of the optical properties of the tissue and the
involved heat transfer mechanisms. This section reviews the use of time−dependent heating
protocols to enhance thermal control during PTT and preclinical planning through numerical
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simulations and modeling.

2.5.1 Optimization of Heating Protocol

Optimization of the heating protocol is essential to achieve effective photothermal therapy.
The choice of laser regime, whether CW or short−pulse, plays a critical role in determining the
heating protocol and treatment outcome. The CW laser regime, which involves exposing the
tissue to a constant beam of light, enables precise control of the heating rate and temperature.
However, this can lead to excessive heating and damage healthy cells. In contrast, the
short−pulse laser regime delivers heat to the tissue using short pulses of laser light, resulting
in highly localized and efficient heating. Mechanisms such as rapid thermal expansion and
stress confinement contribute to selective damage of cancer cells. Rapid thermal expansion
induces a transient temperature increase and tissue expansion, while stress confinement
confines energy deposition to a small volume. The ultra−short−pulsed lasers, with pulse
durations shorter (i.e. 10−12 − 10−15 s) than the characteristic time scales of interacting
tissues (i.e. 10−9 s), offer high peak intensities with a low pulse fluence [186]. In the context
of photothermal effects induced by short−pulse lasers, the rapid heating and subsequent
cooling of tissues happen within these characteristic time scales. The thermal relaxation
time of tissues, which is the time required for the tissue to equilibrate and dissipate heat, is
typically in the range of nanoseconds [187].

The utilization of ultrashort laser pulses for thermal−based eradication of cancer cells
through the absorption of nanoparticles represents a promising area of research. Pioneering
work in this field involves both theoretical and experimental investigation. In this regard,
CNTs have been explored as near−infrared responsive clustering photothermal contrast
agents for rapid and highly sensitive detection and elimination of pathogens, including at the
single−bacterium level. Observable changes in bacteria viability, resulting from local thermal
effects and concurrent bubble formation, were observed at laser fluences between 0.1 and 0.5
J/cm2, culminating in complete bacteria disintegration at 2−3 J/cm2. [98]. Additionally, gold
nanoparticles have been studied for selective nanophotothermolysis and diagnostics of various
targets [188]. Theoretical models have been developed to investigate the interaction of laser
pulses with these nanoparticles as well as their heating kinetics and contribution to therapeutic
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effects [189, 190]. Thermal models using nanoparticles have also been developed to predict
temperature and cell damage in tumors during laser irradiation [191, 192]. Experimental
studies have demonstrated that cell death can be more effectively induced with a single pulse
of a nanosecond laser than with a continuous−wave laser [192, 193].

The field of ultrashort laser pulse thermal−based killing of abnormal cells targeted by
absorbing nanoparticles is an expanding area of research. A comprehensive understanding of
the interactions between ultrashort pulsed lasers and nanoparticles in biological systems is
necessary for the development of effective cancer treatments. The studies discussed above
offer valuable insights into the use of nanoparticles in photothermal therapy and contribute
to the advancement of this field.

2.5.2 Bioheat Transfer Equation

Mathematical models and numerical methods are indispensable for the development of efficient
photothermal therapy protocols. These tools facilitate the comprehension and optimization
of photothermal therapy by elucidating the heat transfer processes in biological tissues and
projecting the temperature distribution during treatment. The bioheat transfer equation
offers a spatial and temporal representation of the temperature in biological tissues and is
rooted in the principles of heat transfer and diffusion. This equation incorporates the thermal
conductivity, specific heat capacity, and blood perfusion rate of the tissue as well as the heat
generation rate and optical properties of the light−absorbing material. The thermal behavior
of the tissue can be characterized using the mathematical bioheat transfer formula commonly
referred to as Penne’s bioheat transfer equation:

ρCp
∂T

∂t
= ∇(k∇T ) + ρbCbωb(Tb − T ) + Qmet + Qlaser (2.4)

where T is the temperature, k is the tissue thermal conductivity [W/m·K], ρ is the tissue
density [kg/m3], Cp is the tissue−specific heat [J/(kg·K)], t is the time [s], ρb is the blood
density [ kg/m3], Cb is the blood specific heat [J/(kg·K)], ωb is the blood perfusion rate [1/s]
and Tb is the arterial blood temperatures [K]. The terms Qmet, Qlaser are the metabolic heat
generation rate [W/m3] and the external laser source [W/m3], respectively.
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Recent studies have employed this equation to model the effect of nanoparticles on the tem-
perature distribution and to develop a numerical modeling strategy for nanoparticle−assisted
photothermal therapy. Through a computationally planned therapeutic approach, a study
demonstrated that the intravenous administration of polyethylene glycol−protected gold
nanorods resulted in the destruction of all irradiated tumors under NIR light [194]. More
recent applications of the bioheat transfer equation have focused on modeling the use of gold
nanorods [195] and nanoshells [192, 196] during photothermal therapy with nanoparticles. In
a study conducted by Seung et al., a mathematical model utilizing COMSOL was developed
to predict the temperature distribution of antibody−MWCNTs in response to laser irradiation
of tumors [158]. The model was designed to ensure that a 4.5 W laser applied for 2 min would
raise the tumor temperature above 45 ◦C while minimizing potential harm to adjacent tissues.
Soni et al. simulated different GNP concentrations and provided valuable information on
the optimal concentration of nanoparticles for effective photothermal therapy [197]. Another
study developed a versatile numerical model capable of accounting for various relevant param-
eters, considering the homogeneous distribution of nanoparticles in embedded tissues [198].
In a separate study, a numerical modeling strategy was developed for nanoparticle−assisted
photothermal therapy based on computed tomography (CT) imaging. The tumor geometry
generated from the CT images was exported into a finite element simulation software using
COMSOL Multiphysics modeling software for bioheat transfer simulation. The model was
validated by comparing numerical calculations with experimental measurements [199].

The bioheat transfer equation is a valuable tool for understanding, predicting, and
optimizing the temperature distribution in biological tissues during treatment, especially in
the context of photothermal therapy involving nanoparticles. Additionally, the combination
of the bioheat transfer equation with a Monte Carlo simulation has provided a new way to
investigate the interaction between light and tissue.

2.5.3 Monte Carlo Simulation

Monte Carlo simulation is a widely utilized computational approach in the field of photother-
mal therapy, serving to predict the optical and thermal responses of tissues and nanoparticles.
This technique employs random sampling to model the behavior of photons and their in-
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teractions with biological tissues, considering tissue heterogeneity and anisotropy as factors
that influence light and heat transport [31]. The radiative transport equation governs the
interaction of photons with biological tissues and describes the transfer of energy as photons
traverse a tissue [31]. Researchers commonly utilize an open−source Monte Carlo model,
known as Monte Carlo for multilayered media (MCML), to calculate the required light dosage
for photodynamic or photothermal therapy by simulating optical energy deposition within
the tissue [200].

Numerous studies have employed Monte Carlo simulations in the realm of photothermal
therapy to anticipate and monitor the temperature distribution within tumor tissues and
adjacent healthy tissues. Recent research has demonstrated the utility of Monte Carlo
simulations in exploring the photothermal consequences of liquid metal nanoparticles (LMNPs)
in biological tissues subjected to near−infrared laser exposure. Simulation investigations have
revealed that LMNPs expand the absorption of NIR lasers, leading to localized temperature
elevation and improved temperature distribution. Specifically, the inclusion of LMNPs
in biological tissues amplifies the absorption of the NIR laser, thereby potentiating the
photothermal effects of the therapy [201]. In one study, indocyanine green (ICG) was
administered to the tumor, and Monte Carlo simulation was used to predict the light and
energy distributions within the tumor and surrounding healthy tissue [202].

Mathematical simulations have demonstrated the feasibility of monitoring tissue tempera-
ture during photothermal therapy. A temperature field simulation model was constructed
based on Penne’s bioheat equation using COMSOL Multiphysics. The model was used to
compare the temperature of the tumor tissue with that of the surrounding healthy tissue
during the laser and ICG treatments. In another study, Monte Carlo simulations and Beer’s
law were used to calculate the heat generation of tissues and gold nanoparticles irradiated
by a laser for GNP−enhanced photothermal therapy [203]. The generated heat was used
as a source term in the bioheat transfer equation in COMSOL to study the influence of
various parameters [203]. A Monte Carlo simulation algorithm was developed to simulate
photon propagation in a spherical tumor to calculate the laser energy absorption in the tumor
and to examine the effects of the absorption and scattering coefficients of tumors on the
generated heating pattern [204]. The simulated temperature elevations were compared with
experimental measurements in previous in vivo studies on PC3 prostatic tumors [204].
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Close monitoring of photothermal therapy is of paramount importance in achieving
effective treatment outcomes while minimizing potential adverse effects. Preclinical planning
is indispensable for determining the most appropriate thermal heating protocol for a particular
type of cancer and specific tumors. Experimental research can offer invaluable insights into the
optical properties and thermal behavior of tissues and nanoparticles, whereas computational
modeling can aid in predicting the temperature distribution, measurement, and optimization
of treatment parameters.

2.6 Conclusion

In conclusion, photothermal therapy has emerged as a promising and minimally invasive
approach for cancer treatment, with several photothermal agents demonstrating significant
potential in preclinical studies. However, further clinical trials are necessary to thoroughly
evaluate the safety and efficacy of PTT in humans. Currently, clinical PTT relies on invasive
3D thermal imaging techniques; however, non−invasive thermometry methods, such as
Raman spectroscopy, fluorescence, photoluminescence, and thermal imaging, hold promise
for enhancing monitoring and control. Achieving precise spatiotemporal observation and
control requires optimizing thermal heating through time−dependent protocols supported
by simulations and modeling to plan outcomes. To improve photothermal agents, efforts
should be focused on increasing the cross−sectional area of absorption and enhancing the
photothermal conversion efficiency. Long−term biosafety, stability, and targeting capabilities
are crucial for enhanced in vivo efficacy. The limited penetration depth of light into tissues
can be overcome using longer−wavelength light sources or light−absorbing nanoparticles.
Control of tissue temperature during treatment is necessary to prevent potential overheating
and damage to adjacent healthy tissues. Despite the obstacles, the field of new nanomaterials
and theragnostic techniques is progressing, offering a promising trajectory for improving
the safety, efficacy, and accessibility of PTT in cancer treatment. With sustained research
and development efforts, PTT holds great promise as a transformative approach to cancer
therapy.



44 CHAPTER 2. LITERATURE REVIEW

Transition to Next Chapter

Chapter 31 is built upon insights derived from the literature review to focus on exploring the
potential advantages of MWCNTs for NIR photothermal cancer therapy. To enhance the
light−to−heat conversion efficiency within the near−infrared biological transmission window,
we decorate MWCNTs with plasmonic GNRs. Aligned with prior research, we evaluate the
optical and thermal properties of MWCNTs−GNRs.

Utilizing advanced numerical simulations, alongside microscopic and spectroscopic charac-
terization, we systematically unveil the intricacies of the hybrid nanomaterial. The results
demonstrate a significant photothermal enhancement of hybrid MWCNTs−GNRs compared
to bare MWCNTs, with a 4.9 enhancement factor per unit mass. In vitro investigations using
prostate cancer cell lines confirm the potent ablation efficiency of MWCNTs−GNRs. These
findings represent significant progress in developing novel hybrid plasmonic nanostructures for
in vitro PTT, laying the groundwork for a new generation of photothermal therapy agents.

1The work presented in this chapter has been published in a peer−reviewed journal: Fatma Oudjedi,
Seung Soo Lee, Miltiadis Paliouras, Mark Trifiro, and Andrew Kirk, “Enhancing in vitro photothermal
therapy using plasmonic gold nanorod decorated multiwalled carbon nanotubes," Biomed. Opt. Express 14,
6629-6643 (2023)



Chapter 3

In Vitro Photothermal Therapy Using
MWCNTs−GNRs

3.1 Introduction

Photothermal therapy is a noninvasive treatment modality that harnesses near−infrared laser
irradiation and phototransducers to selectively eradicate malignant cells while preserving the
integrity of surrounding healthy tissues [15]. This innovative approach offers several distinct
advantages over conventional cancer treatments, including precise spatiotemporal selectivity
for tumor sites, minimal invasiveness, and reduced adverse effects in treated individuals [18].
Therefore, PTT has emerged as a promising strategy for focal cancer therapy by leveraging
the photothermal effect generated by light−absorbing materials.

Over the past few decades, extensive research has been devoted to investigating nanopar-
ticles composed of diverse materials as potential photothermal transducers for photothermal
cancer therapy [20]. These transducers must possess crucial characteristics, including strong
absorption in the NIR region to enable efficient light−to−heat conversion and allow tissue
penetration, the ability to accumulate at tumor sites, and biocompatibility [20, 33]. Recent
advancements in nanoparticle−mediated photothermal therapy offer promising prospects
for addressing this challenge by controlling nanoparticle concentration, size, structure, and
dispersion within tumors [16]. While significant progress has been made in the development of

45
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photothermal agents with various compositions and shapes, there remains an urgent demand
for the development of novel photothermal transducers capable of localized heat generation
at the cellular level [16, 18, 20].

Among the array of light−absorbing materials, carbon nanotubes have emerged as
potential candidates for photothermal therapy owing to their favorable optical and thermal
properties [80, 83, 84, 86, 91, 157]. In particular, multiwalled carbon nanotubes (MWCNTs)
have garnered significant attention due to their distinctive optical properties and excellent
biocompatibility [62, 63, 76, 88, 90]. However, MWCNTs display relatively low optical
absorption in the first near−infrared biological therapeutic window (750−950 nm) [165, 205].
This wavelength range is over which biological tissues display low absorption, allowing
light penetration through the skin and upper tissue layers to reach a target region [1].
Notably, nanoparticles incorporating plasmonic and carbon nanotube components have shown
promise for simultaneously activating photoacoustic imaging and enhancing the efficiency
of photothermal therapy [165]. Several research groups have developed various nanohybrid
carbon−based structures using gold nanostars [141], spherical gold nanoparticles [137, 206,
207], covered gold layers on single−walled carbon nanotubes [140, 165], and silver nanoparticles
[138], which combine localized heat generation and conversion in the near−infrared region.
These methods contribute to real−time monitoring of treatment, thereby improving the
efficacy and precision of nanoparticle−assisted thermal therapy. However, although gold
nanorods possess tunable resonance properties, they have not yet been investigated as hybrid
carbon−based nanostructures for PTT.

