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Abstract
Laser photothermal therapy using gold nanoparticles in cancer research has
attracted a lot of attentions in past decades, since it provides an alternative
approach to traditional hyperthermia methods. This review is focused on
advancements in gold nanoparticle development and the underlying mechanisms
to confine heat generation in tumors when these nanoparticles interact with an
incident laser. First, an overview of hyperthermia used in medicine is given, and
the development of gold nanoparticles in laser photothermal therapy is discussed.
Second, physical mechanisms in generating heat utilizing gold nanoparticles,
nanoparticle delivery, and toxicity reaction after injection are described. The
next section is focused on evaluation of performance of laser photothermal
therapy in clinical/animal studies. Monte Carlo methods are presented to demon-
strate current theoretical simulation approaches to determine laser energy absorp-
tion distribution in tissue enhanced by gold nanoparticles. Furthermore, modeling
heat transfer and assessing thermal damage in biological tissue using gold
nanoparticles in designing treatment protocols are described to show a typical
designing process. At the end of this review, the current challenges facing
clinicians and researchers in delivering effective and safe thermal dosage in
laser photothermal therapy are discussed.

N. Manuchehrabadi
Department of Mechanical Engineering, University of Minnesota at Minneapolis, Minneapolis,
MN, USA
e-mail: manuc001@umn.edu

L. Zhu (*)
Department of Mechanical Engineering, University of Maryland Baltimore County, Baltimore,
MD, USA
e-mail: zliang@umbc.edu

# Springer International Publishing AG 2017
F.A. Kulacki (ed.), Handbook of Thermal Science and Engineering,
DOI 10.1007/978-3-319-32003-8_69-1

1

mailto:manuc001@umn.edu
mailto:zliang@umbc.edu


Contents
1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2 History and Development of Hyperthermia Treatment Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
3 Gold Nanoparticle Design for Laser Photothermal Therapy Applications . . . . . . . . . . . . . . . . . . 5

3.1 Gold-Silica Nanoshells . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
3.2 Gold Nanorods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.3 Gold Nanorods/Nanospheres Excitation Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3.4 Gold Nanoparticle Delivery . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
3.5 Toxicity of Nanoparticles and Their Clearance from the Body . . . . . . . . . . . . . . . . . . . . . . . 10

4 Animal and Clinical Studies of Thermal Effects of Laser Photothermal Therapy Using
Gold Nanoshells/Nanorods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

5 Monte Carlo Simulation of Laser Energy Absorption in Tissue . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
6 Modeling Heat Transfer in Biological Tissue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
7 Assessment of Thermal Damage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
8 Conclusion Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
9 Cross-References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

1 Introduction

Cancer claims lives of more than half a million Americans each year. Based on the
annual report of the American Cancer Society, cancer is the second leading cause of
death in the United States, exceeded only by heart disease. The 5-year survival rate for
all cancers diagnosed between 2005 and 2011 is 69%, up from 49% in the 1970s. The
improvement in the 5-year survival rate of cancer patients may be due to progress in
cancer diagnosis as well as numerous innovations in cancer treatment (American
Cancer Society 2016). Surgery (open, laparoscopic, or robotic-assisted), external
beam radiation, or radioactive seed implants (brachytherapy) may be used to treat
tumors at their early stages. Hormonal therapy, chemotherapy, radiation, thermal
therapy, and combinations of these approaches are used to treat cancer at later stages.

Hyperthermia is defined as any treatment or technique that elevates tissue tem-
perature for a specific time duration to achieve an ultimate therapeutic goal. Hyper-
thermia includes mild hyperthermia, acute hyperthermia, and tissue coagulation or
ablation. Mild hyperthermia (from 39 �C to 43 �C) is usually used as an adjuvant
therapy with radiation or chemotherapy because it causes cells to be susceptible to
ionizing radiation therapy or chemotherapy drugs (Issels et al. 2010; Werthmöller
et al. 2016). Acute hyperthermia (43–48 �C) can produce reversible injury and
dysfunction or irreversible damage, leading to immediate or programmed cell
death (Pearce 2009). Tissue ablation and coagulation therapies are related to elevat-
ing cell temperatures much higher than 49 �C. At these temperature levels, heating
time can be shortened significantly. Currently available hyperthermia approaches
include radio frequency, microwave, ultrasound, laser, etc.

One of the downsides of the available hyperthermia techniques in cancer
treatment is low spatial selectivity in heating tumors while protecting surrounding
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healthy tissues from thermal damage (Berlien 2003; Tuchin 2015). In the past
10 years, gold nanoparticle-mediated laser photothermal therapy has been devel-
oped and evaluated as a promising diagnostic and therapeutic approach in cancer
treatment to overcome the limitations of the traditional hyperthermia methods. For
many years, gold has been used in in vivo applications for treating rheumatoid
arthritis (Aaseth et al. 1998). Plasmonic photothermal therapy in recent years is an
approach when metallic (gold) nanoparticles are exposed to laser irradiation near
its plasmon-resonant absorption band, to activate and deactivate electrons. The
unique and easily tunable optical properties of gold nanoparticles with different
shapes and structures such as nanospheres (Link and El-Sayed 1999; Heilmann
and Kreibig 2000; Sönnichsen et al. 2002; Hirsch et al. 2003), nanorods (Ying
et al. 1997; Link et al. 1999; Jana et al. 2001; Nikoobakht and El-Sayed 2003;
Pérez-Juste et al. 2005; Huang et al. 2006; Niidome et al. 2006; Huff et al. 2007;
Dickerson et al. 2008; Moon et al. 2015), nanocages (Skrabalak et al. 2008; Yavuz
et al. 2009), nanoprism (Millstone et al. 2005; Guo et al. 2010), nanowire
(Heilmann and Kreibig 2000; Sönnichsen et al. 2002), composite nanoparticles
with core and shell structure (Kang and Taton 2005; Lu et al. 2016), and nano-
particles with core and assemblies (Westcott et al. 1998; Li et al. 2002; Liang et al.
2003) may confine laser energy to targeted tumors. By carefully designing the
size, shape, and structure of gold nanoparticles, one can achieve a desired
absorption-scattering ratio in the therapeutic optical window (750–1100 nm) to
maximize laser energy confinement in tumors (Oldenburg et al. 1998; Boris et al.
2006; Myroshnychenko et al. 2008). Previous experimental and theoretical stud-
ies have shown the effectiveness of laser photothermal therapy in cancer treatment
both in tissue cultures and implanted tumors in mice (Loo et al. 2005; Gobin et al.
2008; Lal et al. 2008; Stern et al. 2008; Manuchehrabadi et al. 2012). Successful
treatment outcomes are illustrated by shrinkage of tumors following the therapy,
as well as observed tumor cell death in tissue culture (Manuchehrabadi et al.
2013b).

