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Interest in minimally invasive and localized treatments for cancer has led toward a dramatic increase in
the development of novel nanomaterials as light absorbing agents. The application of nanoparticles as
exogenous agents in laser therapy or photothermal therapy (PTT) is rapidly expanding to include nano-
structures of various composition and geometries. The particles enhance the magnitude of light absorp-
tion resulting in a more precise delivery of energy at lower laser powers and prevent damage to nearby
healthy tissue. To date, preclinical and clinical studies of plasmonic photothermal therapy (PPTT) with
gold metal nanoparticles have been extensively studied and recently PTT of magnetoplasmonic nanopar-
ticles, carbon nanomaterials, and nano-polymers have shown success in treatment of subcutaneous
tumors. In addition, numerical investigations serve as a subsidiary tool for experimental explorations
of nanoparticle assisted laser therapy. Since PTT can only be delivered to subcutaneous regions, the intro-
duction of phantom numerical models in nanoparticle assisted laser-induced interstitial thermotherapy
(LITT) has shown potential in delivering efficient ablative energy doses to deep-seated tumors. The fol-
lowing review provides experimental and mathematical models that concern metal, inorganic, and poly-
mer nanoparticle assisted laser therapy.
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menclature

interaction matrix
bn Mie coefficients

specific heat
speed of light (Section 3.1.1)
diameter
distance
electric field
band gap energy
electron charge
fraction of light scattered
particle cross-sectional area
anisotropy
magnetic field
radiant intensity
thermal conductivity
wave vector
extinction coefficient
length

N vectors
dielectric ratio
mass of electron
# of nanoparticles/vol.
index of refraction
density of free electron
probability distribution function
induced dipole moment
Legendre polynomials
metabolic heat generation
radiation heat

s efficiency of absorption
t efficiency of extinction
a efficiency of scattering
1, R2, R3 radius

space/vector
source term induced by radiation
direction
temperature
thickness
time (Section 3)
width
size parameter

ek symbols
magnetic permeability
wavelength
dielectric function
electric permittivity

e0 permittivity in vacuum
eB bulk dielectric
x frequency
xp plasma frequency
U scattering phase change
j absorption
H scattering angle
w, n Bessel function
w, g, n directional cosines
h polar angle
C damping term
u cosine of the angle
a polarizability
mF Fermi velocity
q density

Subscripts
0 incident field
b blood
c collimation
d diffuse
dipole dipole
Inc. incident wave
‘ indices
local location of electric field
m medium
max maximum
n vector spherical harmonics
np nanoparticle
o, e odd and even
sca scattered
tissue biological tissue

Medical
4T1 murine breast carcinoma
B16/F10 murine melanoma
CT26 colon carcinoma cell
EGFR epidermal growth factor receptor
HER2 human epithelial receptor 2
PC3 human prostate cancer
PEG polyethylene glycol
SCCVII squamous cell carcinoma
SKBR3 human breast adenocarcinoma
TVT transmissible venereal tumor
U87 human primary glioblastom
1. Introduction

The most common treatments involved for cancers include sur-
gery, radiotherapy, and chemotherapy. In cases where the tumor is
not surgically isolatable, radiation and chemotherapy are typically
delivered [1]. While proven to be effective in reducing the size of
tumors, these treatments also have a high potential to damage
healthy cells and may not necrotize the entire tumor. A form of
treatment that is both localized and destructive is ideal for cancer
therapy. Since early diagnosis and precise treatment are
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paramount, nanomedicine holds promise in alleviating the pain,
suffering, and death caused by this disease. The small size of nano-
particles, comparable to biomolecules, shows potential to distin-
guish and interact directly with cell surface receptors of diseased
cells. Accumulation of nanoparticles in tumor tissue can further
enhance medical imaging and therapeutic modalities. Researchers
study the use of nanoparticles in isolated photothermal treatments
(PTT) and are in pursuit of determining the most chemically and
structurally biocompatible nanoparticle that will provide highly
efficient, rapid, and non-invasive means of eliminating localized
and widespread tumors, while minimizing adverse effects of sur-
rounding healthy tissue. Conductive metal nanoparticles, such as
gold and silver, serve as excellent exogenous materials in laser can-
cer therapy since the surface electrons induce a unique interaction
with the particle nature of light and demonstrate ablative effects
by converting light to heat energy. Similarly, carbon based nano-
structures and nano-polymers are semi-conducting and can be
synthetically engineered with high thermal [2] and electrical
[3,4] conductivities that serve as an advantage in enhancing the la-
ser light absorption and subsequent heat conversion involved in
PTT.