In this chapter, we propose a novel approach for PTT using GNR−decorated MWC-
NTs (MWCNTs−GNRs) to develop an enhanced photothermal agent. The decoration of
MWCNTs with GNRs offers several advantages, including enhanced light absorption in the
NIR region due to the localized surface plasmon resonance (LSPR) properties of the GNRs
and the high thermal conductivity exhibited by MWCNTs, which plays a critical role in
efficient heat distribution into the surrounding environment. By synthesizing plasmonic
MWCNTs−GNRs as photothermal transducers, we can achieve superior local absorption
and heat conversion compared to bare carbon nanotubes. These hybrid nanostructures
demonstrate efficient thermal ablation of cancer cells, surpassing the reported performance
of some carbon metal−based photothermal agents [138, 148]. We have introduced a new
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metric, the hybrid enhancement factor, to better understand the influence of GNRs on
the photothermal heating of GNRs−decorated carbon nanotubes. Additionally, in vitro
experiments were conducted to evaluate the performance of the MWCNTs−GNRs as PTT
agents for cancer therapy. To the best of our knowledge, this is the first report of covalently
decorating MWCNTs with GNRs for the ablation of prostate cancer cells in vitro.

3.2 Methods

3.2.1 Materials and Reagents

Carboxylated multiwalled carbon nanotubes (MWCNTs), with dimensions of 20−30 nm in
diameter and 0.5−2 µm in length, were purchased from Cheaptubes Inc. (Cambridgeport, VT,
USA). 1−ethyl−3−(3−dimethyl aminopropyl) carbodiimide (EDC), sulfo−N−hydroxysulfo−succinimide
(Sulfo−NHS), 2−(N−morpholino) ethanesulfonic acid (MES) were purchased from Sigma−Aldrich
(Oakville, ON, Canada). Amine−functionalized gold nanorods (GNRs−TA), with a diameter
of 5 nm and length of 21 nm, were supplied by NanoChemazone (Edmonton, AB, Canada).

3.2.2 Chemical Oxidation of MWCNTs

300 mg of MWCNTs were refluxed in 16 mL of 98% sulfuric and 70% nitric acid (3:1 v/v)
mixture at 65 ◦C for 4 h in a sand bath under stirring conditions to further introduce
carboxylic groups. At the end of the reaction, the oxidized MWCNTs (MWCNTs−COOH)
were washed 3 times by ultracentrifugation at 21,000 rpm and resuspended in deionized water
(d2H2O).

3.2.3 Preparation and Characterization of MWCNTs−GNRs

GNRs were covalently conjugated onto the surface of carboxylated MWCNTs using carbodi-
imide chemistry. Briefly, 1 mg/mL of MWCNTs−COOH was diluted to a final concentration
of 0.1 mg/mL MWCNTs in 0.1 M MES buffer, pH 6. Carboxyl groups on the surface of
the MWCNTs were activated by adding dropwise 10 mg/mL of EDC and 20 mg/mL of
Sulfo−NHS to the MWCNT solution and were reacted at room temperature for 30 minutes.
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The unreacted EDC/NHS was washed away by centrifugation for 10 minutes at 14,000 × g
three times. Subsequently, 1 mL of GNRs−TA (100 µL of 50 OD GNRs diluted in 900 µL of
d2H2O) was added to 1 mL of the solution and allowed to react at room temperature for
1 h. The final product (MWCNTs−GNRs) was washed by centrifugation at 14,000 × g at
room temperature for 10 minutes and resuspended in 1 mL of d2H2O. The morphologies of
MWCNTs−COOH and MWCNTs−GNRs were characterized using microscopic and spectro-
scopic tools. transmission electron microscopy (TEM) images were obtained using a Thermo
Scientific Talos F200X G2S/TEM instrument operating at 200 kV. thermal gravimetric
analysis (TGA) of as−received and as−prepared MWCNTs was carried out under reactive
(air) media at a scan rate of 10 ◦C/min in the temperature range 30–800 ◦C using TGA
Q500 V20.13 (TA Instruments). Zeta potential measurements of each tested sample were
performed using dynamic light scattering (DLS) with ZetaPlus Particle sizing software V5.29
(Brookhaven Instrument Corp.), completing 10 runs. UV−Vis spectra were acquired using
a Cary5000 UV−Vis−NIR spectrometer equipped with a 10 mm quartz cuvette, with a
light path length of 1 cm and a scanned region ranging from 200 nm to 1200 nm. Raman
spectra were measured with a WITec Confocal Raman microscopy system (WITec Alpha300R)
equipped with a 633 nm HeNe laser with a 50X objective (maximum output power of 2 mW
at a sample spot size of 3 µm in diameter and NA of 0.80).

3.2.4 Photothermal Irradiation

The photothermal effect of the MWCNTs−GNRs was tested under irradiation with an 808
nm continuous wave (CW) laser (LaserGlow, USA). The temperature of the solution was
monitored using an infrared pyrometer sensor (Optris GmbH, Berlin, Germany) connected to
an Arduino UNO board to collect the data. The CW laser with an output power of 0.5 W
was collimated by a concave lens and placed 200 mm away from a 0.2 mL tube (MicroAmp
Optical 8−tube strip, Thermo Fisher Scientific), resulting in a beam spot diameter of 5
mm, as shown in Fig. A.1. The power density of the continuous wave laser was 2 W/cm2.
Each sample within the tube contained 100 µL of the tested solution. The overall optical
configuration aimed to maximize light absorption efficiency by the MWCNT−GNR hybrid
nanostructures, thus facilitating effective photothermal conversion.
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3.2.5 Cell Lines and Cell Cultures

PC3 [(PC−3; prostate adenocarcinoma; human (Homo sapiens)) cells were obtained from
ATCC distributor Cedarlane (Burlington, ON, Canada). The cells were grown in a monolayer
in RPMI−1640 supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/strepto-
mycin. Cell cultures were maintained in a humidified atmosphere containing 5% CO2 at 37
◦C and were regularly sub−cultured with 0.05% trypsin−EDTA once they had reached 80%
confluency.

3.2.6 Cell Viability Evaluation

PC3 cells were grown in 96−well plates at a cell density of 1×105 cells/well and incubated in
an atmosphere of 5% CO2 at 37◦C for 24 h. A 100 µL aliquot of MWCNTs−GNRs suspended
in deionized water was added to the cells at final concentrations of 0, 0.3, 0.6, 10, 20, 40, 80,
and 100 µg/mL, and the cells were further incubated for 24 h, 48 h, and 72 h, respectively.
Following the incubation, 100µl of 5 mg/mL methyl thiazolyl tetrazolium (MTT) was added
to each well and incubated for an additional 3 h. Finally, the medium was replaced with
DMSO (100 µL) to dissolve the resulting formazan crystals. The absorbance was measured
at 570 nm using a microplate reader (Bio−Rad UV−Vis Spectrometer). Cell viability of
each concentration was assessed in triplicate and determined relative to untreated control
cells. The relative cell viability was normalized to the control group and calculated using
the following formula of cell viability growth: Cell viability (%) = (mean of absorbance of
treatment group)/ (mean of absorbance of control group) × 100%.

3.2.7 In Vitro Photothermal Heating

PC3 cells were harvested and resuspended in a cell culture medium to achieve a concentration
of 10,000 cells in 10 µL (equivalent to 1 million cells per mL). Subsequently, 10 µL of
the different samples, including bare MWCNTs, GNRs, and MWCNTs−GNRs at various
concentrations, were added to the cells. PC3 cells were incubated with the tested solutions
in a PCR tube with a total volume of 20 µL. The resulting mixture was incubated for one
hour. The mixture was gently pipetted in an upward and downward motion to ensure proper
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dispersion and subsequently exposed to an 808 nm laser, with a power density of 2 W/cm2

for 2 minutes. The cell viability was determined by automated Trypan blue cell counting
using a CellDrop™Automated Cell Counter (DeNovix, Wilmington, DE, USA).

3.2.8 In Vitro Fluorescence Imaging

PC3 cells were treated with MWCNTs−GNRs at a concentration of approximately 1 OD.
After 1 hour of incubation, the cells were irradiated with an 808 nm laser at a power of 2
W/cm2 for 2 minutes. The cells were co−incubated with and without MWCNTs−GNRs
for 24 h, which were assigned as MWCNTs−GNRs and blank groups (three samples were
tested for each group). Cell death was assessed using the LIVE/DEAD Cell Imaging Kit
(488/570), (Invitrogen #R37601), USA), according to the manufacturer’s instructions. Finally,
a fluorescence microscope (20X objective, EVOS FL Cell Imaging System, Thermo Fisher
Scientific) was used to record the results.

3.2.9 Statistical Methods

All data are reported as the mean ± standard deviation from at least three independent
runs. Statistical analysis was performed using Microsoft Excel 2010 and OriginPro2018. A
two−paired t−test was performed on the relative cell viability under different experimental
conditions. For all statistical analyses, a p−value < 0.05 was regarded as statistically
significant.

3.3 Results

3.3.1 Functionalization and Characterization of MWCNTs−GNRs

To enhance the hydrophilicity of carboxylated multiwalled carbon nanotubes and enable
subsequent covalent conjugation protocols, an acid reflux process was utilized to increase the
formation of carboxyl group surfaces and subsequently used for EDC/NHS conjugation of
the GNRs (Fig. 3.1a). TGA was employed to monitor the progress of the oxidation process,
revealing a substantial change in weight loss at 580 ◦C (Fig. A.2a. The zeta potentials of
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the MWCNTs intermediates and final products were continuously monitored throughout
the conjugation process, revealing a decrease in the indicated charge exchange between the
activated MWCNTs−COOH and MWCNTs−GNRs final product from −70 ±3 mV to −37
±1 mV (Fig. A.2b and Table A.1).

TEM was employed to examine the morphological structure of MWCNTs−GNRs. Fig-
ure 3.1b exhibits a TEM image depicting the interface of the binding sites and conjugation
of the GNRs on the MWCNTs. Notably, the TEM image demonstrated the absence of
unbound GNR particles even after multiple cycles of washing and resuspension, providing
strong evidence of the covalent attachment of GNRs onto the MWCNT surface (Fig. A.3a).
Furthermore, statistical TEM analysis of the 120 GNRs revealed an average diameter and
length of 11 ± 2 nm and 40 ± 9 nm, respectively, with an aspect ratio of 3.7, illustrating the
polydispersity of the GNRs (Figs. A.3b–A.3d).

Raman scattering analysis was also conducted to characterize both the bare and decorated
MWCNTs, as shown in Fig. 3.1c. Both samples exhibited three prominent Raman peaks:
the D−band at 1336 cm−1, associated with defects and the degree of disorder; the G−band
at 1580 cm−1, corresponding to the stretching vibration of carbon atoms in the honeycomb
lattice structure; and the D’ band at 1610 cm−1, associated with the metallicity of the carbon
nanotube. The decorated MWCNTs displayed enhanced Raman signals owing to the presence
of the gold nanorods.

We also assessed and normalized the absorption spectra of MWCNTs−COOH and
MWCNTs−GNRs (Fig. 3.2). The bare MWCNTs exhibit a resonance peak at approxi-
mately 250 nm, attributed to the π-π∗ electron transition, akin to graphite [208]. In the case
of the MWCNTs−GNRs, in addition to π−resonance, contributions from the transverse and
longitudinal plasmonic responses of the GNRs were observed. The significant absorption in
the near−infrared region indicates electromagnetic coupling between the gold nanoparticles
and carbon nanotubes (Fig. A.5), which is particularly advantageous for photothermal heating
conversion (Fig. 3.2a). Figure A.4 has been included as a supplementary graph to display
the GNR prior to the covalent process.

Based on TEM micrograph statistical analysis, finite element modeling was employed
to validate the optical response of the MWCNTs−GNRs. The absorption spectra were
theoretically calculated using the finite element method in COMSOL Multiphysics (see Ap-



52 CHAPTER 3. IN VITRO PHOTOTHERMAL THERAPY USING MWCNTS−GNRS

pendix A.5). The MWCNTs were modeled as cylinders with dimensions of 200 nm in length
and 30 nm in diameter, due to the computationally demanding nature of the simulations.
Similarly, the nanorods were modeled as cylinders with hemispherical end caps, having
dimensions of 11 nm in diameter and 40 nm in length, based on statistical TEM analysis
(Fig. 3.2b). Numerical validation confirmed the presence of a π−resonance peak in the
ultraviolet spectrum, along with longitudinal and transverse responses in the near−infrared
region (Figs. 3.2c and 3.2d). The normalized electromagnetic field extracted for longitudinal
resonances exhibited pronounced hotspots at the binding sites, as shown in Fig. 3.2e. Notably,
an observed disparity emerged between the experimental near−infrared absorption resonance
and the numerically calculated outcomes, which is likely attributed to the polydisperse nature
of the gold nanorods (Fig. 3.2f). Scattering far−field simulations were conducted to ascertain
the scattering or absorption behavior of the hybrid structure at near−infrared wavelengths
relative to the transverse and π−resonances, unequivocally verifying the strong absorption
at 808 nm (Figs. A.6a and A.6b). Considering these spectral and optical characterizations,
which confirmed the successful covalent conjugation of amine−functionalized GNRs onto car-
boxylated MWCNTs via carbodiimide chemistry, we evaluated the photothermal performance
of the hybrid structure in the near−infrared region.
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(a)

(b) (c)

Fig. 3.1. Preparation and characterization of MWCNTs−GNRs. (a) The schematics for
covalent conjugation of amine−functionalized GNRs onto carboxylated MWCNTs. (b) TEM
image of MWCNTs−GNRs at a scale of 50 nm. (c) Raman spectra of carboxylated (blue
curve) and decorated (green curve) MWCNTs, with the carbon peak bands comprising
G−band ( 1580 cm−1), D−band ( 1336 cm−1), and D’ ( 1610 cm−1).
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(a) (b)

(c) (d)

(e) (f)

Fig. 3.2. Characterization of the absorption properties of MWCNTs−GNRs. (a) Normalized
absorption spectra comparing carboxylated MWCNTs (blue curve) and MWCNTs−GNRs
(green curve). (b) Three−dimensional meshing of decorated MWCNTs based on the TEM
images Fig. 3.1b, inset of MWCNTs−GNRs structure. (c) Simulated optical spectra of longi-
tudinal and (d) transverse resonance of MWCNTs−GNRs. (e) Normalized electromagnetic
field of the longitudinal resonance of MWCNTs−GNRs. (f) Normalized absorption spectra of
the experimental and numerical MWCNTs−GNRs.
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3.3.2 Near−Infrared Photothermal Performance and Stability of
MWCNTs−GNRs

We conducted a series of investigations under various conditions to comprehensively assess
the photothermal performance of the MWCNTs−GNRs. Initially, we prepared a stock of
MWCNTs−GNRs with an optical density of 1.8, as determined by UV−Vis measurements.
We set the as−prepared MWCNTs−GNRs to an approximate concentration of 1 OD, by
diluting from its initial concentration of 1.8 OD. Serial dilutions, from 1 to 1/16 of the stock
MWCNTs−GNRs, were prepared with a 1:2 ratio. The diluted samples were subjected to
laser exposure for 300 seconds at a power density of 2 W/cm2 with a continuous wave 808
nm laser. As anticipated, the temperature of the diluted samples exhibited a noticeable
increase ranging from 30 to 55 ◦C relative to the initial room temperature of 22 ◦C, whereas
the control sample of water exhibited a temperature increase of 23 ◦C, as shown in Fig. 3.3a.
This finding suggests that the primary mechanism responsible for generating heat is the
plasmonic properties of the MWCNTs−GNRs which capture light and convert it into thermal
energy. This process appears to be distinct from the direct heating of water caused by laser
irradiation. The heating rate was determined at different optical densities, revealing a linear
relationship among the dilutions, with a calculated temperature increase of approximately 15
◦C/min (Fig. 3.3b).