This review is focused on research advancement in the field of laser photo-
thermal therapy for cancer treatment. An overview of the history of hyperthermia
treatment for cancer is given first. The next section describes different types of gold
nanoparticles and physical mechanisms of heat generation when nanoparticles
interact with laser light, as well as nanoparticle delivery approaches in biological
tissue. Previous researches using gold nanorods or nanoshells in laser photo-
thermal therapy in in vitro and in vivo animal studies are discussed in the next
section. A general review of theoretical modeling to simulate laser propagation in
tissue using Monte Carlo methods then follows. Theoretical modeling approaches
in bioheat transfer, their accuracy and limitations, and assessment of thermal
damage are the focus of the next two sections to show typical procedures to design
heating protocols. The review ends with future research directions that can be
implemented to improve our understanding of implementing laser photothermal
therapy for cancer patients.
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2 History and Development of Hyperthermia Treatment
Methods

Since the first paper on hyperthermia was published in 1886 (Bush 1886), hyper-
thermia has been extensively evaluated in a variety of therapeutic procedures, as
either a singular therapy or an adjuvant therapy, to increase the sensitivity of cells to
radiation and chemotherapy in cancer treatments (Engin 1994; Moroz et al. 2002). In
the past decades, growing evidence has suggested the promise of hyperthermia for
killing cancer cells. Hyperthermia is preferred for patients diagnosed with surgically
complex tumors or for patients looking for an alternative to surgeries. It has been
demonstrated that thermal energy delivered to tumors to raise intratumoral temper-
atures above 43 �C for a duration of approximately several hours causes irreversible
cell damage. Adequate exposure of biological tissue to an elevated temperature may
produce heat-induced cytotoxic responses and/or increase the cytotoxic effects of
radiation and drugs, leading to structural dysfunction of cell protein, rupture and
fragmentation of mitochondrial membrane, gradual loss of repair enzyme function,
damage of membrane integrity and function, and denaturation of DNA (Bernardi
et al. 2008; Kim et al. 2010; Shoshan-Barmatz et al. 2006). These ultimately cause
apoptosis, necrosis, and coagulation of tumor cells (Johannsen et al. 2005; Moroz
et al. 2002).

Traditional hyperthermia methods include radio frequency (RF), microwave,
laser, and ultrasound. Clinical evidence (Wong et al. 2010) suggests that RF ablation
has high success rates in patients with colorectal cancer, with only a few unresectable
hepatic metastases (<30 mm diameter). In these patients, the 5-year survival rates
varied from 14% to 55%. A study (Zou et al. 2010) using RF for unresectable
pancreatic cancer indicated a marked decrease in pain score and improvements in
patients. For prostate cancer treatment, local hyperthermia has been considered
minimally invasive due to transurethral or transrectal access to the prostate. The
effect of RF ablation was examined in another clinical study (Lanuti et al. 2009) for
treating inoperable lung cancer, and it has shown 78 % and 47 % survival rates after
2 years and 4 years, respectively. It has been reported that focused ultrasound has
achieved 66–80% success rates in destroying tumors (Gelet et al. 2000; Chaussy and
Thüroff 2004). Another hyperthermia approach uses microwaves to elevate tumor
temperatures in the prostate. The microwaves are emitted from an antenna inserted in
the prostatic urethra (Neilson et al. 1994; Rudie et al. 1996; Larson et al. 1998;
Sherar et al. 2001). These clinical and animal studies provide strong rationales for
using hyperthermia approaches to eradicate cancer cells. Direct cellular death caused
by either hyperthermia or increasing the cellular susceptibility for adjuvant treat-
ments is strongly dependent on the achieved distribution of the temperature eleva-
tions in tumors and duration of heating. Some of the complications associated with
traditional hyperthermia methods may be due to poorly designed heating protocols.

All the abovementioned hyperthermia approaches require a wave or current to be
passed through tissue; when this wave or current interacts with molecules in the
tissue, heat is generated. However, microwave or RF current decays as it passes
through the tissue, resulting in an energy generation rate that decays rapidly from the
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location where it is initiated. In addition, thermal damage to healthy tissue may occur
along the paths of the wave or current. In recent years, various technology (Bernardi
et al. 2008; Gobin et al. 2008; Melancon et al. 2008) have been investigated to show
that gold nanoshells or nanorods injected into tumors can serve as strong laser energy
absorbers, therefore, to confine laser energy in tumors, with minimal collateral
damage to their surrounding healthy tissue.

3 Gold Nanoparticle Design for Laser Photothermal Therapy
Applications

Currently, different types of gold nanoparticles are studied as imaging contrast
agents, (Connor et al. 2005; Chen et al. 2013; Zhang et al. 2015; Cheheltani et al.
2016), absorptive heating agents (Hirsch et al. 2003; El-Sayed et al. 2006; Jain et al.
2006, 2012; Cherukuri et al. 2010), and dual imaging and therapeutic agents (Loo
et al. 2005; Huang et al. 2006; Gobin et al. 2008; Yang et al. 2013). In recent years,
laser photothermal therapy using gold nanoshells or gold nanorods has emerged as a
promising therapeutic method due to its ability to deliver and confine adequate
thermal dosage to tumors while minimizing laser energy absorption in surrounding
healthy tissue. Various studies (Loo et al. 2005; Bernardi et al. 2008; Gobin et al.
2008; Melancon et al. 2008) have demonstrated that the geometrical parameters of
gold nanoshells or nanorods can be tuned to obtain a high absorptivity at a specific
laser wavelength and to serve as strong laser energy absorbers in tumors. The strong
absorption is due to optical resonances of gold when its size is much smaller than the
visible light wavelength (Skrabalak et al. 2008; Lal et al. 2008). Key factors to be
considered when selecting nanoparticles in laser photothermal therapy are the
wavelength of the maximal absorption, the spectral bandwidth, and the size of the
nanoparticles (Kennedy et al. 2011).

3.1 Gold-Silica Nanoshells

Gold-silica nanoshells were first developed in 2003 (Hirsch et al. 2003). They are
composed of a silica dielectric core coated by a thin metallic (gold) shell. Westcott
et al. (1998) have shown how gold-silica nanoshells are fabricated by attachment of
seeds of gold colloid to a silica core and to cover the shell via adding gold. Silica
colloids are a convenient dielectric core, as they can grow with relatively controlled
heterogeneity of particle sizes.

A variety of approaches has been developed for the synthesis of gold nanoshells,
mainly including photochemical (Kim et al. 2002) and seed-medicated growth
methods (Nikoobakht and El-Sayed 2003; Murphy et al. 2005; Ye et al. 2012).
The seed-medicated growth method has been the most widely used due to its
simplicity, high quality, and ease on particle size controlling. In the seed-medicated
approach, gold-based nanoparticles with different aspect ratios can be produced from
preformed colloidal gold seeds in a bulk HAuCl4 growth solution. A growth solution
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is prepared by reducing auric acid in cetyltrimethylammonium bromide (CTAB) and
benzyldimethyl hexadecylammonium chloride (BDAC). Then silver salt is added to
the growth solution and mixed well followed by addition of ascorbic acid with
stirring to reduce HAuCl4 to HAuCl2 growth solution. Eventually, the seed solution
is introduced into the growth solution, and the solution can sit still for gold
nanolayers to grow. The ascorbic acid reduces Au+ to Au0 on the surface of gold
nanoparticles due to autocatalysis (Nikoobakht and El-Sayed 2003). The size and
ratio of gold to silicon core can be controlled by many parameters such as seed
concentration, seed size, citrate/gold ratio, reductant concentration, temperature, pH,
and gold concentration and surfactant concentration. Generally, smaller amounts of
reductant yield larger nanospheres (Cai et al. 2008). A PEG surface coating to the
obtained gold nanostructure ensures their stability against agglomeration in physio-
logical conditions (Zaman et al. 2007; Kogan et al. 2008).

The size of spherical gold nanoshells varies from 1.8 to 125 nm in diameter. With
an increase in the particle size, the absorption peak shifts to a longer wavelength
(Millstone et al. 2005). The higher-order modes in the field expansion become more
important as the nanoparticle becomes larger. This results in the appearance of
quadrupole resonances and possibly octopole peaks for very large particles. In
practice, varying the ratio of the gold layer thickness to the silica core radius is a
feasible approach to shift the absorption peak to a desirable wavelength. As showed
in the study by Millstone et al. (2005), the peaks shift to the red and become intense
as the shell thickness decreases.