Laser light sources at different wavelengths entice varying reac-
tions with biological systems, depending on the tissue absorption
properties. For example, the near infrared region (NIR), 700–
1100 nm, is the region of highest physiological transmissivity
and therefore is an optical gateway for laser energy to propagate
into the human body with minimal attenuation [5,6]. Light absorb-
ing nanoparticles are optically tunable across the electromagnetic
spectrum; therefore, the particles are synthetically tuned to the
NIR and the laser is targeted in cancerous area. After incubating
absorbing dominated nanoparticles into the cancerous region, the
tissues’ ability of absorbing radiation photon energy would be
greatly strengthened; meanwhile the surrounding healthy tissue
still remains to be almost transparent to NIR light. Fig. 1 shows
the absorption curves for most common materials that absorb light
in the body’s tissue: melanin, hemoglobin (Hb), oxyhemoglobin
(HbO2), and water. Notice from Fig. 1 that in the NIR region absorp-
tion for these tissues are the lowest.

During the past decade, nanoparticle assisted laser light studies
have attracted multidisciplinary research efforts and significantly
less laser power is required to achieve the same hyperthermic ef-
fects [7]. Investigators are interested in using chemically and struc-
turally biocompatible nanoparticles that will provide highly
efficient and minimally invasive means of eliminating tumors. In
addition, these nanoparticles also serve as an excellent tool in
the field of theranaostics, where these particles simultaneously
serve as an optical contrast and therapy agent. There are extensive
papers and books that cover specifically the optical properties of
Fig. 1. Absorption spectra in biological tissues adopted (adopted from http://
omlc.ogi.edu/spectra/).
different gold geometries [8–14], and reviews that combine optical
properties with laser thermal therapy [15–20]. Other manuscripts
focus generally on comparing thermal therapy of various nanopar-
ticle geometries [21–25]. There are also reviews that concentrate
on gold nanoshells [26,27], gold nanorods (GNR) [28–31], gold
nanocages [32], and plasmonic nanoparticles with inner magnetic
cores [33–36]. In addition, there have been individual experimen-
tal studies that investigate the optical properties of silver nanopar-
ticles [37] and their application in thermal therapy [38,39]. More
recently carbon based nanostructures such as nanographene
sheets (NGS) [40,41], single-wall carbon nanotubes (SWNTs)
[42,43], multi-walled carbon nanotubes (MWNTs) [44], and
nano-polymers [45–47] have shown promise in photothermal
applications. The purpose of this paper is to provide an overview
of the range of optically active nanoparticles along with their bio-
logical applications in photothermal therapy and general numeri-
cal modeling. In Section 2, there will be a brief description of the
optical properties of the metal, inorganic, and polymer nanostruc-
tures. The third section will provide a mathematical review
describing the various methods on how to calculate the optical
properties and then calculate the heat transfer manifested by par-
ticle assisted PPT. The last section highlights the progress and re-
sults of latest preclinical and clinical studies that demonstrate
enhanced PTT with low incident laser power for gold nanoparticles
and inorganic materials.
2. Optical properties of the nanoparticles

Nanoparticles used in PTT have been synthetically engineered
to absorb light in physiological transparent region (NIR) or at a
greater magnitude than the biological tissues. To determine
whether the nanoparticles are acceptable for biomedical trials,
researchers use the extinction, Qext, absorption, Qabs, and scattering
Qsca, efficiencies. The extinction coefficient is the sum of the scat-
tering and absorption efficiencies. The light absorption in the
malignant tissue with nanoparticles needs to have a higher absorp-
tion coefficient than the surrounding healthy tissue and therefore
higher Qabs value than the absorption coefficient of the biological
components shown in Fig. 1. When the ratio of absorption to
extinction is close to one, absorptive effects surmount the scatter-
ing effects and the material is predicted to be favorable in thera-
peutic modalities. This section describes the optical response in
terms of efficiencies for all of the metal and non-metal nanoparti-
cles of different geometries.
2.1. Metal nanoparticles