To evaluate the stability of the synthesized MWCNTs−GNRs, we conducted four cycles of
laser irradiation, followed by absorbance measurements after each irradiation. The first cycle
served as the control, and subsequent cycles were compared to the baseline. Over repeated
exposure, we did not observe any decay in the temperature, as displayed in Fig. 3.3c. The
UV−Vis spectra of each irradiated sample, along with their respective cycles, also exhibited
negligible changes in absorption at 808 nm, demonstrating the excellent photothermal
stability of the MWCNTs−GNRs over multiple irradiations, as shown in Fig. 3.3d. Finally,
the change in temperature of the MWCNTs−GNRs was evaluated at different power densities
of continuous−wave laser irradiation over time, as shown in Fig. 3.3e. These results suggest
that our hybrid plasmonic MWCNTs can generate heat, even at low irradiation dosages.

Furthermore, the photothermal effect of the MWCNTs−GNRs was compared to different
samples, including the unmodified MWCNTs, GNRs, and d2H2O. First, the changes in
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temperature of each sample upon laser irradiation were measured during a 300−second heating
phase, followed by a 300−second cooling phase, as shown in Fig. 3.4a. The temperature decay
over time was analyzed by calculating the natural logarithm of the temperature decay (see
Appendix A.6) [55]. By fitting the resulting curve, the average thermal equilibration time
constant associated with the radiative heat transfer was determined to be 149.14 seconds, as
shown in Fig. 3.4b. Using this value and Eq. (A.3) to Eq. (A.14), the photothermal conversion
efficiency of the MWCNTs−GNRs was calculated to be 69%. This calculation facilitated
the assessment of the figure of merit, serving as a measure of the heating efficiency of each
sample, also known as the photothermal conversion efficiency. The photothermal conversion
efficiency serves as a quantitative measure of the effectiveness with which the incident power
is converted into heat by nanoparticles within their surrounding medium, thereby determining
the achieved heating efficiency (Table A.2). The decorated multiwalled carbon nanotubes
exhibited a significant enhancement of 69% in photothermal conversion efficiency compared
to the individual components of MWCNTs and GNRs alone, approximately 29% and 35%,
respectively, as shown in Fig. A.7a. Moreover, the heating rates of the examined samples
were derived from the 300−second heating phase (depicted in Fig. 3.4a) and are illustrated
in Fig. A.7b, unequivocally establishing the superior heating rate of MWCNTs−GNRs.

The photothermal conversion efficiency per unit mass of MWCNT is another figure
of merit used to evaluate the hybrid nanostructure. This measure involves dividing the
photothermal conversion efficiency by the mass of MWCNT present in each sample solution.
The resulting value indicates the efficiency of the photothermal conversion with respect to
the mass of MWCNT employed in the near−infrared region (see Appendix A.7 for detailed
calculations), as shown in Fig. 3.4c. The photothermal conversion efficiency per unit mass
of MWCNTs−GNRs was approximately 4.9 times greater than that of bare MWCNTs,
indicating a significant contribution of GNRs to the enhancement of MWCNTs through their
electromagnetic coupling in the near−infrared region. Consequently, the MWCNTs−GNRs
displayed excellent photothermal performance, indicating their potential as PTT agents.
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(a) (b)

(c) (d)

(e)

Fig. 3.3. Photothermal properties and stability of MWCNTs−GNRs. (a) Temperature
profiles of MWCNTs−GNRs at various optical densities, starting from the as−prepared
state with an optical density of approximately 1 at 808 nm. The samples were subjected to
laser irradiation for 300 seconds at 2 W/cm2, with subsequent half−dilutions down to 1/16
of the original concentration. (b) Increasing trend in heating rate as a function of optical
density for MWCNTs−GNRs. (c) Thermal curves and changes in absorption intensity of
MWCNTs−GNRs after repeated on and off cycles of 808 nm laser irradiation (n = 3) at 2
W/cm2. (d) Absorbance at 808 nm of MWCNTs−GNRs after each repeated on−and−off
laser heating cycle. (e) Temperature profiles of MWCNTs−GNRs under different laser power
densities during 300 seconds of heating at 2 W/cm2.
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(a) (b)

(c)

Fig. 3.4. Photothermal performance of MWCNTs−GNRs. (a) Temperature profile of deion-
ized water (black curve), GNRs (red curve), MWCNTs (blue curve), and MWCNTs−GNRs
(green curve) under 808 nm continuous wave laser irradiation for 300 seconds of heating and
300 seconds of cooling at 2 W/cm2. (b) Photothermal effect of as−prepared MWCNTs−GNRs
(optical density of approximately 1 at 808 nm) when irradiated with an 808 nm continuous
wave laser at 2 W/cm2 for 300 seconds, followed by a 300−second cooling period. The left
y−axis represents the temperature during the process, while the right y−axis shows the
linear correlation between cooling time and the negative natural logarithm of the cooling
temperature. (c) Photothermal conversion efficiency as per mass of bare (blue bar) and
decorated MWCNTs (green bar) samples investigated under 808 nm continuous wave laser
irradiation at 2 W/cm2, with 300 seconds of heating and 300 seconds of cooling.
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3.3.3 In Vitro Cytotoxicity and Photothermal Performance
MWCNTs−GNRs

Considering the thermal effects and exceptional stability of MWCNTs−GNRs, their cyto-
toxicity, and in vitro phototherapy ablation properties were investigated in PC3 human
prostate cancer cells. The relative viability of PC3 cells exposed to various concentrations of
MWCNTs−GNRs for 24 h, 48 h, and 72 h was determined using the MTT assay. As expected,
no significant cytotoxicity was observed, as the cell viability remained high at approximately
80%, even at the highest concentration of MWCNTs−GNRs (up to 100 µg/ml), as shown in
Fig. A.8a. These findings demonstrate the non−toxic nature of MWCNTs−GNRs towards
PC3 cells at the tested concentrations, supporting their potential for in vivo photothermal
therapy and warranting further exploration of their biological applications. Furthermore,
the photothermal ability of MWCNTs−GNRs to induce cell death in PC3 cancer cells was
investigated. PC3 cells were incubated with decorated MWCNTs for 1 h and exposed to an
808 nm laser (2 W/cm2) for increasing durations (0, 7.5, 15, 30, 60, and 120 s). Cell viability
was quantitatively assessed using Trypan blue staining, which revealed a time−dependent
photothermal therapy effect (Fig. A.8b). The temperature was monitored during each expo-
sure period, and the amount of energy delivered to the sample was calculated relative to the
relative cell viability of PC3 cells, as shown in Fig. 3.5a. Increased energy delivery resulted in
greater thermal ablation of PC3 cells, whereas PC3 cells without laser irradiation remained
unaffected.

PC3 cells were incubated with GNRs, MWCNTs, and MWCNTs−GNRs, followed by
thermal irradiation at 2 W/cm2 for 120 s (Fig. 3.5b). The survival rate of cells incubated
with MWCNTs−GNRs was only 20% compared to the controls (GNRs and MWCNTs).
Fluorescence imaging of PC3 cells co−stained with Calcein AM (green fluorescence indicating
live cells) and BOBO−3 Iodide (red fluorescence indicating dead cells) further supported
these results. After 120 s of laser exposure at 2 W/cm2 and an additional 24−hour incubation
period, the MWCNTs−GNRs group displayed significant cell ablation and the presence of
numerous cell debris floating in the cell culture medium, indicating their potent photothermal
properties, as shown in Fig. 3.5c. These fluorescence staining results are consistent with
those of the cell viability tests, demonstrating the ability of MWCNTs−GNRs to efficiently
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absorb laser energy in the vicinity of PC3 cells and convert it into heat, leading to immediate
cell death. The minimal damage observed in the control group treated with only the NIR
laser confirmed the specificity of the photothermal effect. Additionally, the untreated groups
incubated with PC3 cells for 24 h exhibited negligible cell damage (Fig. A.9). Based on these
results, the suitability and potential of the as−prepared MWCNTs−GNRs as highly effective
and efficient in vitro PTT agents are confirmed.
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(a) (b)

(c)

Fig. 3.5. In vitro Photoablative outcomes of MWCNTs−GNRs. (a) Relative viability of PC3
cells incubated with MWCNTs−GNRs and exposed to 808 nm laser irradiation at 2 W/cm2

for varying durations of irradiation (energy). The right y−axis represents the recorded final
temperature at different time points of irradiation. (b) Relative cell viability of exposed (red
bar, +laser) and unexposed (black bar, −laser) PC3 cells incubated with MWCNTs, GNRs,
MWCNTs−GNRs and exposed at 2 W/cm2 for 120 s. A two−paired student t−test was
used to evaluate the statistical significance; p−value for * = p < 0.05 and ** = p<0.01,
respectively. (c) Fluorescence images captured after 808 nm laser irradiation 2 W/cm2 for
120 s. The images depict the fluorescence of Calcein AM (green fluorescence indicating live
cells) and BOBO−3 Iodide (red fluorescence indicating dead cells). Scale bars correspond to
400 µm.
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3.4 Discussion

Noble metal nanoparticles attached to carbon nanotubes have attracted considerable interest
in recent years owing to their distinct characteristics such as expansive surface area, exceptional
thermal conductivity, and tunable optical properties. These composite materials exhibit
remarkable promise across a range of fields including sensing [133–135], photocatalysis
[136, 137], and photothermal therapy [138–141, 209]. The enhanced photothermal conversion
efficiency of the resulting MWCNTs−GNRs hybrid can be attributed to several factors.
Firstly, the high surface area of MWCNTs facilitates the attachment of GNRs, enhancing
the absorption of NIR light and leading to a higher concentration of heat−generating agents
[143–145]. Secondly, the MWCNTs served as a scaffold to prevent GNR aggregation and
improve their stability in solution.

We successfully synthesized a novel and stable structure that efficiently converted light into
heat, thereby enhancing the photothermal effects within the near−infrared biological window.
The effectiveness of enhancing the photothermal effect of multiwalled carbon nanotubes
within the NIR biological window, specifically at a wavelength of 808 nm, has been verified
through the formation of a hybrid plasmonic carbon nanostructure. This structure was
achieved using GNR−decorated MWCNTs, thus, validating the viability of this promising
strategy. This approach capitalizes on the unique optical plasmonic properties of GNRs,
which efficiently absorb near−infrared light and convert it into heat, thereby enabling thermal
damage to cancer cells. In considering the low scattering properties observed in our study,
it is important to note that the hybrid plasmonic carbon nanostructure, comprised of gold
nanorod−decorated MWCNTs, exhibits characteristics that contribute to reduced scattering.
The localized surface plasmon resonance of the GNRs, particularly in the NIR region, is
known to enhance light absorption and convert it into heat efficiently. The strong absorption
by the GNRs minimizes the scattering of incident light, directing more energy towards the
photothermal conversion process. While low scattering may limit the distribution of heat, it
ensures that a significant portion of incident energy is utilized for the intended therapeutic
effect. However, further studies on the trade−off between scattering and absorption are
needed to better elucidate the relationship.

Our research also demonstrates that this structure exhibits non−cytotoxic behavior over an
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extended period of several days and effectively ablates cancer cells over time when irradiated
with a NIR laser. Additionally, the photothermal conversion performance of our plasmonic
hybrid structure was calculated to be 69%, surpassing the reported performance of some other
recently published carbon−metal−based photothermal therapy agents (Table A.4). However,
it is essential to acknowledge that direct comparisons with studies using lower laser power
densities should be made cautiously, as the therapeutic outcomes are impacted by multiple
factors. These factors include the properties of the nanomaterial, the experimental conditions,
the type of cancer targeted, and the specific biological context in which the treatment is
administered, whether it is conducted in vivo or in vitro.

One of the challenges encountered was accurately determining the amount of gold attached
to the carbon nanotube surface (see Appendix A.11 for detailed calculations). This can be
estimated using Gan’s theory [210] or determined using spectroscopic tools, such as inductively
coupled plasma mass spectrometry [141], energy−dispersive X−ray spectroscopy [206, 211], or
mathematical modeling based on adsorption kinetics [212]. Also, polydisperse gold nanorods
pose challenges in terms of their optical spectra because their size and shape variations lead
to broadened absorption and scattering peaks, making it difficult to achieve precise tuning of
plasmonic properties. Additionally, the functionalization of polydisperse gold nanorods with
other components is challenging owing to the heterogeneity of the surface characteristics,
impeding the control and uniformity of the attachment process. To address this challenge, a
potential strategy is to synthesize gold nanorods with precise control over their size and shape
onto the surface of carbon nanotubes [137, 206, 213]. Moreover, MWCNTs−GNRs lacked
targeting moieties, such as antibodies [214], peptides [215], or aptamers [142], which poses
challenges in achieving precise photothermal treatment due to the lack of selectivity towards
cancer cells. Furthermore, conducting in vitro experiments with suspended cells exposed
to a solution of nanoparticles presents a simplified model that may not fully represent the
complex tumor microenvironment found in vivo. Validation of the selectivity and safety
of MWCNTs−GNRs in a complex physiological environment necessitates in vivo studies,
emphasizing the necessity of assessing their impact on healthy cells to ensure safety and
translational viability. Addressing potential toxicity concerns, modifications to MWCNTs
involve shortening length, reducing diameter, and functionalizing with carboxylic acids [21].
Previous investigations into the safety profiles of MWCNTs [216] and gold nanorods [174]
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have been conducted. Additionally, future emphasis will be on utilizing PEGylation of
nanoparticles to enhance biocompatibility and minimize potential toxicity, aligning with
established methodologies to improve the safety profile of nanomaterials. This underscores
the translational potential of plasmonic−decorated multiwalled carbon nanotubes in cancer
therapy.

Building upon these findings, our forthcoming research endeavors will focus on investigating
the optical properties of MWCNTs−GNRs that are functionalized with biologically targeted
entities, with the specific objective of advancing targeted cancer therapy, particularly in the
domain of prostate cancer treatment. Notably, this investigation aligns with an ongoing human
clinical trial involving a gold−based nanostructure, further emphasizing the significance of
our proposed studies in this field [21]. Additionally, our approach can be readily extended to
incorporate other applications such as imaging [148, 165, 216], drug delivery [161, 171, 174,
217, 218], and Raman temperature probes [175, 179, 182], enabling dual therapeutic synergy
for precise cancer therapy. Furthermore, we propose the conjugation of alternative plasmonic
materials, such as titanium nitride nanoparticles [219–222], which can span both the first and
second biological windows, thereby expanding the range of therapeutic applications. Overall,
the hybrid plasmonic carbon nanostructure holds great promise in this field, demonstrating
improved efficiency and efficacy for cancer cell ablation within the near−infrared biological
window.