In hyperthermia applications, metallic electrons resonantly oscillate and dissipate
energy as heat when subject to laser irradiation at a specific laser wavelength. Silica-
based gold nanoshells have been broadly tested in in vitro experiments in cancer
therapy for human breast (Hirsch et al. 2003; Lal et al. 2008; Zhang et al. 2011, 2013;
Joshi et al. 2012), prostate (Stern et al. 2008, 2016; Gobin et al. 2008), brain (Madsen
et al. 2006; Bernardi et al. 2008; Meyers et al. 2015), pulmonary (Noh et al. 2015),
and liver (Liu et al. 2010; Ashokkumar et al. 2014; Zhang et al. 2016a) cancers. In
addition, nanoshell-mediated photothermal therapy has shown efficacy against
xenografted subcutaneous tumors in mice and allografted tumors in dogs (O’Neal
et al. 2004; Schwartz et al. 2009). Although a study (Madsen et al. 2012) has shown
the ability of gold-silica nanoshells to be readily phagocytosed by macrophages
without any toxic effects in their in vitro study in human glioma spheroids, the larger
size of gold nanoshells is a big challenge for some applications especially in
treatment for malignant glioma. This challenge arises due to the blood-brain barrier,
which prevents entry of most therapeutic agents having a size similar to gold
nanoshells into the brain (Madsen et al. 2012).

3.2 Gold Nanorods

Gold nanorods are made of pure gold. They can be manufactured using electro-
chemical (Pérez-Juste et al. 2005), photochemical (Kim et al. 2002), template
(Martin 1994), and seed-medicated growth methods (Nikoobakht and El-Sayed
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2003; Murphy et al. 2005; Ye et al. 2012). Gold nanorods exhibit transverse and
longitudinal surface plasmon resonances that correspond to electron oscillations
perpendicular and parallel to the rod length direction, respectively. Gold nano-
rods can be easily tuned to the near-infrared (NIR) region by simple manipulation
of their aspect ratio. Compared to gold nanoshells, gold nanorods have the
advantage of smaller sizes (10 nm transversal � 50 nm longitudinal), higher
absorptivity, and narrower spectral bandwidths due to smaller polydispersion in
their size.

Both experimental and theoretical results have demonstrated the ability of gold
nanorods to offer a superior absorption of laser energy compared to gold-silica
nanoshells. The laser absorption rate per gram of gold of nanorods is at least six
times higher than other gold colloids (Jain et al. 2006; von Maltzahn et al. 2009; Cole
et al. 2009). Compared to other conventional light absorption dyes, its absorption
and scattering rates are several orders of magnitude larger (Jain et al. 2006).
Furthermore, the tunability to enhance scattering and absorption in the longitudinal
surface plasmon wavelength allows gold nanorods to serve as composite material
with hydrogel (Krag et al. 2002; Gorelikov et al. 2004), polymer (Pérez-Juste et al.
2005; Murphy et al. 2005), silica (Chon et al. 2007), and bacteria (Berry et al. 2005).
Gold nanorods also offer advantages of good biocompatibility, facile preparation,
and good conjugation with different bimolecular ligands, antibodies, and other
targeting moieties (Katz and Willner 2004). A major challenge in using gold
nanorods in laser photothermal therapy applications is their tendency to reshape
into gold nanospheres under intense laser irradiation. This may result in loss in their
longitudinal resonance and reduction of their energy absorption rate. Like silica-gold
nanoshells, gold nanorods have been studied in applications including laser photo-
thermal therapy, biochemical sensing, medical diagnosis, therapeutics, enhanced
imaging contrast agent in dark field microscopy, and two-photon microscopy
(Engin 1994; Ying et al. 1997; Link et al. 1999; Link and El-Sayed 1999; Jana
et al. 2001; Kim et al. 2002; Nikoobakht and El-Sayed 2003; Pérez-Juste et al. 2005;
Huang et al. 2006; Dickerson et al. 2008; Maltzahn et al. 2009; Yang et al. 2013;
Zhang et al. 2013; von Gong et al. 2013; Mercatelli et al. 2013; Manuchehrabadi
et al. 2013b; Moon et al. 2015).

3.3 Gold Nanorods/Nanospheres Excitation Mechanisms

Laser is an electromagnetic wave, which has both electric and magnetic components,
perpendicular to each other and perpendicular to the direction of energy and wave
propagations. In the presence of an oscillating electromagnetic field of laser light, the
conduction band of electrons of the metallic nanoparticle undergoes a collective
coherent resonant oscillation with respect to surface plasmon oscillation. This
requires that the natural frequency of the surface plasmon resonance matches the
frequency of the incident light; this phenomenon is called surface plasmon resonance
(SPR). The frequency of SPR oscillation depends on the size, shape, surrounding
medium, and dielectric constant of the nanoparticles (Huang et al. 2011). The
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induced surface plasmon oscillations decay either by radiative or non-radiative
decay. In radiative decay the absorbed light energy causes phonon emission at the
same frequency as the incident light, called Mie or Rayleigh scattering (Mie 1908).
This strong light scattering property of gold nanorods in the NIR region makes them
potential candidates for noninvasive imaging techniques in the NIR band. The
non-radiative decay occurs via electron-hole recombination. The energy exchange
mechanism has two phases: electron-phonon interaction and phonon-phonon inter-
action. The excited electrons cool off rapidly by energy exchange with the nano-
particles in less than a picosecond, resulting in a hot particle lattice (Link and
El-Sayed 2000; Link et al. 2000). The hot particle lattice exchanges this energy
with the surrounding medium within 100 picoseconds via phonon-phonon interac-
tion. Such rapid energy exchange and strongly induced heat dissipation are desirable
in hyperthermia applications.

Gold nanorods have two SPRs. For example, one strong absorption band around
800 nm is induced by electron oscillations along the longitudinal direction, and the
other weaker absorption in the visible bandwidth around 500 nm is triggered along
the transversal direction. Energy absorption by gold nanorods is very sensitive to the
aspect ratio of the longitudinal to the transversal diameters. In a study by Ng and
Cheng (2012), it is found that with an increase in the aspect ratio from 2.4 to 6.6, the
maximum surface plasmon resonance shifts from the visible range (~550 nm) to the
near-infrared range (~700 nm).

Laser photothermal therapy requires sufficient penetration of the laser energy
through the superficial tissue and then adequate accumulation of laser absorption
within the targeted tumor region. Among all the wavelengths of available lasers, the
near-infrared (NIR) range has the advantage of maximal transmissivity in normal
tissue over other wavelengths. It has been suggested that an NIR laser with a
wavelength of approximately 800 nm may penetrate into normal tissue with minimal
laser absorption before reaching the targeted tumor with deposition of gold nanorods
(Vogel and Venugopalan 2003).