Metal nanoparticles of solid spheres, shells, rods, and other exotic
structures can all be tuned to have peak absorption cross-section in
the NIR spectrum with wavelength range k ¼ 700—1100 nm. To en-
hance the efficiency of photothermal therapy, a myriad of different
metal nanostructures are engineered into exotic shapes and differ-
ent sizes. In [48], you can find a gallery of TEM images for (a)
15 nm colloidal gold spheres, (b) 15 � 50 nm gold nanorods, (c)
160 (core)/17 (shell) nm silica/gold nanoshells, (d) 250 nm Au nano-
bowls with 55 Au seed inside, (e) silver cubes and gold nanocages, (e)
nanostars, (f) bipyramids, and (g) octahedrals just to name a few.

These metallic nanoparticles, such as gold or silver, create un-
iquely vivid colors resulting from the particle’s strong optical res-
onances called surface plasmon resonance (SPR). When
interacting with an electric field, metal structures have a collection
of bound mobile electrons on the surface that generate quantized
waves, or plasmons, as seen in Fig. 2. The bound electrons oscillate
when the frequency of the incident light is in tune with their

http://omlc.ogi.edu/spectra/
http://omlc.ogi.edu/spectra/


Fig. 2. Plasmonic oscillations induced by an electric field on metallic nanoparticles.

Fig. 3. Generation of plasmonic nanobubble in water.
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motion. At this resonant frequency, the surface plasmons are ex-
cited from their equilibrium position.

These SPR combined with the size of the metal particles alter
the sensitivity and tunability of the optical properties. In addition
to changing the size of the particle to tune the optical properties,
the particle absorption is extremely sensitive to changes in the
medium [49]. Upon interaction with laser light, a high Qext or Qabs

is observed at a narrow breadth that is characterized by a bell
shaped curve and a maximum resonant peak value.

Particles with the plasmon-like characteristics have been used
in optical and photonic applications and more recently in biomed-
ical applications [10]. Plasmonic metals include Li, Na, Mg, Al, Fe,
Cu, Ag, Pt, and Au. Among these, gold is FDA approved, biocompat-
ible, and exhibits good bio-conjugation with biomolecular antibod-
ies and other targeting biomolecules; and is the widely used
material in nanoparticles assisted laser therapy [19].

Within the past five years, a new insight has brought more
attention to the study of laser heating therapy with nanoparticles.
As a laser is induced on a nanoparticle, it begins to absorb the light
and as a consequence several environmental thermal processes can
occur. First, the surrounding media begins to heat because of the
diffuse heating of the nanoparticle [21,50–54]. Next, if the temper-
ature exceeds the saturation temperature, then a vapor or nano-
bubble may form around the particle [55–60]. If the temperature
continues to rise, that may result in the melting of the gold nano-
particle and in turn a gold vapor bubble may be formed around the
gold nanoparticle [23,58–62]. This is all portrayed in Fig. 3. More
research needs to be conducted to expand the knowledge of the
development of nanobubbles.

The solid nanosphere, nanoshell, nanorod, nanocage, nanobelt,
nanohexapod, and magnetoplasmonic structures are further dis-
cussed. Refer to Fig. 4 for the different geometries and Table 1
for the comparisons of the different resonance peaks between
the geometries.
Fig. 4. Various shapes and dimensio
2.1.1. Nanospheres
Nanospheres are solid spherical particles with a high surface

area. They can be studied as a single particle or as a collection
[63]. Like stated above, when induced by a laser light, the valence
electrons of the metal nanoparticles oscillate causing SPR. The SPR
peak wavelength is dependent on the shape and size of the metal
nanoparticles. When varying the diameter from 20 nm to 60 nm,
only a slightly red-shifted wavelength is seen as the diameter in-
creases. The average SPR absorption for nanospheres is around
�525 nm ± 5 [12,15] for gold and slightly lower for silver [37] as
shown in Table 1. Recall, the NIR window has wavelengths be-
tween 700 nm and 1100 nm. The peak absorption wavelength for
nanospheres is not within this range. Because of this, other geom-
etries such as nanoshells and nanorods, which have an easier opti-
cal tunability are more favorable for PPTT. Mie theory is generally
used to calculate the absorption, extinction, and scattering efficien-
cies for the spherical shapes. More information on Mie theory will
be described in Section 3.1.1.
2.1.2. Nanoshells
Metal nanoshells are different from solid nanospheres because