3.5 Conclusion

In this chapter, we successfully optimized the optical absorption properties of multiwalled
carbon nanotubes for photothermal therapy by incorporating plasmonic gold nanorods.
The decoration of MWCNTs with GNRs resulted in enhanced light absorption in the first
near−infrared region, harnessing the localized surface plasmon resonance of the GNRs. The
comparative analysis demonstrated that the hybrid MWCNT−GNR nanostructure exhibited
significantly higher local absorption and heat conversion efficiency than either bare carbon
nanotubes or plasmonic gold nanorods. As a result, this enhanced performance enabled
efficient thermal ablation of cancer cells, achieving hyperthermia temperatures within a
short period. These findings present new opportunities for developing hybrid plasmonic
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photothermal transducers in cancer therapy but also hold great promise for a wide range of
biomedical applications, including combined targeted therapy, drug delivery, and theragnosis.
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Transition to Next Chapter

Distinguished by non−contact measurement, high spatial resolution, and rapid response
times, Raman thermometry is a widely applied technique for temperature measurement
through Raman spectroscopy. Its active utilization extends to various fields, including mate-
rials science, pharmaceutical research, and thermal characterization of biological systems,
establishing it as an essential tool for materials and structures analysis.

Chapter 41 serves as a vital link between our exploration of anti−Stokes Raman ther-
mometry and its application in targeted photothermal therapies for cancer. Our focus
centered on in situ cellular temperature measurements, a critical determinant in the efficacy
of photothermal treatments. Using gold nanorods−decorated multiwalled carbon nanotubes
(MWCNTs−GNRs) as nanothermometer probes, we delved into the intricacies of Raman
spectra analysis at various powers and initial temperatures. These responsive spectra changes
paved the way for a reliable Raman thermometry methodology, enabling the extraction of
the intrinsic photothermal heating coefficient of MWCNTs−GNRs and providing essential
insights into their thermometric properties.

Our investigation extended to evaluating MWCNTs−GNRs with prostate cancer cell lines,
assessing in situ cellular temperatures, and generating temperature maps for a selected area.
This chapter not only explores the reliability of our temperature measurements through data
standard error analysis but also offers a nuanced understanding of the accuracy of our results.
The correlation of obtained temperatures with cell viability outcomes at varying laser powers
adds depth to our findings. Importantly, our investigation spanned a temperature range
from 60 to 100 ◦C, surpassing the critical threshold of 50 ◦C associated with inducing cell
demise. In essence, this chapter establishes a comprehensive foundation for the subsequent
exploration of MWCNTs−GNRs as potent nanothermometer probes for targeted and effective
photothermal cancer therapies.

1The work presented in this chapter has been submitted for review in a peer−reviewed journal: Fatma
Oudjedi, Seung Soo Lee, Miltiadis Paliouras, Mark Trifiro, Sebastian Wachsmann-Hogiu, and Andrew Kirk,
“In vitro Raman thermometry using gold nanorod−decorated carbon nanotubes”, submitted manuscript.



Chapter 4

In vitro Raman Thermometry Using
MWCNTs−GNRs

4.1 Introduction

Nanoscale heating has emerged as a promising therapeutic process; however, precise tempera-
ture measurement at the cellular level remains a significant challenge [223]. In the realm of
photothermal cancer therapy, it is essential to accurately determine the local temperatures at
the cellular level. This is critical to ensure that the focal temperatures reach the therapeutic
level required for effective tumor ablation, while also minimizing the risk of unintended damage
to adjacent non−cancerous tissues [15]. The fundamental concept of photothermal therapy
involves the utilization of near−infrared light and photothermal agents, such as plasmonic
nanoparticles. These agents absorb laser energy, converting it into heat, ultimately inducing
cell death [20]. The effectiveness of photothermal treatment depends on both the duration
of irradiation and tissue temperature. An imbalance between the light dose and exposure
duration can result in temperatures falling outside the therapeutic range [15, 20]. Despite
numerous efforts by research groups, the challenges in precisely assessing cellular temperatures
underscore the need for advanced and reliable nanothermometry techniques to enhance the
safety and efficacy of photothermal therapies [224]. Over the past decades, researchers have
proposed various approaches to address the gap in nanoscale thermometry [225]. Commonly

67
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employed techniques include conventional infrared thermography, thermocouples, scanning
thermal microscopy [226], variation in refractive index [227], magnetic resonance thermometry
[228], and fluorescence thermometry [229–231]. However, these methods have drawbacks
such as photobleaching, photosensitivity, and optical diffraction limits, preventing them from
achieving a high spectral resolution and requiring high environmental maintenance [232].

Raman spectroscopy has emerged as a promising solution, providing detailed chemical
and structural insights into biological samples [233–235]. This label−free, non−invasive,
and contactless technique enables in vitro biological investigations [236, 237]. Anti−Stokes
Raman thermometry, a rapidly growing field in spectroscopy, offers a promising solution
for measuring cellular−level temperatures [179]. Recent advances in nanoprobe Raman
thermometry have enabled the measurement of intracellular temperature [180–182]. Other
groups have utilized probe molecules on gold surfaces to measure nanoparticle temperatures
[183–185]. In accordance with Boltzmann statistics, this method involves analyzing Stokes
and anti−Stokes Raman spectra to determine temperature and optimize treatment [179, 238].
Stokes Raman scattering occurs when irradiated molecules are in vibrational states, while
anti−Stokes scattering occurs when the initial state is an excited vibrational state. At
room temperature, anti−Stokes signals are weak due to a low population of excited states
[177, 238]. As temperature increases the excited states become more populated, strengthening
anti−Stokes signals. Inelastic scattering phenomena describe the transfer of energy from
photons to virtual states and the resulting loss (Stokes) or gain (anti−Stokes) [177, 238]. The
ratio between the strengths of Stokes and anti−Stokes signals within a specific Raman band
becomes a highly reliable indicator of temperature−dependent modifications of the molecule,
making Raman thermometry a necessary technique for monitoring cellular damage [238, 239].

This chapter explores the application of gold nanorods−decorated multiwalled carbon
nanotubes (MWCNTs−GNRs) as innovative probe nanothermometers within the context
of photothermal cancer therapy. The determination of material temperature using Raman
spectroscopy relies on primary methods, specifically the ratio of Stokes to anti−Stokes sig-
nal strength within a specific Raman band. The application of our previously described
MWCNTs−GNRs nanoformulation [158] provides a unique combination where simultaneously
harnessing the high thermal conductivity and the symmetric G peak in the Raman spectrum
of MWCNTs, as ideal candidates for precise temperature measurement [240, 241]. Moreover,
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the incorporation of plasmonic gold nanorods into multiwalled carbon nanotubes enhances
optical absorption for photothermal therapy [158]. This nanoformulation results in increased
efficiency in the thermal ablation of cancer cells and a rapid elevation of hyperthermia
temperatures [158]. Furthermore, the addition of gold nanorods not only enhances optical
absorption but also amplifies Raman scattering signals, enabling in situ temperature measure-
ment at the cellular level [180]. Incorporating gold nanorods transforms MWCNTs−GNRs
into label−free temperature probes, thereby providing a spontaneous and self−referencing
approach without needing external Raman probe molecules. Furthermore, this technique
enables the identification of essential power density thresholds and temperature limits needed
for ensuring cell death.

We evaluated the feasibility of MWCNTs−GNRs as nanoscale temperature probes and
characterized their intrinsic photothermal heating properties. We provided a detailed analysis
of the temperature distribution through Raman mapping over selected areas. Additionally,
we investigated single live cells with MWCNTs−GNRs as theragnostic probes for in vitro
temperature rise, introducing a novel method for measuring in situ cell temperature. By
monitoring the anti−Stokes and Stokes signals of the G peak at various laser powers, we found
that MWCNTs−GNRs can efficiently heat cancer cells and act as non−invasive temperature
probes for in situ monitoring.

4.2 Methods

4.2.1 Preparation of GNRs Decorated MWCNTs

Multiwalled carbon nanotubes, acquired from Cheaptubes Inc (Cambridgeport, VT, USA),
were subjected to chemical oxidation through refluxing in an acid mixture, followed by
thorough washing and suspension in deionized water. Amine−functionalized gold nanorods
(GNRs−NH2), provided by Nanopartz (Loveland, CO, USA), were covalently linked to the
carboxylated MWCNTs utilizing carbodiimide chemistry. Activation of carboxyl groups on
the MWCNTs’ surface facilitated the covalent attachment of GNRs−NH2. The resulting
compound was purified via centrifugation and subsequent suspension in deionized water,
for a final concentration of 1 optical density (OD). The comprehensive preparation and
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characterization procedures for the MWCNTs−GNRs outlined in this chapter, are detailed
in our previously published work and can be referred to for in−depth information on the
characterization techniques and methodology employed [158].

4.2.2 Cell Culture

PC3 cells [PC−3; prostate adenocarcinoma; human (Homo sapiens)] were purchased from
the ATCC distributor Cedarlane (Burlington, ON, Canada). The cells were cultivated as a
monolayer in RPMI−1640 medium supplemented with 10% fetal bovine serum (FBS) and
1% penicillin/streptomycin. The cell cultures were meticulously maintained in a humidified
atmosphere containing 5% CO2 at 37 ◦C. Regular sub−culturing was performed using 0.05%
trypsin−EDTA once the cells had achieved 80% confluency.

4.2.3 Raman Experimental Setup

Raman spectra were acquired using a WITec Alpha300Rm confocal Raman microscopy
system (WITec GmbH, Ulm, Germany) equipped with a 633 nm HeNe laser (HNL 150LB,
Thorlabs, New Jersey, USA) and two objectives: a 50X air objective (Nikon, NA = 0.80)
and a 100X oil objective (Olympus, PlanApo, NA = 1.4) with a spatial resolution of 300
nm in the focal plane. The system incorporated a UHTS400 NIR spectrometer with 300
grooves per mm grating and was calibrated using standard silicon with its 520 cm−1 Raman
peak. Laser power was adjusted within the range of 1 mW to 2 mW for air immersion
and 4 mW to 10 mW for oil immersion. Power measurements were recorded using a power
meter (PM16−120−USB Power Meter, Thorlabs, New Jersey, USA) under the objective lens,
slightly out of focus, in order to prevent any potential damage to the power meter sensor. For
temperature−controlled measurements, a microscope temperature control stage (SG13701211,
BoliOptics, California, USA) and a 50X air objective were utilized, allowing the temperature
to be varied from 20 ◦C to 45 ◦C. This setup ensured controlled temperature conditions
during the Raman spectroscopy measurements.
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4.2.4 Raman Live−Cell Microscopic Characterization

For the air immersion experiment, 4 µL of MWCNTs−GNRs suspended in deionized water
were deposited onto a cover glass slip and allowed to dry overnight. In the oil immersion
experiment, PC3 cells were initially cultured on coverslips at a density of 1×105 cells/well
and incubated in a 5% CO2 atmosphere at 37 ◦C for 24 h. Following this incubation period,
a 100 µL aliquot of MWCNTs−GNRs suspended in deionized water (initial concentration: 1
OD) was added to the cells, and they were further incubated for 24 h. Subsequently, the
medium was replaced with phosphate−buffered saline (PBS).

To prepare for Raman live−cell imaging, small rectangular strips of double−sided tape
were affixed horizontally along the top and bottom edges of a glass slide, and vacuum
grease was applied to support the coverslip edges. The coverslip containing PC3 cells with
MWCNTs−GNRs was gently inverted and placed, cell side down, on the tape. Following
this, 10 µL of PBS was carefully added between the coverslip and the glass slide using a
micropipette, ensuring complete filling of the space with saline buffer, preventing bubble
formation, and maintaining cell viability. The coverslip edges were sealed with tape to
preserve the integrity of the sample. This procedure ensured the controlled and optimal
conditions for Raman live−cell microscopic characterization.

4.2.5 Data Acquisition

In the analysis of dry air samples, spectra were acquired at specific power settings through
a repetitive process involving five runs at distinct spatial locations. To ensure statistical
significance, spectra were collected from five different areas on the sample, with each area
undergoing five spectra acquisitions. The acquired Raman signal was integrated over the
range from anti−Stokes to Stokes regions, spanning −2400 to 2400 cm−1 in wavenumbers.
The acquisition time for air−dried samples was set at 100 s. At each measured power, five
consecutive spectra were collected, and each spectrum comprised 10 accumulations of 10
s. Similarly, five discrete cells were selected under designated power configurations for cell
samples suspended in PBS media.

Spectral mapping of the surface was conducted in both air and aqueous solutions. For
air−dried samples, a power setting of 2 mW (measured before the objective) was utilized with
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a 50X objective, acquiring pixel data for 1 s. The scanned area had a spatial resolution of 10
µm × 10 µm, including 20 points and 20 lines. When scanning cell samples, a 6−mW power
setting (measured before the objective) was employed with a 100X oil objective. Similarly,
for a cell scan area of 10 µm by 10 µm (50 points per 50 lines), the data acquisition time
was 1 s. This systematic approach ensured comprehensive and precise data collection for
subsequent analysis.

4.2.6 Data Pre−Processing

Following the acquisition of data, a series of systematic pre−processing steps were implemented
to refine and enhance the spectra. Data interpolation, background subtraction correction, and
smoothing of Raman spectra were carried out using OriginPro2018 software (Northampton,
USA). The built−in Multiple Peak Fit tools were employed for a more accurate determination
of peak positions through deconvolution. Initially, interpolation techniques were applied to
reconstruct spectra within specific spectral ranges, precisely interpolating the Stokes spectra
from 1000 to 2000 cm−1 and the anti−Stokes spectra from −2000 to −1000 cm−1. To mitigate
the influence of background noise and spurious signals, a background subtraction technique was
employed, effectively isolating the Raman signals from undesirable interferences. Subsequently,
a smoothing procedure using the Savitzky−Golay method was implemented to reduce noise
while maintaining essential spectral features. The Voigt method was applied to systematically
deconvolute and extract the G Raman band from convoluted spectra. Pre−processing steps
improve Raman spectra quality, ensuring accurate analysis and interpretation.

4.2.7 Cell Viability Analysis Following Laser Exposure

During laser treatment, cell viability was evaluated using the Trypan blue (Trypan blue
stain, 0.4%, Gibco) exclusion assay. The prostate cancer cell lines (PC3) underwent the
same preparation steps for Raman live−cell microscopic imaging, excluding the sealing of one
side. Following laser exposure, Trypan Blue was introduced to assess cell viability. Confocal
images of the cells were captured for subsequent analysis. The cell samples were exposed to a
laser at 633 nm under a 100X objective with a time acquisition of 10 s. Given that Trypan
Blue has background interference and is not suitable for Raman spectra, overall images of



4.3. RESULTS 73

the cell area before and after the laser exposure were captured using a 10X objective for a
comprehensive analysis of cell viability. This approach provided a clear and comprehensive
assessment of cellular response to laser treatment through the Trypan Blue exclusion assay
and confocal imaging.