In non-turbid tissues, optical transmission can be modeled by the Beer-Lam-
bert’s law (Welch and van Germert 1995), and the amount of the deposited laser
energy decays exponentially with depth. In the absence of scattering, the recipro-
cal of the absorption coefficient μa[cm

�1] defines the optical penetration depth
δ = (1/μa) [cm] and thus the characteristic length of laser energy deposition. The
optical window is referred here as the absorption dip on the curves of hemoglobin
and oxyhemoglobin (Hb and HbO2) around 700–800 nm wavelength (Vogel and
Venugopalan 2003). Therefore, combined with a very low absorption coefficient
of water, the equivalent of the absorption coefficient of human tissue would appear
almost “transparent” to the 800 nm laser light before the laser reaches the
nanostructures in tumors, which minimizes the heating in nontarget tissues. Due
to the powerful optical absorption by nanorods, laser energy is concentrated in an
area congregating by nanorods, and then the energy absorbed can be transferred to
the surrounding tumor tissue by heat conduction. Fiber optic probes have been
used to provide facile and inexpensive laser energy delivery to deep-seated
tumors.
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3.4 Gold Nanoparticle Delivery

One of the key issues in any hyperthermia therapy approaches is the delivery of
nanoparticles to a targeted region. Inadequate accumulation of nanoparticles can
cause inadequate heating in tumor tissue, leading to failure of therapy. In addition,
gold nanoparticles deposited in tumors may only be a small percentage of the
initially injected dosage, and the majority of the injected nanoparticles may be
trapped in nontargeted organs such as the liver and spleen. Gold nanoparticles can
be delivered either with direct intratumoral injections or by systemic administration.
In a systemic delivery, nanoparticle accumulation is attributed to the enhanced
permeability of the angiogenic tumor vasculature, which is malformed compared
to normal blood vessel structures (Decuzzi et al. 2008). The size of particles and
stage of tumor growth are two key factors affecting permeability of blood vessels in a
tumor region. Tumors at early stages may have smaller fenestrations; therefore, the
passage of nanoparticles in those tumors is harder. Another challenge in nanoparticle
delivery is to achieve a homogenous distribution of nanoparticles through the entire
tumor region, since bulk accumulation of nanoparticles may be confined into
isolated locations.

Most nanoparticles developed for medical applications are coated with polyeth-
ylene glycol (PEG) favoring targeted delivery to a tumor (Harris and Chess 2003;
Roberts et al. 2012). The increase in the hydrodynamic particle size with a coating
also reduces nanoparticle filtration through the spleen and liver, therefore increasing
the circulation time of nanoparticles in the bloodstream (Bazile et al. 1995; Peracchia
et al. 1999; Niidome et al. 2006; Zhang et al. 2009). Zhang et al. (2009) reported that
a systemic injection in mice with 20 nm PEG-coated gold nanospheres showed
slower clearance of nanoparticles and less uptake in the reticuloendothelial system
and a longer circulation time than that when using nanoparticles of similar sizes
without coating.

Many researchers suggested utilization of tumor-specific markers to bind nano-
particles directly to specific cancer cells. In in vitro studies by Loo et al. (2005), they
modified gold-silica nanoshells with antibody targeting breast cancer receptors, the
human epidermal growth factor receptor 2 (HER2). The enhanced specificity of
antibody targeting has been demonstrated with several other antibodies in vitro,
including anti-EGFR conjugated with gold nanorods, and antibodies for acute
lymphoblastic leukemia and medulloblastoma (Huang et al. 2006; Bernardi et al.
2008; Norman et al. 2008). Black et al. (2008) used gold nanorods conjugated to
modified deltorphin peptide. Tong et al. (2007) demonstrated that folate-conjugated
nanorods have enhanced laser absorption in tumor regions compare to bare gold
nanorods. An in vivo study by Melancon et al. (2008) utilized modified hollow gold
nanoshells with anti-EGFR (anti-epidermal growth factor receptor). Histological
analyses were performed to confirm a significant increase in the nanoshell delivery
to targeted tumors.

New study showed the effect of a pH-sensitive linker multifunctional gold
nanorod system (GNR-Dox-Tf-NP), which can selectively target and deliver Dox
to lung tumor cells and alleviate free Dox-mediated toxicity to normal cells
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(Amreddy et al. 2015). Very similar approaches were suggested by another group
showing that the nanomedicine can rapidly and effectively release its Dox payload
triggered by an acidic pH environment (pH ~ 5) and/or an 808 nm NIR laser
irradiation (Zhang et al. 2016b).

Another improvement was suggested to suppress the fundamental cellular
defense mechanism of heat shock response, which leads to therapeutic resistance
of cancer cells and reduces the therapeutic efficacy. Wang et al. (2016) introduced a
gold nanorod-siRNA platform with gene silencing capability to improve photo-
thermal therapy efficiency. A new study performed by Zhang et al. (2009) implied
that the toxicity derived from CTAB during gold nanorod synthesis can severely
limit their medical applications. However, they reported a novel idea of synthesizing
polyethyleneimine (PEI)-coated gold nanorods to improve the biocompatibility and
siRND delivery in laser photothermal therapy (Zhang et al. 2009).

An alternative strategy in systemic delivery utilizes large microparticles to trans-
port nanoparticles to targeted tumors with the rationale that these larger microparti-
cles will minimally accumulate in nontargeted organs such as the liver and spleen
(Kennedy et al. 2011). In this approach, microparticles are loaded with therapeutic
nanoparticles and delivered to tumor vasculature. Once they reach the tumor vicinity,
the nanoparticles diffuse out of the microparticles through the nanoscale porous
structures there. Tasciotti et al. (2008) have developed this strategy via injecting
intravenously 3–4 μm gold-silica microparticles. They demonstrated that the micro-
particles could carry carbon nanotubes to cancer cell cytosols. Another vehicular
approach is called “Trojan horse,” in which gold-silica nanoshells incubate with
macrophage cells for 24 h and are taken via phagocytosis (Choi et al. 2007). Then,
the loaded macrophages are unloaded to tumors. The nanoshell-loaded macrophages
finally passed the tumor spheroids and accumulated at the rim of the spheroid’s core
hypoxic region.

It has been suggested that surface charge of nanoparticles may affect the distri-
bution of gold nanoparticles in tumors. One study has shown that positively charged
nanoparticles are efficiently endocytosed by tumors, while negatively charged nano-
particles spread rapidly throughout the bulk of tumors (Kim et al. 2010). By
changing the surface charge from negative to positive, it has been shown that the
polylactic-co-glycolic acid (PLGA) nanoparticles pass the endosomes and reach the
cytoplasm, rather than being confined in lysosomes. Another way to modify gold
nanoparticle delivery involves application of a novel noncytotoxic antimicrobial
contraceptive agent called polystyrene sulfonate (PSS) polyelectrolyte (Garg et al.
2005; Durr et al. 2007). PSS-coated gold nanorods can be conjugated with anti-
bodies without any aggregation, and they are biocompatible (Caruso et al. 1997;
Huang et al. 2007).

3.5 Toxicity of Nanoparticles and Their Clearance from the Body

It has been suggested that levels of biocompatibility and pharmacokinetics of gold
nanoparticles depend strongly on their size, shape, and surface charge (Lewinski
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et al. 2008; Murphy et al. 2005). In general, gold nanoparticles are much less toxic
than other metal-based nanoparticles (Connor et al. 2005). One prevalent approach
in testing cytotoxicity is using in vitro assays. In vitro tests of 200 mg/l gold
nanospheres 24 h after administration demonstrate that the cell viability decreases
by 15 % (Salem et al. 2003; Shenoy et al. 2006). Melancon et al. (2008) suggest that
gold nanorods and gold nanocages are more biocompatible than gold nanoshells,
since they do not contain silica. Some cytotoxic effects have been seen in gold
nanoparticles smaller than 5 nm. Pan et al. (2007) reported the cytotoxicity of 1.4 nm
gold nanoparticles; while 15 nm triphenylphosphine stabilized, gold particles were
reported nontoxic. Also, surface charge may affect the level of toxicity of gold
nanoparticles. It is reported that cationic nanoparticles are more cytotoxic than
anionic nanoparticles (Goodman et al. 2004; Niidome et al. 2006; Huff et al. 2007).