of their geometry. The SPR peak depends highly on the relative size
of the dielectric core, shell thickness, and the ratio between the
core size to shell thickness. The relative size of the nanoshells
can be defined by the aspect ratio given by the ratio of the total ra-
dius to core radius, R1/R2, as shown in Fig. 4. When varying any of
these parameters and also the materials used for the core or the
shell, the color of the metal nanoshells can vary across the NIR
spectral regions and these nanoshells can also be made to either
preferentially absorb or scatter light.

One way to vary the optical properties is to change the mate-
rial of the core. One of the first dielectric cores used within gold
nanoshells is silica, which was introduced by Oldenburg et al.
[71]. Silica is non-reactive, chemically inert, and water soluble,
making it acceptable for medical applications [27]. Fig. 5 conveys
the spectra of the extinction coefficient of gold nanoshells with
silica core. Mie theory was used to obtain the results for the fig-
ure. This graph proves that metal nanoshells are tunable over a
range of wavelengths. When varying the total size of the nano-
particle but keeping the core radius constant, it was observed that
the peak SPR shifted. Water was chosen as the exterior medium
of the nanoshell because this is a close approximation to the
dielectric of the tissue. As the particles become larger, the peak
wavelengths shift to the right. Erickson and Tunnell [26] proved
that for large particles with small core-to-shell ratios the inten-
sity of the peak will decrease.

Hollow nanoshells (also referred to as hollow nanospheres) are
another common nanoshell configuration. When keeping the core
constant and varying the shell diameter from 25 nm to 45 nm,
the peak absorption shifts from 550 nm to 850 nm, falling in the
NIR window [73]. Hollow nanoshells may be more desirable than
silica gold nanoshells because researchers are capable of reducing
the size of these particles by a factor of four (30 nm in comparison
to gold/silica nanoshells which are typically in the range of
�120 nm).
ns for the metal nanoparticles.



Table 1
Optical properties of metal nanoparticles Adapted from [64].

Dimensions (nm) kmax (nm) Qabs Qext Qsca

Nanosphere
Au [12,14,15] R = 20 521 0.9 0.9 0.0

R = 40 528 2.4 3.0 0.6
R = 80 549 4.0 6.0 2.0

Ag [37] R = 76 466 0.98 1.52 0.52
R = 92 486 1.61 2.1 0.39

Nanoshell
Au Hollow [3,5,65] [R1,R2] = [20,30] 680 – 9.5 –

[R1,R2] = [30,40] 800 – 13 –
[R1,R2] = [40,50] 980 – 15 –

Si–Au [12,66,67] [R1,R2] = [60,170] 892 3.2 5.2 2.0
[R1,R2] = [90,105] 984 4.2 5.2 1.0
[R1,R2] = [120,140] 1120 3.5 4.1 0.6

(Fe3O4/c-Fe2O3)-Si–Au [34–36] [R1,R2,R3] = [15.155.200] 800 1.0 – –
SPIO-Si–Au [34–36] [R1,R2] = [–,90] 720 0.55 – –

Nanorod (capped cylinder)
Au [12] [D,L] = [15,30] 797 13.5 14.5 1

[D,L] = [14.5,3.3] 863 15.5 17 1.5
[D,L] = [24,46] 815 13.5 18 4.5

Nanocage
Au [68] [L, t] = [36.7,3.3] 800 11.9 13.5 1.6

Nanobelt
Au [69] [w,t] = [100,17] 625 – – –

Nano-hexapod
Au [70] [L,w, l] = [60,13.2,14.8] 880 – – –

[L,w, l] = [33.4,–,2] 579 – – –

Fig. 5. Extinction coefficient of silica/gold nanoshells in water (from [72]).
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These nanoshells are designed to target specific cell types, tis-
sue, tumor, or superficial organs of interest [20]. When comparing
the nanoshells to solid nanospheres, because of the variables in the
geometry, the nanoshells are easier to tune and the peak SPR can
fall in the NIR window.
2.1.3. Nanorods
Jain et al. [12] fabricated gold nanorods in 2006 and are another