4.2.8 Statistical Analysis

The data presented are the mean ± standard deviation, derived from a minimum of five inde-
pendent runs. Statistical analysis was carried out using Microsoft Excel 2010, OriginPro2018,
and MATLAB R2023b.

4.3 Results

4.3.1 Raman Temperature Characterization of MWCNTs−GNRs

We investigated MWCNTs−GNRs as temperature probes using Raman spectroscopy. To
ensure that temperature extraction relied on the intensity ratio of our material rather than
being affected by laser−induced heating effects, we performed two different sets of experiments.
First, we varied the levels of power application while maintaining a constant temperature.
Second, the experiments were conducted at different initial temperatures, by using the heated
stage system.

A confocal image depicting MWCNTs−GNRs is presented, with individual Raman spectra
extracted from diverse spot areas, as illustrated in Fig. 4.1a. This characterization was vital for
understanding the intrinsic properties of the material, particularly the Stokes and anti−Stokes
signals. Subsequently, the characterization of MWCNTs−GNRs was carried out at room
temperature, utilizing power outputs that varied from 1 to 2 mW, with a constant increase of
0.2 mW. This analysis demonstrated the evolution of the Stokes and anti−Stokes intensities
of the G peak (i.e., 1580 cm−1) as the power increased, as shown in Figs. 4.1b and 4.1c. Our
main goal is to analyze the G peak, which is a unique feature of carbon−based materials.
The G peak is sensitive to structural changes and is associated with the E2g mode of sp2

carbon atoms in the lattice structure [185, 242, 243]. While the D and G’ peaks provide
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valuable information, such as revealing defects or disorders in the carbon lattice, the G peak
corresponds to the tangential mode in the plane and is linked to the stretching vibrations of
C−C bonds in the graphene sheet [185, 243].

To discern between laser heating effects and intrinsic resonance effects, a controlled heating
stage was introduced, systematically varying initial temperatures from 293 to 318 K (20
to 45 ◦C). The intensity ratio of Stokes and anti−Stokes signals (IaS/IS) was analyzed at
different laser power levels and initial stage temperature values, as depicted in Fig. 4.1d. The
relationship between laser power and temperature is observed to be linear for stages with
temperatures ranging from 293 K to 308 K. Linear fits were conducted for each temperature
set, revealing consistent slopes ranging from 0.200 ± 0.003 mW−1 to 0.293 ± 0.001 mW−1,
with an overall average of 0.027 ± 0.005 mW−1, as shown in Fig. 4.1d. The strong linear
correlation supports the assumption of linear photothermal heating validity. Regarding
the temperature measurements at 318 K (45 ◦C), the laser power−dependent IaS/IS ratio
overlaps with temperature measurements at 308 K (35 ◦C). These temperature changes
may be due to overall system overheating, resulting in unexpected responses. Despite
a low standard deviation observed at 318 K (45 ◦C), various factors, such as structural
changes, degradation, or phase transitions in MWCNTs−GNRs at higher temperatures, could
contribute to anomalies in the IaS/IS ratio at 318 K (45 ◦C). Mechanisms like vibrational
pumping, colloid substrate heating, or underlying resonance may also play a role.

The determination of the local temperature of a sample is facilitated through Boltzmann
distribution of the ground and first excited states of electron populations, utilizing the signal
of a Raman band [177, 235]. The frequency dependence, raised to the third power in this
equation, is derived from spectra acquired with a charged coupled device (CDD) detector,
specifically designed for photon counting [177, 235]. The temperature−dependent equation
governing the intensity ratio of Stokes (IS) and anti−Stokes (IaS) for a specific Raman mode
is expressed through the contribution ratio (ρ) [177, 235]:

ρ = IaS

IS

= Ai
(νo + νm)3

(νo − νm)3 exp (−hνm/kBT ) (4.1)

Here, IaS and IS are the intensities of a Raman band, Ai is the asymmetry factor arising
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from the different Raman enhancements of the anti−Stokes and Stokes components by a
plasmon−excited nanostructure, νo [1/s] is the frequency of the vibrational Raman mode (i.e.,
Raman peak position), νm [1/s] is the frequency of the laser at a specific wavelength, h [J·s]
is the Planck constant, kB [J·K] is the Boltzmann constant, and T [K] is the temperature.
As part of our investigation, we used power−dependent Raman measurements to determine
the anti−Stokes/Stokes ratio, as shown in Fig. 4.1d. Our aim was to obtain accurate intensity
measurements, which can be challenging due to the resonance factor that influences Raman
signals when the excitation laser aligns with electronic transitions in the material. Tschannen
et al. [185] explain that to extract the resonance factor experimentally, one must calculate
the difference between the observed anti−Stokes/Stokes ratio (IaS/IS = 7.5 × 10−3) and
the expected value from Eq. (4.1) at room temperature (IaS/IS = 4.89 × 10−4 at 293 K).
The resulting disparity between the calculated and experimental anti−Stokes/Stokes ratio
is 15.31. The two factors contributing to this disparity are the laser heating effect and the
resonance effect of the MWCNTs−GNRs. The laser heating effect can be determined by
calculating the factor that raises the ratio at room temperature (IaS/IS = 1.1 × 10−3 at 293
K) to the observed ratio at a higher temperature. With a 1.2 mW excitation power (using a
50X objective), the laser irradiation raises the local temperature to 308 K (35 ◦C), resulting
in a 1.56−fold increase in the IaS/IS ratio (IaS/IS = 2.0 × 10−3 at 308 K) compared to
room temperature (293 K). The remaining factor of 13.75, accounting for the deviation of
the experimental IaS/IS ratio from Eq. (4.1), is attributed to a resonance effect in the air
immersion experiment. Temperature values were extracted from Fig. 4.1e using Eq. (4.1),
wherein T = Tset + βIlaser. Here, β refers to the photothermal heating coefficients, which is
the slope obtained from the temperature as a function of power, and Ilaser is the measured
laser power. The determined average value of β was 52 ± 5 K/mW, providing valuable
insights into the intrinsic photothermal properties of the plasmonic hybrid nanostructures
under study, as depicted in Fig. 4.1f.



76 CHAPTER 4. IN VITRO RAMAN THERMOMETRY USING MWCNTS−GNRS

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 4.1. Raman temperature characterization of MWCNTs−GNRs. (a) Stokes and
anti−Stokes Raman spectra of MWCNTs−GNRs recorded at 633 nm, employing an in-
put power of 2 mW and a 50X air objective. The inset image depicts the air−dried
MWCNTs−GNRs, denoted by a blue dot, illustrating the chosen area. (b) Laser−dependent
Stokes and (c) anti−Stokes spectra within the G vibrational mode at 1580 cm−1, indi-
cated by the yellow band, and an offset to distinguish each averaged spectrum. (d) The
anti−Stokes/Stokes intensity ratio plotted against the excitation laser power at various
temperature stages (293, 298, 308, and 318 K). The derived linear fit for each temperature
set ranges from 0.200 ± 0.003 mW−1 to 0.293 ± 0.001 mW−1. (e) Temperature−dependent
behavior observed under different laser power conditions at distinct temperature stages. The
temperature values are extracted utilizing Eq. (4.1) based on the data derived from (d). The
derived linear fit for each temperature set is present in (f) as the intrinsic photothermal
heating coefficient (β) of MWCNTs−GNRs determined at different stage temperature values.
The light red shadow represents the 95% confidence band, along with the linear fit (red line),
which represents the average photothermal heating coefficient of β = 52 ± 5 K/mW. The
error bars represent the standard deviation after 5 runs.
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4.3.2 Raman Temperature Mapping of MWCNTs−GNRs

Raman temperature mapping of MWCNTs−GNRs was conducted to gain a comprehensive
understanding of temperature distribution within a selected area, specifically a 10 µm
× 10 µm area region. This transition to Raman mapping is aimed at providing a more
detailed exploration of the material’s properties, ensuring a foundation for subsequent in
vitro investigations. The investigation involved studying the temperature distribution within
the chosen area, as depicted in Fig. 4.2a, revealing intensity variations and hot spots. An
example of a Raman spectrum from a single pixel is shown in Fig. 4.2b. Following background
removal, a Σ−filter function, defined as the sum of the pixels covered by the selected
area, (extracted using ProjectFive 5.1 software, Witec) was applied to extract the Stokes
and anti−Stokes at 1580 cm−1. The average neighborhood method (utilizing a 3×3−pixel
block, see Appendix A.12) was then employed to smooth out the pixel map, resulting in
Figs. 4.2c and 4.2d. Utilizing Eq. (4.1), the ratio intensity for the pixel map was extracted,
leading to the creation of the ratio and temperature map in Figs. 4.2e and 4.2f, respectively.
Analysis of the data showed a heterogeneous distribution within the temperature map,
spanning from 300 to 340 K. The observed temperature heterogeneity in the samples is
attributed to the agglomeration of MWCNTs−GNRs and the intricate interplay between
gold−carbon composite entities influenced by electromagnetic coupling effects. Additionally,
the non−uniform distribution of gold nanorod−carbon nanotubes across the sample surface
significantly impacts localized temperatures, resulting in variations in acquired spectra. These
fluctuations stem from complex interactions, including electromagnetic coupling and van
der Waals forces. The combined effects lead to a diverse temperature range, highlighting
structural heterogeneity and intricate intermolecular interactions. The presence of carbon
nanotubes, with variable graphene layers exhibiting metallic or semiconductor properties,
contributes to the heterogeneous temperature distribution. The dense coverage of gold on
the carbon nanotube surface enhances Raman signals through the resonance effect, playing a
pivotal role in the accuracy and sensitivity of temperature measurements.

Variations in spectral responses across individual spots, attributed to distinct temperature
conditions, highlight the direct relationship between spatial temperature fluctuations and
the diversity in collected spectra. In addition to these measurements, we calculated the
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Fig. 4.2. Raman imaging and mapping of MWCNTs−GNRs. (a) Intensity Raman spectra
mapping of MWCNTs−GNRs excited at 633 nm with 2 mW power, utilizing a 50X air
objective. Scale bar is 1 µm. (b) Raman spectra taken from a single pixel (blue dashed
square), encompassing both Stokes and anti−Stokes signals of MWCNTs−GNRs. (c) Map
displaying the G frequency mode intensity distribution of Stokes peaks at 1580 cm−1. (d)
Map illustrating the intensity distribution of anti−Stokes peaks at −1580 cm−1. (e) Map
presenting the ratio of anti−Stokes to Stokes intensities. (f) Temperature map derived from
Eq. (4.1). All the maps were measured over a 10 µm × 10 µm area with 20 × 20 pixels on
the substrate.
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expected confidence in the reported temperature at each pixel, in terms of a standard error
of temperature (σT ). The standard error in temperature values across the map serves as
a key metric, allowing the evaluation of the consistency and dependability of temperature
measurements spanning diverse points within the chosen area [235].

In the temperature determination based on the ratio of Stokes to anti−Stokes intensities,
the typically low anti−Stokes intensity can significantly magnify inaccuracies due to noise
[235]. Considering these variances as equivalent to the noise on the CDD pixel in the
absence of a signal, commonly referred to as the dark intensity, provides a basis for standard
error computation in our temperature assessment [235]. To establish confidence intervals
for the calculated temperatures, it is essential to account for the dark noise. The blank
measurement corresponds to the signal obtained just outside the Raman band, specifically on
the anti−Stokes side, subsequent to background subtraction. Here we assume the dark noise
signal on the anti−Stokes aligns with the Stokes signal, it follows that σIS

is equivalent to σIaS

(i.e. 0.2162 CCD counts (cts)). This methodology ensures a consideration of noise factors,
enhancing the reliability of our temperature assessments, and enabling the calculation of σT

for each pixel in the temperature map. Figure 4.3 demonstrates that the spatial temperature
distribution causes the elevated standard deviation in single−spot spectra. As shown in
Fig. 4.3b, to calculate these intervals, we employed a standard error calculation approach,
involving the determination of variances for both Stokes and anti−Stokes intensities, as
expressed in Eq. (4.2):

σT =

√√√√( ∂T

∂IS

σIs

)2

+
(

∂T

∂IaS

σIaS

)2

(4.2)

These expressions ∂T
∂Is

and ∂T
∂IaS

represent the partial derivatives of Eq. (4.1) with respect
to the Stokes intensity and anti−Stokes intensity, respectively. Contributing to the variance
are electromagnetic effects, thermal mechanisms, and the aggregated carbon−gold nanoparti-
cle. Considering the anharmonic heating effect is essential because it arises from metallic
nanostructures with gold−carbon or carbon−carbon. As shown in Fig. 4.3c, the relative
error is calculated using Eq. (4.3):
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Relative error = σT

T
(4.3)

A low relative error denotes a certain level of dependability in temperature measurements.
It suggests that the signal−to−noise ratio was sufficiently high, enabling us to have a
reasonable assurance in the reported temperature value. This statistical measure, such as 330
K ± 3 K with a confidence level of 95%, provides a range within which we can confidently
state that the temperature of a specific pixel falls, as shown in Fig. 4.3c.

(a) (b) (c)

Fig. 4.3. Raman mapping of MWCNTs−GNRs under 633 nm excitation with 2 mW power
using a 50X air objective. (a) Surface temperature distribution, (b) standard error mapping
based on Eq. (4.2), and (c) relative error assessment from each pixel map, based on Eq. (4.3).
All the maps were measured over a 10 µm × 10 µm area with 20 × 20 pixels on the substrate.

4.3.3 In situ Raman Temperature Measurement of a Single Cell

In situ Raman temperature measurements of a single living cell were conducted to assess
the potential of MWCNTs−GNRs as temperature probes in prostate cancer cells. Our
comprehensive investigation involved Raman’s characterization of these probes, followed by
their evaluation in cellular environments. For each power−dependent temperature experiment,
we analyzed the Raman spectra using samples from five different cells. Figure 4.4a illustrates
single Raman spectra, enabling differentiation between distinct components within the
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sample, including PBS, a single PC3 cell, and the decorated carbon nanotubes. Raman
spectra associated with biological specimens include distinct features such as carbohydrate
signals in the range of 470−1200 cm−1 and bond vibrations of proteins in the range of
1500−1700 cm−1. By extracting intensity ratios at various power levels, we calculated the
corresponding temperatures using a predetermined equation, as depicted in Fig. 4.4b. Notably,
our investigation covered a temperature range from 60 to 100 ◦C, surpassing the critical
temperature threshold of 50 ◦C known for inducing cell death, as indicated in Fig. 4.4c.
Concurrently, we observed cellular debris and structural changes through optical imaging
in response to elevated temperatures. Our data revealed a substantial standard deviation
for each data extract at different power levels, suggesting a complex interplay between the
energy supplied to the sample and the resulting cellular temperature change.