Nevertheless, the production of gold nanorods requires the use of CTAB, a
cationic surfactant that is also known to be a detergent suitable for degradation of
biomembranes and peptides. CTAB is a stabilizing agent for nanorods (Nikoobakht
and El-Sayed 2001, 2003; Niidome et al. 2006) and is evidently present after
synthesis, both in the supernatant and as a bilayer on the flanks of the rods
themselves. Free CTAB is certainly toxic to human cells; but it can be largely
removed from preparation of gold nanorods by double centrifugal washing of the
suspensions with Milli-Q™ water. The residual CTAB bilayer bound to the surface
of gold nanorods is evidently not toxic to those cell types tested so far, including
K562 leukemia cell line (Connor et al. 2005; Cortesi et al. 1996), RAW 264.7 murine
macrophage cells (Pissuwan et al. 2007a), and the tachyzoites of the parasite
Toxoplasma gondii (Pissuwan et al. 2007b). However, it is also demonstrated that
their remaining toxicity cannot be completely neglected (Takahashi et al. 2006).

PEG, a hydrophilic polymer, has also been used to modify the surface of gold
nanorods. PEG is a biocompatible polymer frequently used in drug and DNA
delivery (Liu et al. 1999; Luo et al. 2002) and surface modification of gold nanorods.
With a PEG coating, most in vivo and in vitro studies have indicated that gold
nanoparticles have negligible toxicity, either at the cell levels or in animal
experiments.

4 Animal and Clinical Studies of Thermal Effects of Laser
Photothermal Therapy Using Gold Nanoshells/Nanorods

Despite the increasing number of publications on cancer research using laser photo-
thermal therapy, more experimental studies are needed before laser photothermal
therapy can be clinically applicable as a safe technique. Designing an optimal
heating protocol to cause irreversible thermal damage to tumors relies on three
major factors:

1. Heating parameters such as laser properties, selection of laser mode, duration of
laser irradiance, and laser spot size
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2. Gold nanorod characteristics such as gold nanorod size, gold nanorod coating,
amount of gold nanorods injected, concentration of gold nanorod solutions,
injection rate, number of injection sites, and injection method

3. Pre-, real-time, or post-monitoring technique to evaluate the efficacy of treatment

In this section, most recent in vitro, in vivo, and clinical studies using laser
photothermal therapy are discussed and summarized.

Thermal damage to targeted tumor cells depends on temperature elevations in
tumors and exposure time (Engin 1994; Welch and van Germert 1995; Dewhirst
et al. 2005). For a deep-seated tumor, optical fibers may be needed to allow laser
irradiation on the tumor surface. Therefore, it has been suggested that this approach
not only achieves a targeted delivery of laser energy to the tumor but also maximally
concentrates most of the laser energy into the tumor region. The feasibility of using
gold nanoshells or nanorods to identify laser power settings for tumor destruction
has been tested both in tissue culture (El-Sayed et al. 2006; Bernardi et al. 2008;
Gobin et al. 2008; Melancon et al. 2008) and in implanted tumors in mice (Hirsch
et al. 2003; O’Neal et al. 2004; El-Sayed et al. 2006; Stern et al. 2008; Dickerson
et al. 2008; von Maltzahn et al. 2009; Manuchehrabadi et al. 2012, 2013b). A new
study compares laser photothermal therapy outcome when treating human glioma
spheroids with gold-silica nanoshells and gold nanorods, and they found that gold
nanoshells have greater efficacy than gold nanorods (Chhetri et al. 2014).

One modification that has been suggested for improving laser photothermal
therapy is the use of a pulse mode laser instead of a continuous wave (CW) laser.
Pulsed lasers permit more efficient photothermal conversion because of lapses
between the pulses, allowing additional time for electron-phonon relaxation. It has
the potential to translate to lower power usage with a pulsed laser than with a
continuous mode laser and to further minimize damage to healthy tissue. In exper-
imental studies by Tong et al. (2007, 2009), a femtosecond-pulsed NIR laser at a
power as low as 0.75 mW resulted in membrane blebs, while a continuous wave laser
required a power of 6 mW for the same thermal effect.

Another important factor in successful laser photothermal therapy may be the
amount of gold nanoparticles injected. The goal is to achieve desired temperature
elevations with a minimal injection amount of gold nanoparticles. Thereby, the
heating protocol has the benefits of cost efficiency as well as minimal toxicity.
Also, based on the method of injection such as intratumoral or systemic injections,
the injected volume may vary dramatically. Since most of the gold nanoparticles will
be taken by the spleen and liver in a systemic delivery, more particles may be needed
to achieve the same thermal dosage as in an intratumoral injection. In a new study
conducted by Gao et al. (2016), transmission electron microscopy (TEM) examina-
tion revealed that silica-coated gold nanorods with high folic acid expression
(GNRs@SiO2-FA) entered the cells via endocytosis. This cellular uptake of gold
nanorods can significantly enhance therapy outcome. Most in vivo experiments
performed on mice involve injecting approximately 0.1–0.2 ml gold nanorod solu-
tion (concentration varies from 109 to 1014 nanostructures per ml solution). One
mouse experiment (Dickerson et al. 2008) investigated the effect of intravenous

12 N. Manuchehrabadi and L. Zhu



injections versus direct injections of gold nanorods into mice bearing xenograft
carcinoma to achieve the same temperature elevation (22 �C) in the tumors. 100 μl
of a 120 OD gold nanorod solution was injected intravenously and was in circulation
for 24 h to achieve a maximal uptake of the gold nanorods by the tumor. Then, the
tumors were exposed to an 800 nm laser with an intensity of 1.7–1.9 W/cm2 for
10 min. For the direct administration, mouse tumors were loaded with 15 μl of a
40 OD gold nanorod solution and irradiated with a laser radiance of 0.9–1.1 W/cm2

for 2 min. Both approaches achieved similar temperature elevations in the tumors.
This experiment demonstrates that more gold nanoparticles are needed in systemic
delivery than in intratumoral delivery to result in the same thermal dosage in the
tumor. Another study suggested that administrating nanoparticles and drug sepa-
rately resulted in more than fivefold increase in intratumoral drug concentrations
compared to conventional “drug-alone” administration (Colby et al. 2016). A recent
study has demonstrated treatment efficacy of combining gene, drug, and gold
nanorods for treating colon cancer in a mouse model (Conde et al. 2016).

Other laser parameters such as laser intensity, laser power, and laser spot size can
be adjusted based on tumor location in the body, tumor size, tumor growth stage, and
laser mode. Table 1 gives a summary of the laser parameters and gold nanorod
characteristics for most recent photothermal therapy studies (Hirsch et al. 2003;
O’Neal et al. 2004; El-Sayed et al. 2006; Dickerson et al. 2008; von Maltzahn et al.
2009; Manuchehrabadi et al. 2012). Typical laser radiance at the surface for the
photothermal therapy to be effective ranges from 1 to 50 W/cm2. Laser spot size,
varying from 1 to 10 mm in diameter, primarily affects the tumor region laterally.
Heating duration is shorter than several minutes or longer than 15 min.

Real-time monitoring of temperatures in tumors can be crucial for evaluating a
designed photothermal therapy protocol. Measuring temperatures at one or two
tumor locations are reported in previous studies (Hirsch et al. 2003; O’Neal et al.
2004; Melancon et al. 2008; Elliott et al. 2007; Huang et al. 2007; Dickerson et al.
2008; von Maltzahn et al. 2009; Verhaart et al. 2015; Carrasco et al. 2015). Jo et al.
(2012) utilized a laser-induced fluorescence technique as a nonintrusive way to
measure temperature fields around highly localized gold nanoparticle clusters. The
correlation between the fluorescence intensities and temperature was investigated
with two dyes by controlling the near-infrared laser intensities to heat up the
particles. Schwartz et al. (2009) reported photothermal ablation via a systemic
delivery of gold nanoshells to an orthotopic tumor in canine models. They compared
the real-time MRI-derived temperature mappings of canine transmissible venereal
tumors in the canine brain versus normal white and gray matter on the contralateral
side of the brain. This study showed that laser energy of 3.5 W resulted in an average
temperature of 65.8 �C in the brain exposed to heating of 3 min. Similar experiments
were performed by the same group on mice, and temperature elevations were larger
than 41 �C above the baseline (Stafford et al. 2011). Another group showed the
feasibility of using real-time MRTI as an indirect method to estimate nanoparticle
absorption (MacLellan et al. 2014). In vivo temperature mapping across human
prostate cancer PC3 tumors during steady state has been reported by
Manuchehrabadi et al. (2012), when the tumor surface was irradiated by a pulsed
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laser at 808 nm with a repetition rate of 80 MHz, resulting in a total laser energy rate
at the surface as 0.6 W. The experimental results have demonstrated a temperature
variation of more than 10 �C from the tumor center to its periphery, when the tumor
is injected with 0.1 cc of gold nanofluid (250 OD gold nanorods). Recent parameter
studies performed by Mooney et al. (2015) on a mouse model investigated the
influence of combinations of nanorod concentration and laser setting on both
intratumoral and tumor surface temperatures.