(a) (b) (c)

Fig. 4.4. Raman spectroscopy analysis of distinctive MWCNTs−GNRs incubated with PC3
cells. (a) Representative Raman spectra of MWCNTs−GNRs incubated with PC3 cells, where
the black, red, and blue curves represent phosphate−buffered saline (PBS), the PC3 cell line,
and gold−decorated MWCNTs with PC3 cells, respectively. Excitation was performed at 633
nm with 6 mW power, utilizing a 100X oil objective. (b) Anti−Stokes/Stokes ratio plotted
against the excitation laser power at room temperature (293 K). (c) Temperature dependence
observed under varying laser power conditions at room temperature. The temperature values
are determined using Eq. (4.1). The dashed black line indicates the temperature threshold
for cell death, set above 50 ◦C.

In order to gain a more comprehensive understanding of the observed variability, we
conducted a Trypan blue−based assessment of cell viability. This assessment was designed to
uncover the underlying factors contributing to the high standard deviation and to evaluate
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the influence of the experimental conditions on cell viability. As depicted in Fig. 4.5a, the
images were taken before and after with a 10X objective, but the measurements were taken at
100X for laser exposure. Our findings reveal varying degrees of cell viability across a range of
powers, from 2 mW to 6 mW, shedding light on cellular responses to different energy inputs.
Particularly noteworthy was the observation of diverse concentrations of decorated carbon
nanotubes within individual cells, prompting an investigation into the viability of distinct cells
under a constant power setting. The cellular viability studies provide essential information
on the way hybrid nanoparticles are internalized by cells, resulting in differing intracellular
concentrations and subsequent distinct temperature changes based on the effectiveness of
light conversion into heat. The current work presents a comprehensive insight into the cellular
responses to thermal stimuli, while simultaneously showcasing the promising potential of
our Raman temperature probes in assessing the thermal sensitivities of biological systems.
The results obtained from the use of Trypan blue, which displayed distinct responses by
individual cells under constant conditions (Fig. 4.5b), may explain the observed variability in
our temperature readings, ranging from 3 to 10 ◦C. This variability in temperature readings
is believed to be caused by the divergent paths taken by the decorated carbon nanotubes in
each cell.
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(a)

(b)

Fig. 4.5. Confocal image depicting comparative cell viability. (a) Assessment of PC3 trypan
blue staining before and after laser exposure at various power levels, excited at 633 nm under
the 100X oil objective. (b) PC3 cells incubated with MWCNTs−GNRs, excited at 633 nm
with 6 mW power, captured under the 100X oil objective. Three examples are illustrated.
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4.3.4 Raman Temperature Mapping of MWCNTs−GNRs with a
Single Cell

Here, we conducted Raman mapping of a single cell with aggregated MWCNTs−GNRs to
understand the temperature distribution within a selected area, specifically a 10 µm x 10 µm
region, as shown in Fig. 4.6a. The intensity variation in different areas is evident, revealing a
centered hot spot in the region containing MWCNTs−GNRs (Fig. 4.6b). After background
removal, a Σ−filter function was applied to extract the Stokes and anti−Stokes at 1580 cm−1.
The average neighborhood method was then employed to smooth out the map, as shown in
Figs. 4.6c and 4.6d. Based on the Raman intensity ratio Eq. (4.1), we extracted the ratio
intensity for the pixel map, followed by the creation of the temperature map, as depicted in
Figs. 4.6e and 4.6f. As previously demonstrated, the resonance factor was extracted based
on the discrepancy between the observed and calculated anti−Stokes and Stokes intensities
ratio. The cellular environment caused an increase in the resultant resonance factor of 17.45.
The data results show a heterogeneous distribution in the temperature map ranging from
300 to 380 K. Agglomeration of MWCNTs−GNRs and electromagnetic coupling interactions
in the gold−carbon composite explain this observation. The non−uniform distribution of
MWCNTs−GNRs and van der Waals interactions cause the spatial temperature distribution,
which explains the high standard deviation seen in single−spot spectra, as depicted in
Fig. 4.1e.

It is essential to incorporate a confidence interval into the pixel map when analyzing the
temperature map from our Raman mapping of a single cell incubated with nanoparticles, as
depicted in Fig. 4.7a. Accuracy in temperature determination is important due to the reliance
on the ratio of Stokes to anti−Stokes intensities, and it provides the means to confidently
assert that the temperature within a specific pixel falls within a defined range, such as 340
K ± 10 K, with a confidence level of 95%, as shown in Fig. 4.7b. This approach provides a
means to assess our confidence in the respective temperature values, enhancing the reliability
of our temperature mapping, as depicted in Fig. 4.7c.

In our Raman experiments, challenges emerged, including cross−contamination risks in
cell sampling, carbonization effects, and bubble formation at high energy density. Scaling
up for bulk cellular temperature measurements presented additional complexities [224]. The
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Fig. 4.6. Raman imaging and mapping of MWCNTs−GNRs incubated with a single PC3 cell.
(a) Optical microscope image of the surface of a single cell with aggregated MWCNTs−GNRs
and (b) corresponding Raman mapping excited at 633 nm with 6 mW power, utilizing a
100X oil objective. Raman map illustrating the intensity distribution of (c) Stokes and (d)
anti−Stokes G band peak at 1580 cm−1. (e) Raman map presenting the G frequency mode
of the ratio of anti−Stokes to Stokes intensities. (f) Temperature map derived from Eq. (4.1).
All the maps were measured over a 10 µm ×10 µm area with 50 × 50 pixels on the substrate.

interaction of non−targeted moieties with carbon nanotubes led to nanoparticle aggregation
around cells, necessitating the exploration of unknown factors such as electrostatics, surface
deposition, and cellular uptake mechanisms. The identification of temperature fluctuations
and uneven distributions, highlighted by a higher relative error, is critical in the context
of nanoparticle−cell interactions [244]. Precise temperature control is fundamental for
interpreting nuanced dynamics, and attention to σT of temperature and its relative error
ensures data integrity and accuracy in temperature assessments.
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(a) (b) (c)

Fig. 4.7. Raman mapping of MWCNTs−GNRs incubated with a single PC3 cell under 633
nm excitation with 6 mW power using a 100X oil objective. (a) Spatial distribution of surface
temperatures, showcasing localized variations ranging from 300 to 380 K. (b) Mapping of
standard error derived from Eq. (4.2), ranging from 300 to 380 K. (c) Assessment of relative
error at each pixel map, calculated on Eq. (4.3), offering insights into measurement reliability.
All the maps were measured over a 10 µm × 10 µm area with 50 × 50 pixels on the substrate.

4.4 Discussion

Raman thermometry stands as a pioneering technique for non−contact temperature mea-
surement through Raman scattering, offering precise monitoring within localized regions and
facilitating optimal adjustment of laser parameters [184, 245, 246]. The method involves
light−molecule interactions, inducing a frequency shift in the scattered light. By extracting
Stokes and anti−Stokes signals and analyzing their ratio within a specific Raman band,
temperature−dependent changes in the molecule can be inferred [177, 235]. Leveraging
Anti−Stokes Raman spectroscopy with gold−decorated MWCNTs as localized temperature
probes enables direct measurement at the cellular level. This technique proves invaluable
for monitoring temperature changes during photothermal therapy, enhancing treatment
parameter optimization [181, 238, 247].

Nanothermometers, particularly MWCNTs−GNRs, exhibit extensive potential in cancer
research, especially within the therapeutic near−infrared window [248]. Their sensitivity to
temperature changes provides real−time thermal information in photothermal cancer research.
Future research directions should refine nanothermometer design for enhanced sensitivity and
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address potential cytotoxicity concerns. Exploring applications in three−dimensional cell
cultures and animal models can bridge in vitro and in vivo studies. Integrating advanced
imaging techniques, including multi−modal imaging, promises a comprehensive understanding
of temperature dynamics, especially in micro−tumor environments [249]. Raman pulse lasers
[250, 251], capable of distinguishing spectral signatures between healthy and tumor cells, offer
potential real−time cancer screening and diagnosis [252]. This multidimensional approach
advances our understanding of nanoscale temperature dynamics in cancer research.

4.5 Conclusion

In this chapter, we demonstrated the feasibility of MWCNTs−GNRs as a nanoscale tem-
perature probe to achieve non−invasive, spontaneous, self−referencing, and label−free
measurements without the need for external Raman probe molecules. And we provided
a detailed characterization of their intrinsic photothermal heating properties. First, we
showed that temperature dependence of MWCNTs−GNRs mode Stokes and anti−Stokes
ratio under varied conditions allows for in situ temperature measurements at the single−cell
level. Second, we presented a temperature map distribution with pixel−level confidence
intervals, thereby ensuring its reliability. Furthermore, we demonstrated the efficacy of
gold−decorated MWCNTs as label−free temperature probes in cell heating experiments and
identified the optimal temperature range for inducing cell death. The ability to provide
temperature information during photothermal therapy positions this technique as a valuable
asset in cancer research. We also assessed prostate cancer cell temperatures and viability by
analyzing anti−Stokes and Stokes signals of the G peak at various laser powers. Our findings
imply that MWCNTs−GNRs can efficiently heat cancer cells and serve as non−invasive
temperature probes for in situ monitoring. This study thus opens avenues for future re-
search, emphasizing the potential of MWCNTs−GNRs in advancing anti−Stokes Raman
thermometry applications and their significance in the field of precision medicine.





Chapter 5

Final Remarks

5.1 Conclusions

In conclusion, this thesis explored the potential of multi-walled carbon nanotubes decorated
with plasmonic gold nanorods for enhanced local absorption and heat conversion within
the near-infrared biological window for PTT applications. The synergistic effects between
these two nanomaterials lead to significant outcomes, including strong NIR absorption,
and enhanced photothermal conversion efficiency. These results contribute to improving in
vitro ablation efficacy. This thesis highlighted the unique advantages of GNRs-decorated
MWCNTs in three key areas: 1) serving as NIR photothermal transducers and 2) functioning
as nanoprobe thermometers in photothermal cancer therapy.

We demonstrated the superiority of MWCNTs−GNRs in the first NIR biological window
by showing a significant photothermal enhancement compared to bare MWCNTs. To optimize
light-to-heat conversion efficiency within the NIR biological transmission window, we decorated
MWCNTs with plasmonic GNRs. We introduced and applied a new metric factor for NIR
absorption per carbon atom. Our results indicate a significant photothermal enhancement of
hybrid MWCNTs−GNRs compared to bare MWCNTs, with a 4.9 enhancement factor per unit
mass of carbon. At a preliminary stage, the hybrid nanoparticles indicate biocompatibility with
non-targeted prostate cancer cell lines after 72 hours of incubation at various concentrations.
By using a continuous wave laser at 808 nm, we established a temperature profile at different
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irradiation times, allowing us to link cell viability to energy delivery and temperature measured
during irradiation. The results of the cell viability assessment of various nanoparticle
components demonstrate that MWCNTs−GNRs induce the destruction of cancer cells,
resulting in their conversion into debris.

The use of Raman spectroscopy is explored for potential therapeutic applications in this
thesis. This is achieved through the employment of prostate cancer cell lines to examine the
in vitro effects of hybrid plasmonic nanostructures. Notably, the incorporation of plasmonic
nanoparticles onto carbon nanotubes exhibits significant advantages over existing PTT agents,
as this feature leads to efficient heat generation at the cellular level, thereby maximizing
damage to tumor cells. The research extends to the evaluation of MWCNTs−GNRs with
prostate cancer PC3 cell lines, assessing in situ cellular temperature and generating tempera-
ture maps for a selected region. Importantly, the study covers a temperature range from 60
◦C to 100 ◦C, exceeding the critical threshold of 50 ◦C associated with inducing cell death.

The research work encompasses the design and synthesis of a novel plasmonic nanoma-
terial for therapeutic applications, as well as experimental and numerical evaluations of
its effectiveness as a photothermal agent using both continuous wave and short-pulse laser
techniques.

5.1.1 Key Findings and Challenges

Throughout this thesis, we have focused on the development and characterization of a novel
plasmonic hybrid nanomaterial− gold nanorods decorated on multiwalled carbon nanotubes −
for NIR photothermal cancer therapy. A closer examination of its performance and potential
enhancements is essential to advance this innovative approach. Notably, our key findings affirm
the strong near-infrared absorption of this hybrid nanomaterial, establishing its effectiveness
as a photothermal agent. These insights result from a comprehensive investigation utilizing
both computational and experimental approaches.

5.1.1.1 Numerical Evaluation of Optical Properties

The optical properties of gold-decorated MWCNTs have been extensively examined through
numerical simulations. Utilizing the finite element method software COMSOL Multiphysics
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5.6, we studied the optical spectral distributions of both bare and plasmonic-decorated
carbon nanotubes. This computational model has yielded an in-depth understanding of
plasmonic photothermal therapy and demonstrated the effectiveness of plasmonic hybrid
carbon nanotubes as photothermal agents.

The simulation of the optical properties of gold-decorated MWCNTs presents a multitude
of challenges that may vary in nature. Among these challenges are the following: 1) the
intricate modeling of the hybrid nanostructure, which necessitates consideration of its size,
shape, and composition. 2) The actual distribution of GNRs on the surface of MWCNTs
may not be uniform, leading to variations that are difficult to replicate in simulations. 3)
The surface modifications that occur during the synthesis process are not fully accounted for
in theoretical models, resulting in a discrepancy between the optical spectrum obtained from
simulations and the UV-Vis spectra measured experimentally (as shown in Fig. 3.2f).

5.1.1.2 Synthesis and Morphology of MWCNTs−GNRs

Our synthesis approach involves the gold decoration of carbon nanotube surfaces, establishing
strong covalent bonding. However, the covalent bonding process between carboxylated
MWCNTs and amine-functionalized GNRs can be challenging due to various factors, such as
the uniform distribution of GNRs in terms of aspect ratio and surface attachment variability
of amine-functionalized GNRs to the surface of MWCNTs.

To improve covalent bonding, additional spectroscopic techniques such as X−ray photo-
electron spectroscopy (XPS) can be used to provide detailed information about the chemical
bonds and confirm the presence of desired functional groups. Also, addressing the challenge
of accurately measuring the amount of GNRs adsorbed onto the surface of MWCNTs ne-
cessitates careful evaluation and the implementation of appropriate methods. Inductively
coupled plasma mass spectrometry (ICP−MS) and UV−Vis spectroscopy are two methods
that can be employed to determine the amount of gold present on the surface of MWCNTs.
To improve the accuracy of quantitative measurements, calibration standards with known
concentrations of GNRs should be established. By generating calibration curves that relate
absorbance to particle concentration, the quantitative measurement of gold can be enhanced.
These analytical techniques promise valuable insights into the chemical composition and con-
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centration of the synthesized materials, facilitating the refinement of our synthesis approach
and addressing challenges related to achieving an ideal composite concentration.

5.1.1.3 Experimental Setup for Efficient Thermal Ablation

The experimental setup, employing an 808 nm CW laser and an infrared pyrometer sensor for
temperature measurement along two orthogonal axes, demonstrated effectiveness in water and
cellular environments. Challenges encountered include the need for a versatile lens system to
adjust focal lengths for varied beam diameters and implementing an adjustive piezo−electric
stage for sample positioning, especially in cell culture plates. Additionally, a visible laser
alignment (e.g., 633 nm, ∼ 1 mW) is needed to guide NIR laser irradiation.

When deciding between CW and pulsed lasers, it is important to consider the treatment
protocols and the location of the tumor within the body, whether it involves in vitro or in
vivo experiments in a complex biological environment. A pulsed laser might be preferable if
tumors are deeper within the body because it can penetrate tissues more effectively than
CW lasers. Pulsed lasers offer advantages in achieving precise spatial and temporal control
for therapeutic effects while minimizing damage to healthy tissues, delivering high energy in
a very short duration. However, the use of pulsed lasers necessitates careful consideration
of the high−energy pulses applied to the biological system, as they have the potential to
cause irreparable damage to surrounding healthy tissues. Integration of advanced imaging
techniques, such as real−time CCD camera imaging, can address challenges related to
monitoring temperature changes and MWCNTs−GNRs distribution with heightened spatial
and temporal resolution.

5.1.1.4 Raman Spectroscopy for Cellular Temperature Measurement

Raman thermometry in situ of individual cells involves establishing a temperature probe
without external Raman probes, utilizing intrinsic properties of MWCNTs, and enhancing
signals with GNRs. This innovative pairing offers a nuanced understanding of temperature
dynamics during experimental procedures, particularly in the context of photothermal
therapy, emphasizing the importance of precise temperature monitoring for optimizing therapy
outcomes. Challenges encountered include noise background from glass substrates and PBS
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solutions (vital for cell viability during experiments), necessitating temperature mapping and
data analysis to assess data reliability. Cell preparation and the diverse responses of different
cells to nanoparticle incubations are integral considerations in the process. Targeting specific
cells helps avoid nanoparticle agglomeration. The confocal objective setup, preferably from
the bottom, further contributes to experimental success. One notable challenge in Raman
spectroscopy, particularly with cell samples, is the interference from background signals.
This interference is pronounced when using glass substrates and cell culture solutions. To
address this issue, strategies such as exploring alternative substrates (e.g., quartz or calcium
fluoride CaF2) and cell solutions with minimal Raman signal interference are crucial. These
adjustments enhance the precision of Raman spectroscopy in cellular studies, making it more
applicable to the intricacies of photothermal therapy research.

5.2 Future Works

In the realm of advancing photothermal therapy using MWCNTs−GNRs, our future research
endeavors focus on several key domains to augment the efficacy and clinical translatability of
this innovative approach. Our research has laid the foundation for further exploration and
application of MWCNTs−GNRs in NIR photothermal therapy and beyond.

5.2.1 Simulations

The utilization of advanced computational models and simulations serves as a pivotal foun-
dation for future research endeavors. These computational approaches possess the capacity
to elucidate intricate interactions and forecast the behavior of gold−decorated MWCNTs in
a variety of biological settings. It is imperative to refine these models to simulate realistic
conditions, incorporating variables such as physiological parameters, cellular responses, and
pharmacokinetic data to enhance the predictive capabilities of the computational framework.
Moreover, the development of realistic models of tumor tissue inoculated with nanoparticles
is essential to overcome the assumption of uniform distribution. The integration of fluid
dynamics and tissue optical data in the NIR spectrum, particularly in the second biological
window range, is important to consider during the simulation. Additionally, the significance
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of temperature management during therapy, as well as real−time control over temperature
increment, should not be overlooked.

5.2.2 Improved Photothermal Agent

An important consideration in this field is evaluating the long-term stability and performance
of nanomaterials under repeated irradiation schedules. Through systematic investigations,
the impact of various dimensions, shapes, and compositions on the photothermal properties
of these agents will be assessed. It is essential to understand their behavior when exposed
repeatedly to near-infrared light to assess their viability and durability in therapeutic
applications. Further research is needed to refine existing nanomaterials and explore novel
candidates to enhance photothermal conversion efficiency. The investigation of alternative
plasmonic materials, such as titanium nitride (TiN), is noteworthy. Their high absorption
in the near-infrared spectrum, biocompatibility, and existing use in biomedical applications
make TiN a promising candidate for photothermal therapy.

5.2.3 Enhanced Biocompatibility and Tumor Targeting

Preliminary in vitro experiments with non-targeted gold-decorated MWCNTs have demon-
strated promising results in the treatment of prostate cancer cell lines. However, further
investigation involving diverse prostate cancer cells, such as LNCAPs and PC3, incorporated
with functional moieties, is necessary to comprehensively assess the photothermal perfor-
mance. A thorough examination of the biodistribution, cytotoxicity, and pharmacokinetics
of hybrid nanomaterials in animal models is essential to comprehensively assess safety and
efficacy. This includes PEGylating the surface of MWCNTs−GNRs, exploring extracellular
vs. intracellular therapy dynamics, cellular uptake, evaluating the effects of concentration
and incubation time, studying circulation, biodistribution, and tolerance, and assessing cell
viability through CCK−8 assays. The subsequent research phase will focus on refining the
specificity and tumor selectivity of the nanomaterial through targeting ligands or surface
modifications to minimize off-target effects and improve treatment outcomes. This will be
achieved by immobilizing targeting reagents using antibodies, aptamers, and peptides to
ensure precise and selective targeting of cancer cells or tumor sites.



5.2. FUTURE WORKS 95

5.2.4 Development of Multifunctional Photothermal Agents

Our research agenda focuses on creating multifunctional nanomaterials integrating pho-
tothermal therapy, nanothermometry, and photoacoustic imaging to enhance therapeutic
efficacy. The primary objectives of our study include creating nanoparticles that offer com-
bined heating, tracking, and sensing capabilities. The development of a new apparatus
that combines heating, nanoparticle tracking, thermal sensing, and recording health-related
parameters simultaneously is another key objective. To assess treatment response, we plan
to design a comprehensive metric figure that integrates critical parameters such as energy
delivery, temperature, and cell viability. Additionally, we suggest that a microfluidic device
for real-time examination of dissected tumors, providing insights into their biological activities
through Raman fingerprints, would advance future research in this field. A pulsed laser
system for Anti−Stokes Raman scattering applications is also envisioned, and investigations
into decorated MWCNTs along with the optical pulse delivery system would aim to optimize
high-energy delivery to deep tissues while minimizing damage to surrounding normal cells.

Our envisioned approach involves implementing a pulsed laser beam delivery system with
picosecond timescale pulses, maximizing tumor damage by generating highly localized heat
and vapor bubbles around nanoparticle surfaces for mechanical damage. We also suggest
exploring hybrid plasmonic nanobubbles through a pulse laser photoacoustic bubble detector
system. Furthermore, we suggest designing beam variations for both in vitro and in vivo
experiments, with a specific focus on the light-induced cavitation process. To enhance the
reliability and interpretability of our experimental outcomes, we propose leveraging advanced
characterization techniques, including in situ spectroscopy and imaging. Establishing reference
figures for cell viability, temperature, and energy delivered will contribute to a comprehensive
understanding of our study. These benchmarks will enhance the reliability and interpretability
of experimental outcomes.

5.2.5 Clinical Translation and Combination therapy

Overcoming the current technological hurdles is crucial for advancing the clinical application
of PTT. Investigating combination therapies, particularly those involving immunotherapy
or targeted drug delivery, will be a critical pathway for improving treatment outcomes. By
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exploring how these therapies can complement and enhance the benefits of near-infrared
photothermal therapy, we envision developing more comprehensive and effective cancer
treatment strategies. Furthermore, a multifaceted approach that integrates nanomaterial
synthesis, analytical techniques, and computational modeling is necessary to address the
challenges in advancing cancer therapy. The use of gold nanorods coated on multi-walled
carbon nanotubes serves as a prime example of this approach, demonstrating both effectiveness
and the potential for improving properties and exploring new applications, with the promise
of translating theoretical potential into tangible benefits for cancer therapy in the future.



Appendix A

Characterization, Calculations, and
Codes

A.1 Optical System

Fig. A.1. The optical system for NIR photothermal irradiation.
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A.2 TGA and Zeta Potential Analysis of MWCNTs
Conjugation Chemistry

(a) (b)

Fig. A.2. (a) TGA of as-received and as-prepared MWCNTs. (b) Zeta potential analysis
of carboxylated MWCNTs (blue curve), MWCNTs−EDC/NHS (yellow-green curve), and
GNRs−decorated MWCNTs (green curve).

Table A.1. The zeta potentials of MWCNTs at different stages during the covalent bonding
process.

Samples Zeta Potential (mV)
MWCNTs−COOH -70 ± 3

MWCNTs−EDC/NHS -43 ± 3
MWCNTs−GNRs -37 ± 1
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A.3 TEM Characterization of MWCNTs−GNRs

(a) (b)

(c) (d)

Fig. A.3. (a) TEM images of MWCNTs−GNRs at 200 nm scale. Statistical analysis of 120
GNRs based on TEM image to determine (b) the length, (c) the diameter, and (d) the aspect
ratio.
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A.4 UV−Vis Spectra of MWCNTs−GNRs and GNRs

Fig. A.4. Normalized absorption spectra of GNRs.
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Fig. A.5. Normalized absorption spectra of MWCNTs−GNRs (red curve), MWCNTs (blue
curve), and GNRs (black curve). The hybridized MWCNTs−GNRs exhibit a redshift of ∆λ
= 13 nm compared to the bare GNRs.

Figure A.5 shows that the hybridized MWCNTs-GNRs exhibit a redshift of approximately
13 nm compared to the bare GNRs. This redshift is attributed to electromagnetic coupling
between the two nanomaterials, which leads to modifications in the plasmonic properties of
the GNRs, resulting in a shift in their NIR absorption peak position.
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A.5 COMSOL Simulation and Far−Field Scattering of
MWCNTs−GNRs

The near−field optical properties of the nanostructures were numerically solved in the
frequency domain using the scattering field formulation in a commercially available FEM
package (COMSOL Multiphysics 5.6 with the RF module). The 3D simulation space was
composed of a nanostructure, an embedded spherical medium, and a perfectly matched layer
(PML) spherical domain with a scattering boundary condition, as shown in Fig. 3.2b. The
embedded medium was water, with a refractive index of n = 1.33. The dielectric permittivity
of gold and carbon nanotube components were obtained from Johnson and Christy [253],
and Djurišić [254], respectively. To perform the simulation, we employed a free tetrahedral
meshing algorithm from COMSOL with a tetrahedral element. The simulation was performed
in the visible and near-infrared wavelength ranges of 200 nm and 1200 nm, respectively, with
a spectral resolution of 10 nm using a parametric sweep. The Helmholtz equation is used to
describe the electromagnetic interaction between the laser and nanostructure in an aqueous
environment as follows:

∇ × u−1
r (∇ × E) − k2

0εE = 0 (A.1)

where ur is the relative permeability of the particle, E is the sum of the electric fields, which
consists of the incident and scattered fields, E = Einc +Esca, k0 is the wave propagation vector,
and ϵ is the dielectric permittivity of gold, which is composed of both the real and imaginary
parts. When solving the scattered field, the incident light for a plane wave polarized along
the x-axis and propagated along the z-axis is defined as,

Einc = Eoe
(−j 2πn

λ
z)ı̂ (A.2)

where Eo is the amplitude wave [V/m], n is the refractive index of the medium, λ and is
the wavelength [nm]. The plane wave propagation direction is selected to resonate with the
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longitudinal mode of MWCNTs−GNRs, thereby inducing NIR resonance.

(a) (b)

Fig. A.6. Numerically calculated far-field scattering of (a) transverse and (b) longitudinal
resonance of MWCNTs−GNRs, at different wavelengths (230, 530, and 808 nm), showing
insignificant scattering magnitude in the near-infrared wavelength.

A.6 Calculation of the Photothermal Conversion Effi-
ciency

The figure of merit (η) determines the heating efficiency of the incident power transduced by
the nanoparticles to generate heat that causes cell death. The optical absorbance of hybrid
nanoparticles was investigated using a UV−Vis−NIR spectrometer. Using this spectrometer
tool, we extracted the optical density (Aλ) at different nanoparticle concentrations, with a
focus on the NIR wavelength (808 nm). Based on the total energy balance equation for the
system [55]:

∑
i

miCp,i
dT

dt
= QNP + Qsys − Qdiss (A.3)
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where m and Cp are the mass and heat capacity of the sample solution, respectively. T is
the temperature of the solution, and QNP is the energy input by the nanoparticles, and Qsys

is the baseline energy input by the solvent (i.e., deionized water), and Qdiss is the outgoing
energy, which is the energy dissipated from the system to the surroundings. The term QNP

is defined as the laser-induced heat input, as follows:

QNP = I(1 − 10−A808)η (A.4)

where I is the incident laser power in W/cm2, Aλ is the absorbance of the nanoparticles
at a given wavelength λ (i.e., 808 nm). The term Qdiss is the heat dissipation linear to the
temperature of the system, defined as:

Qdiss = hS(Tmax − Tsur) (A.5)

where h is the heat transfer coefficient, S is the exposed surface area of the cuvette, Tmax is the
maximum temperature reached by the nanoparticles, and Tsur is the surrounding temperature.
When the temperature reaches equilibrium, Tmax, dT

dt
= 0, and Eq. (A.3) becomes:

QNP + Qsys − Qdiss = 0 (A.6)

When the laser is off, the heat input terms become zero, and Eq. (A.3) becomes:

∑
i

miCp,i
dT

dt
= −Qdiss = hS(Tmax − Tsur) (A.7)

Rearranging it, it gives:

dt =
∑

i miCp,i

hS

dT

Tmax − Tsur
(A.8)

And with integration, it gives:

t = −
∑

i miCp,i

hS
ln
(

T − Tsur

Tmax − Tsur

)
(A.9)
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The system time constant is defined as:

τs =
∑

i miCp,i

hS
(A.10)

The term τs is determined by the linear regression of the time versus the negative natural
logarithm of θ, which is defined as:

θ = T − Tsur

Tmax − Tsur
(A.11)

Thus, the time is defined as:

t = −τs ln(θ) (A.12)

The term hS is determined by measuring the rate of temperature drop when the laser is off,
then:

Qsys = hS(Tmax, water − Tsur) (A.13)

Thus, the photothermal conversion efficiency (PCE) is defined as:

η = (hS(Tmax − Tsur) − Qdiss)
I(1 − 10−A808) (A.14)

where Tsur is the ambient room temperature, Tmax is the equilibrium temperature, Qdiss is the
energy input by the aqueous solution and the sample cell without the nanoparticles, h is the
heat-transfer coefficient, S is the surface area for radiative heat transfer, I is the laser power
(2 W/cm2 at a spot diameter of 5 mm), and Aλ is the optical density of the nanoparticle
solution at the laser wavelength λ = 808 nm.
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Table A.2. Experimental parameters associated with the calculation of the photothermal
conversion efficiency of each tested sample.