Temperature elevations and resulted tumor damages are dependent on all param-
eters discussed above. The large variations in the previous treatment protocols
suggested possible variations in the tumor sizes, nanoshell/nanorod concentrations
in the tumors, optical interaction with the laser light, as well as thermal effects of
local blood perfusion rate in the tumors. Therefore, designing a suitable treatment
protocol in laser photothermal therapy can be a very difficult and tedious task.

5 Monte Carlo Simulation of Laser Energy Absorption
in Tissue

Methods used to simulate and analyze propagation of laser light in strongly scatter-
ing media are divided into two main types: statistical and deterministic. Determin-
istic methods are based on a photon transport equation and a diffuse approximation
solution of a partial differential equation considering laser as a source term and the
fluorescence effect of the laser beam (Anvari et al. 1994). Monte Carlo and random
walks are examples of statistical methods and account for the statistic uncertainty of
laser propagation in tissue (Wang et al. 1995; Flock et al. 1989). Statistical
approaches require very long computation time to obtain statistically meaningful
results. These methods are carried out by tracing paths of photons with simulation of
scattering and absorbing patterns of light. Therefore, it is difficult to obtain solutions
within practical limits of computational time when the media are large in size and
complex in configuration. On the other hand, deterministic methods are based on the
photon transport equation, which is in the form of an integral-differential equation,
and may be difficult to solve numerically.

Wilson and Adam first introduced Monte Carlo simulations into the field of laser
tissue interactions (Wilson and Adam 1983). Monte Carlo simulation is sufficiently
flexible to handle complex geometrical shapes, anisotropic scattering, and non-
homogeneous properties, but the results obtained by this method always have
unavoidable random errors due to finite samplings. This method assumes laser as
photons emitted from a laser source. Figure 1 illustrates possible path trajectories for
incident photons (Manuchehrabadi et al. 2013a). After a single photon is incident on
a tissue surface, the photon can either be specularly reflected or continue to transport
inside the tissue. At each step the photon travels, the direction which it will be
heading to, and how much energy dissipation due to absorption when the photon
interacts with the tissue, is determined by probability functions. In addition, photons
can interact with tissue via scattering from a particle or tiny tissue structure. During
scattering, several probability functions are used to determine which direction the

Gold Nanoparticle-Based Laser Photothermal Therapy 15



photon will bend from its original path based on an anisotropic factor, as well as the
length of the next step of the photon after scattering. After a series of scattering and
absorption events inside the tissue, the photons may exhaust its energy to zero or
escape from the tissue region. Monte Carlo simulations usually require emitting
thousands of photons onto the tissue surface, based on the laser irradiation distribu-
tion. Any energy dissipation due to absorption in a unit volume element can then be
added to calculate the total energy absorption rate by the element to determine the
volumetric heat generation rate distribution in tissue, to be used in bioheat transfer
simulation.

It is important to point out that Monte Carlo methods require previously determined
radiation properties of the studied tissue, which include the absorption coefficient (μa),
the scattering coefficient (μs), and the anisotropic factor (g). Optical properties of
tissues are typically determined by experimental measurements of excised tissue
sample (Mourant et al. 1997; MacLellan et al. 2014). For example, μs and μa of
liver tissue are ten times bigger than that of prostate or breast tissue. There are several
structures in the human tissues that are strong laser absorbers. Melanin in the skin and
hemoglobin in the blood may greatly enhance these two coefficients (Piao et al. 2009,
2010). The anisotropic factor is nearly constant (0.9–0.97) for most tissues. An
anisotropic factor close to unity implies that most scattering events result in forwarding
motion of photons, rather than being scattered back to the superficial layers of tissue.
One way to experimentally measure optical properties in tissue is via inverse heat

1
2 3Internal reflection

Internal refraction

Spectral reflection
External refraction

Photon keeps moving

Photon totally absorbed

s
e

e

s

Fig. 1 Possible path trajectories for incident photons on the top surface of a spherical tumor
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transfer analyses from measured temperature distribution in tissue during heating
using laser. In Manuchehrabadi et al. (2013a), a Monte Carlo model is developed to
simulate laser-induced volumetric heat generation rate distribution in a spherical tumor
with laser irradiance on its surface. Then, the heat generation rate source term is
substituted into the Pennes bioheat equation to simulate the steady-state temperature
field in the tumor during laser photothermal therapy. Both the absorption and scatter-
ing coefficients of the laser in tumors with or without gold nanorod injection are
adjusted until the theoretically predicted temperature distribution agrees with that
measured in their animal experiments. It has been shown that the absorption and
scattering coefficients of the 808 nm laser in the tumor tissue are 1.1 cm�1 and 7 cm�1,
respectively, when the tumor is injected with 0.1 cc of 250 OD gold nanorod solutions
(Manuchehrabadi et al. 2013a). Figure 2 further illustrates the resulted volumetric heat
generation rate distribution (or specific absorption rate, SAR) in the tumor using the
extracted optical properties and the resulted temperature elevation in the tumor
implanted in a mouse body. A major challenge of Monte Carlo simulation is how to
model tumors with irregular shapes and rough surfaces; therefore, the simulation
results would be more relevant to clinical/animal studies.

6
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Fig. 2 Panel (a) shows the SAR deposition map along the centerline in the mouse model embedded
with spherical tumor. An enlarged SAR distribution is illustrated in a spherical tumor injected by 0.1
CC dosage of 250 OD concentration of gold nanorod solution (b). The top view of the SAR
distribution in 3D structure of the mouse model is illustrated in panel (c)
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6 Modeling Heat Transfer in Biological Tissue

In biological tissues, blood flows through arteries and veins. Energy transport in
biological tissues takes place through complex mechanisms of heat conduction and
convection, metabolic heat generation, and heat generation from external heating
sources. Many researchers have studied thermal effects of blood flow on heat
transfer in living tissue and identified simplified approaches to model the thermal
effects. Bioheat transfer models have been classified into two main approaches: the
continuum approach and the vascular approach. Vascular approach models individ-
ual vessels as rigid tubes with blood flowing inside. Continuum models assume an
average thermal effect of vasculature over a tissue domain, typically with a single
global parameter to modify the traditional heat conduction equation (Bhowmik et al.
2013; Chato 1981; Charny et al. 1990). Vascular models can predict detailed
information about temperature variations in both the tissue and along the blood
vessels. Since animal and human vasculatures are extremely complicated, bioheat
transfer modeling using vascular approach would be computationally expensive.
Although vascular models are still used in applications requiring temperature distri-
bution mapping along individual blood vessels, it is not widely used due to limita-
tions of computational resources and lack of anatomic information of vasculatures in
targeted tissue region. On the other hand, continuum models average the thermal
effects of local blood perfusion to tissue, and they are relatively easy to use to predict
tissue temperature distribution with reasonable accuracy (Durkee and Antich 1991).