Samples Tmax (◦C) τs (s) η (%)

MWCNTs 41 ± 1 158 ± 1 29 ± 2
GNRs 45 ± 2 152 ± 2 37 ± 2
MWCNTs−GNRs 63 ± 3 140 ± 10 69 ± 6

(a) (b)

Fig. A.7. (a) Photothermal conversion efficiency and (b) heating rate (◦C/s) of
MWCNTs−GNRs, MWCNTs, and GNRs, exposed at 2 W/cm2 for 300 s heating and
cooling down for 300 s.

A.7 Photothermal Conversion Efficiency Per Unit Mass
of MWCNTs

Dilution Factor (DF) is defined as the ratio of the absorption of decorated MWCNTs at 250
nm to the absorption of bare MWCNTs at 250 nm:
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DF = A250nm,MWCNT-GNR

A250nm,MWCNT
= 3.41

6.29 = 0.542 (A.15)

Since hybridization with MWCNTs does not modify absorption at 250 nm, one can use
DF to determine the final concentration of MWCNTs in the as-prepared hybrid composite:

DF = Cf MWCNT

Ci,MWCNT
= Cf MWCNT

0.1 g/mL (A.16)

where Cf MWCNT is 50.42 µg/ml. The mass of MWCNT is involved in the photothermal
process by dividing the PCE by the mass of MWCNT present in each sample solution;
thus, one will obtain the PCE per unit mass of MWCNT. This represents the efficiency of
photothermal conversion with respect to the mass of MWCNT in the near-infrared region:

PCEm = PCE
mMWCNT

[a.u./g] (A.17)

The hybrid enhancement factor is calculated as the ratio of PCE per unit mass of
MWCNTs−GNRs to PCE per unit mass of bare MWCNTs:

Hybrid Enhancement Factor = PCEm(MWCNTs−GNRs)
PCEm(MWCNTs) (A.18)

Therefore, the PCEm of MWCNTs−GNRs is approximately 4.9 times greater than bare
MWCNT.
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Table A.3. Experimental parameters associated with PCE per unit MWCNT mass at 808
nm.

Samples MWCNT mass
per 100 µl volume

PCE [a.u.] at 808
nm

PCE per unit
MWCNT mass
[a.u./g] at 808 nm

MWCNTs 0.01 g 0.28 28
MWCNTs−GNRs 0.005 g 0.69 138

A.8 Cell Viability of PC3 Cells Incubated with Differ-
ent Nanostrcutures

Cell viability of PC3 cells incubated with MWCNTs−GNRs over several days, and cell
viability of PC3 cells irradiated with MWCNTs−GNRs, GNRs, and MWCNTs.

(a) (b)

Fig. A.8. (a) The relative viability of PC3 cells incubated with different concentrations
of MWCNTs−GNRs after 24, 48, and 72 hours of incubation. (b) The relative viability of
PC3 cells incubated with MWCNTs−GNRs and exposed at different irradiation times. A
two−paired student t−test was used to evaluate the statistical significance; * = p < 0.05.
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A.9 Fluorescent Imaging of PC3 Cells Incubated with
Different Nanostrcutures

Fluorescent staining of cells with calcein AM to assess PC3 cell viability mixed with
MWCNTs−GNRs, GNRs, and MWCNTs.

Fig. A.9. Fluorescence images of unexposed PC3 cells incubated for 24h with MWCNTs,
GNRs, MWCNTs−GNRs. Fluorescence images of Calcein AM (green fluorescence, live cells),
BOBO−3 Iodide (red fluorescence, dead cells). Scale bars 400 µm.
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A.10 Photothermal Conversion Efficiency of Several
Carbon−Based PTT Agents

Table A.4. Photothermal conversion efficiency (η) of several carbon−based PTT agents.

PTT agents η (%) Experimental conditions References

MWCNTs−GNRs 69 2 W/cm2 at 808 nm Our work
CNTs−GNPs (Rings) 61 0.5 W/cm2 at 808 nm [148]
CNTs−GNPs 76 0.5 W/cm2 at 808 nm [148]
CNTs−GNSs − 1 W/cm2 at 808 nm [141]
CNTs−PAMAM−Ag 21 0.2 W at 980 nm [138]
Carbon spheres 54.2 1 W/cm2 at 808 nm [255]
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A.11 Estimation of GNRs Concentration

To calculate the concentration of GNR using Gan’s theory at 808 nm [210]:

CGNR = NGNR = 2 × σ808nm

Cabs × l
(A.19)

CGNR = NGNR = 2.13 × 1014 nanoparticles/mL (A.20)

where CGNR is the concentration of GNRs [nanoparticles/mL] equal to NGNR, defined as the
number concentration of nanoparticles in unit of particles/mL, σ808nm is the measured optical
absorption at 808 nm [a.u.], which is 1.859, Cabs is the extracted absorption cross-section
[m−2] of GNRs, which is 1.74 × 10−15 m−2, and l is the cuvette path length [cm], which is 1
cm.

Nanoparticle concentration in molar concentration (molarity):

M = NGNR

6.02 × 1023 (A.21)

where NGNR is the number concentration of nanoparticles in units of particles/mL, and the
denominator is Avogadro’s number.

1) The estimated molarity of GNRs from the measurement of absorption at the longitudinal
resonance (i.e., 808 nm) is

M = 3.54 × 10−10 mol/L = 35.4 nM (A.22)

2) The estimated molarity of GNRs from measurement at the transverse resonance (i.e.,
510 nm) is

M = 5.65 × 10−10 mol/L = 56.5 nM (A.23)
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A.12 MATLAB Codes

% %%%%%%%%%%%% G Stokes %%%%%%%%%%%%
data1= readtable ('G_1580_Data_0_air ');

% transfomr your table into a matrix for mapping
pixelMap1 = table2array (data1);

% Create a new matrix for the smoothed image
smoothedMap1 = zeros(size( pixelMap1 ));

% Define the neighborhood size (3x3 neighborhood )
neighborhoodSize = 3;

% Iterate through the pixel map and calculate the average of
the neighborhood

for i = 1: size(pixelMap1 , 1)
for j = 1: size(pixelMap1 , 2)

% Define the neighborhood boundaries
rowStart = max(1, i - floor( neighborhoodSize / 2));
rowEnd = min(size(pixelMap1 , 1), i + floor(

neighborhoodSize / 2));
colStart = max(1, j - floor( neighborhoodSize / 2));
colEnd = min(size(pixelMap1 , 2), j + floor(

neighborhoodSize / 2));

% Extract the neighborhood from the original image
neighborhood = pixelMap1 ( rowStart :rowEnd , colStart :

colEnd);
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% Calculate the average value of the neighborhood
averageValue = mean( neighborhood (:));

% Assign the average value to the corresponding pixel
in the smoothed image

smoothedMap1 (i, j) = averageValue ;
end

end

% %%%%%%%%%% G Anti -Stokes %%%%%%%%%
data2= readtable ('G_1580_AS_Data_0_air ');

% transfomr your table into a matrix for mapping
pixelMap2 = table2array (data2);

% Create a new matrix for the smoothed image
smoothedMap2 = zeros(size( pixelMap2 ));

% Define the neighborhood size ( 3x3 neighborhood )
neighborhoodSize = 3;

% Iterate through the pixel map and calculate the average of
the neighborhood

for i = 1: size(pixelMap2 , 1)
for j = 1: size(pixelMap2 , 2)

% Define the neighborhood boundaries
rowStart = max(1, i - floor( neighborhoodSize / 2));
rowEnd = min(size(pixelMap2 , 1), i + floor(

neighborhoodSize / 2));
colStart = max(1, j - floor( neighborhoodSize / 2));
colEnd = min(size(pixelMap2 , 2), j + floor(
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neighborhoodSize / 2));

% Extract the neighborhood from the original image
neighborhood = pixelMap2 ( rowStart :rowEnd , colStart :

colEnd);

% Calculate the average value of the neighborhood
averageValue = mean( neighborhood (:));

% Assign the average value to the corresponding pixel
in the smoothed image

smoothedMap2 (i, j) = averageValue ;
end

end

% %%%%%%%%%%% Ratio AS/S %%%%%%%%%%%%%%%
ratio_matrix = pixelMap2 ./ pixelMap1 ;

% Create a new matrix for the smoothed image
smoothedMap3 = zeros(size( ratio_matrix ));

% Define the neighborhood size ( 3x3 neighborhood )
neighborhoodSize = 3;

% Iterate through the pixel map and calculate the average of
the neighborhood

for i = 1: size(ratio_matrix , 1)
for j = 1: size(ratio_matrix , 2)

% Define the neighborhood boundaries
rowStart = max(1, i - floor( neighborhoodSize / 2));
rowEnd = min(size(ratio_matrix , 1), i + floor(
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neighborhoodSize / 2));
colStart = max(1, j - floor( neighborhoodSize / 2));
colEnd = min(size(ratio_matrix , 2), j + floor(

neighborhoodSize / 2));

% Extract the neighborhood from the original image
neighborhood = ratio_matrix ( rowStart :rowEnd , colStart :

colEnd);

% Calculate the average value of the neighborhood
averageValue = mean( neighborhood (:));

% Assign the average value to the corresponding pixel
in the smoothed image

smoothedMap3 (i, j) = averageValue ;
end

end

% %%%%%%%%% Temperature (K) %%%%%%%
h =6.6261*10^ -34; %planck constant [Js]
Kb= 1.28*10^ -23; % Boltzmann constant [J/k]?
Ti= 293; % Temperature in Kelvin [K] for

20oC
c =299792458; %speed of light [m/s]
omega_l = c /(633*(10^( -9) )) % laser frequency [s] for 633 nm
omega_ph =c /((10^7) /1580*10^ -9);% frequency of Raman mode 1580 /

cm
omega_as = ( omega_l + omega_ph )^3;% Frequency shift (anti -Stokes)
omega_s =( omega_l - omega_ph )^3; % Frequency shift (Stokes)

% calculated resonnance factor due the the material in cellular
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environment
R = 13.75; % resonnance factor

% Calculate the temperature based on the ratio in Kelvin units
Tf= (h* omega_ph /Kb) *(1./(3* log( omega_as / omega_s )-log(

smoothedMap3 ./R)));

% Create a new matrix for the smoothed image
smoothedMap4 = zeros(size(Tf));

% Define the neighborhood size (for example , a 3x3 neighborhood
)

neighborhoodSize = 3;

% Iterate through the pixel map and calculate the average of
the neighborhood

for i = 1: size(Tf , 1)
for j = 1: size(Tf , 2)

% Define the neighborhood boundaries
rowStart = max(1, i - floor( neighborhoodSize / 2));
rowEnd = min(size(Tf , 1), i + floor( neighborhoodSize /

2));
colStart = max(1, j - floor( neighborhoodSize / 2));
colEnd = min(size(Tf , 2), j + floor( neighborhoodSize /

2));

% Extract the neighborhood from the original image
neighborhood = Tf( rowStart :rowEnd , colStart :colEnd);

% Calculate the average value of the neighborhood
averageValue = mean( neighborhood (:));
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% Assign the average value to the corresponding pixel
in the smoothed image

smoothedMap4 (i, j) = averageValue ;
end

end

% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Define the symbolic variables
syms Ias Is h omega_ph Kb R omega_as omega_s

h =6.6261*10^ -34; %planck constant [Js]
Kb= 1.28*10^ -23; % Boltzmann constant [J/k]?
Ti= 293; % Temperature in Kelvin [K] for

20oC RT
c =299792458; %speed of light [m/s]
omega_l = c /(633*(10^( -9) )); % laser frequency [s] for 633 nm
omega_ph =c /((10^7) /1580*10^ -9);% frequency of Raman mode 1580 /

cm
omega_as = ( omega_l + omega_ph )^3;% Frequency shift
omega_s =( omega_l - omega_ph )^3;

% calculated resonnance factor due the the material in cellular
environment

R = 13.75; % resonnance factor R = 13.75 in air

Ias = smoothedMap2 ;
Is = smoothedMap1 ;

% Define the standard deviations ( assuming they are the same
for all elements )
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values = [0.2206 , 0.23011 , 0.1978];

% Calculate the mean
mean_value = mean(values);

sigma_Ias = mean_value ; %single standard deviation for all
elements in Ias

sigma_Is = mean_value ; %single standard deviation for all
elements in Is

Tf_eq = (h * omega_ph / Kb) * (1./(3* log( omega_as / omega_s ) -
log (( Ias ./Is)./R)));

% Compute the partial derivative with respect to Is
DTf_DIs = gradient (Tf_eq (:) , Is (:));
DTf_DIs = reshape (DTf_DIs , size(Is));
partial_derivative_Is = DTf_DIs ;

% Compute the partial derivative with respect to Is
DTf_DIas = gradient (Tf_eq (:) , Ias (:));
DTf_DIas = reshape (DTf_DIas , size(Ias));
partial_derivative_Ias = DTf_DIas ;

% Calculate the standard deviation of Tf using the propagation
of uncertainty formula

sigma_Tf = sqrt (( partial_derivative_Ias .* sigma_Ias ).^2 + (
partial_derivative_Is .* sigma_Is ).^2);

relative_error = sigma_Tf ./ Tf_eq;
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% %%%%%%%%%%%%% Figures %%%%%%%%%%%%%%%%%%%%
% Display the original and smoothed images for both maps
figure;
ax = gca;
ax. FontSize = 12;
imagesc ( smoothedMap1 );
colormap (" jet "); % Choose a colormap (e.g., jet)
h = colorbar ; % Add a colorbar to the plot
h.Label.String = "Stokes Intensity (CCD cts)";
h.Label. Rotation = 270;
h.Label. VerticalAlignment = "bottom ";
h.Label. FontSize = 10;
xlabel('Pixel number ');
ylabel('Pixel number ');

figure;
imagesc ( smoothedMap2 );
colormap (" jet "); % Choose a colormap (e.g., jet)
h = colorbar ; % Add a colorbar to the plot
h.Label.String = "Anti -Stokes Intensity (CCD cts)";
h.Label. Rotation = 270;
h.Label. VerticalAlignment = "bottom ";
h.Label. FontSize = 10;
xlabel('Pixel number ');
ylabel('Pixel number ');

figure;
imagesc ( smoothedMap3 );
colormap (" jet "); % Choose a colormap (e.g., jet)
h = colorbar ; % Add a colorbar to the plot
h.Label.String = "Ratio I_{AS}/I_{S}";
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h.Label. Rotation = 270;
h.Label. VerticalAlignment = "bottom ";
h.Label. FontSize = 10;
xlabel('Pixel number ');
ylabel('Pixel number ');

figure;
imagesc ( smoothedMap4 );
colormap (" jet "); % Choose a colormap (e.g., jet)
h = colorbar ; % Add a colorbar to the plot
h.Label.String = " Temperature (K)";
h.Label. Rotation = 270;
h.Label. VerticalAlignment = "bottom ";
h.Label. FontSize = 10;
xlabel('Pixel number ');
ylabel('Pixel number ');
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