The first continuum model was developed by Pennes (1948) to predict the energy
exchange between a human forearm and its surroundings. Due to the simplicity, the
Pennes bioheat equation has been implemented extensively in modeling in vivo
temperature fields in tissue in therapeutic hyperthermia (El-dabe et al. 2003; Nield
and Kuznetsov 2009; Raaymakers et al. 2009; Minkowycz et al. 2012; Rodrigues
et al. 2013; Li et al. 2013). The Pennes bioheat equation neglects all pre-arteriole and
post-venule heat transfer between blood and tissue and the effect of blood flow
directionality. Also in this model, it is assumed that blood instantaneously exchanges
energy and equilibrates with the local tissue temperature, with the arterioles supply-
ing the capillary beds at the body core temperature. Therefore, the thermal effect of
local blood perfusion is modeled as an isotropic, however, nonuniform heat source,
or sink distribution.

Pennes formulated his classic bioheat equation (Pennes 1948) as

ρc
@T

@t
¼ ∇• k∇Tð Þ þ ωρbcb Tb � Tð Þ þ qm þ Q (1)

where subscript b refers to blood. Local blood perfusion rate is designated asω. T is
tissue temperature, k is tissue thermal conductivity, ρ is density, c is specific heat, Tb
is the arterial temperature and is often assumed to be equal to the body core
temperature, qm is the volumetric heat generation rate due to metabolism, and Q is
the volumetric heat generation rate generated by external heating devices. The blood
perfusion term in the Pennes bioheat equation is a key factor to the temperature
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gradients within the tissue in clinical applications, and it is assumed to be propor-
tional to the local blood perfusion rate and the temperature difference between blood
and tissue (Kreith 2000). Good agreements between model predictions and experi-
mental results can be found if the local blood perfusion rate is considered as an
adjustable parameter. The limitation of the Pennes bioheat equation is due to its
neglecting venous rewarming that may play an important role in countercurrent heat
exchange.

Considerable modifications have been proposed by various researchers to address
the limitations of the Pennes bioheat equation. In order to take into consideration of
blood flow directions, Wulff and Klinger (Wulff 1974) considered the local blood
mass flux. Chen and Holmes (1980) have studied the effect of thermal equilibration
length on the blood temperature. They modified the Klinger equation by adding
dispersion and microcirculatory perfusion terms (Vafai 2015). In 1984, Jiji et al.
(1984) presented a new continuum bioheat model by considering the countercurrent
heat exchange between artery and vein as the dominate heat transfer mechanism in
bioheat transfer. The Weinbaum-Jiji model implies a substantial temperature differ-
ence between the tissue and the venous blood and emphasizes rewarming in the
venous blood by its countercurrent arterial blood. In the Weinbaum-Jiji model, the
contribution of local blood flow is expressed by an enhancement in thermal conduc-
tivity of the tissue in the heat conduction equation:

ρc
@T

@t
¼ ∇• keff∇Tð Þ þ qm þ Q (2)

where keff = k(1 + f(ω)), the effective thermal conductivity due to countercurrent
artery and vessel pairs, and f(ω) accounts for the geometric properties of the blood
vessels, their number density and the blood velocity. Due to the difficulty of
implementation and determination of the exact expression to calculate the enhance-
ment in thermal conductivity, the Weinbaum-Jiji bioheat equation never reached the
popularity of the Pennes bioheat equation in bioheat modeling applications.

7 Assessment of Thermal Damage

An optimal heating protocol for a heating experiment can be determined based on
the Arrhenius integral or the EM43, an alternative parameter derived from the
Arrhenius integral (Moritz and Henriques 1947; Sapareto and Dewey 1984;
Dewhirst et al. 2003; Diederich 2005). The Arrhenius integral (Moritz and
Henriques 1947) can be used to quantitatively assess thermal damage based on
measured or simulated temperature history at various tissue locations. Damage is
considered to be a unimolecular process. In this process, the native molecules are
transformed into a coagulated state, leading to cell death. Damage is quantified as a
single dimensionless parameter Ω (Qin et al. 2014). This equation is referred to as
the Arrhenius integral as follows:
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Ω x, y, z, rð Þ ¼ ln
C 0ð Þ
C τð Þ

� �
¼ F

ðτ
0

e
� Ea

RuT x, y, z, tð Þdt (3)

where t is time, C is the concentration of undamaged cells, F is the pre-exponential
factor or frequency factor (1/s), Ea is the activation energy barrier (J/mole), Ru is the
universal gas constant (J/mole.K), and T(x,y,z,t) is the absolute tissue temperature at
the location (x,y,z).Ω, the extent of damage, is defined as the logarithm of the ratio of
the initial concentration of the healthy cells, C(0), to the concentration of the healthy
cells remaining after thermal treatment, C(τ), for a duration of τ. The value of Ω is
zero before any thermal therapy, and it increases during heating. 63% and 98.2%
denaturation of protein occurs when Ω = 1 and 4, respectively (Chang and Nguyen
2004). Note that Ω is a function of both tissue location (x,y,z) and heating time τ.
Implementing the integral requires knowing the activation energy and the frequency
factor associated with the tissue cells. The values of Ea and F are determined by
inverse thermal analyses in matching the model to the data for cell injury and
temperature-time history of exposure. The activation energy and frequency factor
are related to activation enthalpy and entropy. From the exponential nature of the
equation, it suggests that rate damage accumulation will be negligible below certain
temperature threshold. Once the threshold value is exceeded, a swift increase in the
rate damage accumulation is expected.

This approach has been used to design a treatment protocol in laser photothermal
therapy (Manuchehrabadi and Zhu 2014). Figure 3 illustrates the approach of using
laser photothermal therapy in treating a prostatic tumor. The design procedures rely
on simultaneous simulations of the laser energy absorption (Monte Carlo), temper-
ature distribution in the tumor (Pennes bioheat equation), and thermal damage

Bladder

Prostate

Tumor

Laser fiber

Urethra

Cold water 
circulating in the 
catheter

Fig. 3 Schematic diagram of
laser photothermal therapy in
treating prostatic cancer. A
catheter with an embedded
laser fiber is inserted through
the prostatic urethra,
supported by cooling water
circulating inside the catheter
to protect the urethra from
overheating. Laser energy is
emitted from the laser fiber to
reach the tumor
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assessment (Arrhenius integral). The blood perfusion rate in the tumor is considered
tissue temperature dependent. The parameters in the Arrhenius integral are modeled
as dependent on both the tissue type and local temperature. Figure 4 depicts the
thermal damage contour evolution during the heating. Note that the laser is irradiated
on the urethral surface, and laser energy penetrates the prostatic tissue to reach the
spherical tumor. After laser heating of 153 s, the thermally damaged tumor region
(Ω � 4) only covers one-third of the entire tumor. After about 630 s (10.5 min) of
heating, 100 % of the tumor is damaged. Extensive thermal injury also occurs in the
healthy tissue region between the urethra and the top surface of the tumor; however,
the collateral damage region percentage is lower than a threshold of 5 %. Therefore,
the designed heating protocol to treat a 10 mm diameter tumor in the human prostate
is determined as a heating duration of 10.5 min, assuming one uses the laser
parameter setting in the model.

The major challenge is that the magnitudes of the coefficients are cell dependent.
It is important to relate the results from the thermal damage model to pathological
end points such as collagen damage, thermal coagulation, reversible cell injury, etc.
It has also been found that heat tolerance varies from one kind of tumors to another,
and heating time at certain temperatures strongly depends on cancer type and growth
stage. One previous experimental study of thermal tolerance of various carcinoma
cells has demonstrated that human prostatic carcinoma cell lines are much easier to
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be damaged than carcinoma cell lines of other human origin, such as the colon,
breast, lung, and brain, under the same mild hyperthermia dosage (Ryu et al. 1996).

In clinical studies of specific cancer type and growth stage, it is a common
practice to perform experiments at 43 �C to determine how long it takes to induce
certain thermal damage (edema, necrosis, etc.), and this time duration is called EM43.
The EM43, the thermal isoeffective dose, converts the temperature levels and heating
duration into an equivalent number of minutes at 43 �C to induce thermal damage to
a specific tumor cell type (Sapareto and Dewey 1984; Diederich 2005; Pearce 2009;
Qin et al. 2014). A summary by Dewhirst et al. (2003) shows a wide range of
EM43values for various tissue types, suggesting complicated biological and chem-
ical factors that may contribute to the wide variation in estimating the threshold of
thermal damage. Cumulative equivalent minutes from any heating experiments can
then be calculated and compared to EM43 of the same tumor cell line. EM43 is
proposed to be estimated by the following equation (Dewhirst et al. 2003):

EM43 ¼
X
i

ΔtiR 43�Tið Þ

R ¼
0:25 37

�
C � T � 43

�
C

0:50 43
�
C � T < < 48

�
C

0:72 48
�
C � T

8<
: (4)

where Ti is measured or predicted temperatures in Celsius at certain tissue locations
and Δti is the time duration at temperature Ti. When the tissue temperature is higher
than 43 �C, the equivalent minutes at 43 �C is longer than the actual heating time. For
example, if the temperature is maintained at 45 �C for 5 min, i.e.,= 5 min, the
equivalent minutes for this time segment (20 min) will be longer than 5 min with an
R-value of 0.5. In another word, the equivalent minutes can be much higher than the
actual heating time when the tumor temperature is higher than 43 �C. If the
calculated number of the equivalent minutes of a heating protocol is longer than
the EM43 of the same tumor cell line, irreversible thermal damage is ensured. Since
EM43 depends on the measured or predicted temperature elevation history, it may
vary from one tumor location from another. Therefore, estimating EM43 over the
entire tumor can provide assessment of a thermal damage region within the tumor
and its surrounding tissue. If the temperature field is predicted via theoretical
simulation, the heating protocol can be modified to achieve the objective to have
the thermal damage region covering the entire tumor and to have minimal damage
occurring to the surrounding healthy tissue. A recent study by Manuchehrabadi et al.
(2013b) has used the approach to estimate the EM43 in PC3 tumors implanted in
mice. The heating is induced by an 808 nm laser with a heating duration of 15 min.
Based on the measured temperature mapping along two tumor paths in an in vivo
experiment, one estimates the EM43values at all the measurement locations. More
than 93% of the locations have an EM43 value longer than 110 min. Later the results
are compared to histological analyses and tumor shrinkage studies after the same
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treatment protocol. The distribution of thermal damage observed in the experiment
agrees with the theoretical prediction of the EM43 values.

Previous studies have demonstrated complicated biological and chemical factors
that may contribute to the wide range of the threshold thermal dosage. It strongly
suggests that experimental studies are necessary to evaluate thermal damage to
tumors to extract either the coefficients used in the Arrhenius integral or the EM43

value, to assess whether a future treatment protocol is likely to induce adequate
thermal damage to targeted tumor cells.

8 Conclusion Remarks

While hyperthermia therapies using microwave, RF, and ultrasound are commer-
cially available and have been used in some clinical studies, gold nanorod-/nano-
shell-based laser photothermal therapy is not a standard treatment for cancer
patients, despite its great potential and numerous advantages. A number of chal-
lenges need to be addressed before it reaches the level of first-line clinical studies.

In most of the current studies, gold nanorods/nanoshells are delivered via a single
intratumoral injection to tumors embedded on the superficial area of the flank of the
mice. It is not clear whether the obtained distribution of gold nanoparticles in one
kind of tumors can be applied to other types of tumors. Based on current under-
standing, microstructural transport properties of tumors may be different from one
type of tumors to another, and it may also be affected by tumor growth stages. For
example, it is speculated that human prostate cancer PC4 tumors are much denser
than human prostate cancer PC3 tumors; therefore, the resulted nanoparticle depo-
sition patterns may be different. Further, if the gold nanoparticle distribution is not
uniform, it will add complexity in Monte Carlo methods to simulate photon prop-
agation in a tissue domain with nonuniform optical properties of the laser.

When a tumor is located in a superficial region with easy access by needle,
intratumoral injections can be utilized to deliver gold nanoparticle solutions. For
deep-seated tumors, one challenge could be the difficulty of intratumoral adminis-
tration of gold nanoparticles. It is possible that intravenous delivery may be the only
option. It is not clear how injection parameters in intravenous infusion would affect
the resulted nanoparticle deposition in tumors. More studies are needed to investi-
gate how to modify nanoparticle surface coating to enhance the number of nano-
particles trapped by targeted tumors. In addition, after nanoparticle delivery, it is still
a challenge to deliver laser to tumors with minimal laser energy wasted in healthy
tissue.

Since ultimate thermal damage depends on temperature elevation history and
heating duration, it is important to evaluate simultaneously both temperature eleva-
tions and treatment efficacy (histological analyses and tumor shrinkages). One
improvement to the current studies includes minimally noninvasive temperature
mapping in the entire tumor during in vivo laser treatment. Thermocouples can be
used to provide temperature information at limited locations in tumors. Other
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methods such as 3-D MRI may be a feasible approach to map the 3-D temperature
distribution if it does not interfere with laser delivery.

Another future improvement is in the Monte Carlo simulation that is typically
conducted in geometries with regular shapes. Since human tumors may have differ-
ent shapes and sizes, it will be very helpful to perform Monte Carlo simulation on a
tumor geometry based on MRI or CT scans of the specific tumor. It is difficult to
achieve individualized heating protocol design without considering patient-specific
tumor sizes and shapes. In addition, the location of the tumor in the organ relative to
the laser irradiation surface is also a very important factor that may affect the thermal
dosage deposited in tumors.

To design a treatment protocol for individual tumors using theoretical simulation
required extensive parametrical studies to identify dominant factors that will greatly
influence the resulted thermal dosage. In addition to modeling the precise shape and
size of tumors, important parameters may be the optical properties of the laser in the
targeted tumor. Unfortunately, there is very limited information on the properties.
More experimental studies are needed to directly measure those properties or to
extract the properties based on inverse heat transfer analyses. Further, there have
been quite a lot of studies recently focused on developing alternative thermal
damage assessment models, reflecting the observed discrepancy between theoretical
and experimental results. For example, a recent study by Pearce (2015) has proposed
a modified Arrhenius model adding a “shoulder” region before the typical linear
curve. It has been shown that agreement between experimental measurements of cell
death and prediction by the Arrhenius model is improved significantly once a
temperature-dependent time delay (“shoulder”) is implemented. Future experimental
studies should be designed to examine its effect on the thermal dosage and treatment
efficacy. Strong collaboration between engineers and clinicians is also necessary to
develop experimental approach to validate designed treatment protocols. This
includes quantitative histological analyses and long-term follow-up of tumor shrink-
age after the heating treatment. In addition, histological analyses and tumor shrink-
age studies can be coupled with dynamic markers such as release of heat shock
proteins (HSP), a critical component of cellular defense mechanism under adverse
environmental conditions. Characterization of thermally induced HSP kinetics can
be helpful for designing protocols during laser therapy by controlling the tissue
response to therapy based on accurate prediction of the HSP expression and damage
distributions.
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