type of nanoparticle considered for biomedical treatments. This is a
cylindrically shaped structure defined by using the aspect ratio.
The aspect ratio depends on the ratio of the length of the nanorod
to the width of the nanorod, refer to Fig. 4, and the absorption and
scattering peaks can be tunable by changing the aspect ratio. The
optical properties can be determined computationally using the
diffuse dipole approximation (DDA) or the finite difference approx-
imation. More information can be found in Section 3. In [12], they
show that the nanorod with the highest absorption peak is the one
with the largest aspect ratio and small effective radius. On the
other hand, the nanorod with the best scattering has a high aspect
ratio with a large effective radius.

GNR have ideal dimensions for interaction with cell surface
receptors, are great absorbers, and show characteristic tunability
across a range of wavelengths in the NIR region. Using gold nano-
rods rather than other nanostructures is advantageous because of
their smaller size, high absorption coefficient, and narrow spectral
bandwidth. However, a possible disadvantage of these nanostruc-
ture is their potential to melt and change shape from rod to spher-
ical geometries with high energy [74], prolonged exposure, or use
of pulsed lasers [75]. These effects can be minimized but not com-
pletely eliminated with polymer or silica coatings [74].

2.1.4. Nanocages
Another nanoparticle that has been fabricated and studied is the

nanocage developed by Chen et al. [68]. These structures have a
hollow, cube like shape and are more compact than nanoshells.
Their porous structure also provides more ability for bio-conjuga-
tion and resistance to melting compared to the GNR, refer to Fig
4 [22]. Additionally, the nanocages have absorption at a high NIR
band, which contributes to the multipolar SPR band.

Nanocages are typically synthesized based on the galvanic dis-
placement method, a technique where a solid cubical nanostruc-
ture with a lower reduction potential (i.e. Ag) is replaced by a
metal with a higher reduction potential (i.e. Au) [19,32]. Once this
takes place, a redox reaction occurs and silver is oxidized to Ag+.
Gold is reduced to the solid form from Au3+ to Au metal. Three sil-
ver atoms are exchanged for one gold atom, creating voids in the
original cubic structure, and resulting in the subsequent cage-like
gold structure [19,32].

2.1.5. Nanobelts
Within the past two years, another geometry that is recently

attracting the interest for potential nanoparticle assisted PPT is
the nanobelt. A nanobelt is a type of plasmonic nanowire with
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sub-100 nm rectangular cross sections, refer to Fig. 5. The gold
nanobelt has a small width, comparable to that of a GNR. Anderson
et al. [69] revealed that like other gold nanoparticles, the extinction
efficiency of the nanobelts were red-shifted upon increase in as-
pect ratio. For a structure of width of 100 nm and thickness
17 nm, there was a sharp and tunable SPR at 625 nm, near the
NIR region. With more tests on tuning this nanoparticle, the nano-
belt shows potential for imaging and diagnosis in cancer photo-
thermal therapy. A detailed description for synthesis of nanobelts
is described by Wang [76]. The tensile nature of nanobelts may
not have the same melting effects observed in GNRs. Studies com-
bining nanobelts and biomedical applications have not been con-
ducted because this is a fairly new geometry.

2.1.6. Nanohexapods
In 2011, Kim et al. [70] developed gold nanohexapods which are

a novel class of optically tunable nanoparticles that resemble the
structure of a star with branched morphology, see Fig. 4. Nano-
hexapods consist of an octahedral core and six arm vertices that
can be varied in length during synthesis [25,70]. The method for
synthesis of the gold hexapods is by seeded growth and more
information can be found in [70].

The absorption spectra of the structure typically consists of one
peak, unless red-shifted around the NIR region. For the hexapod,
there are two peaks, one predominant high intensity peak from
the longitudinal SPR of the armed vertices and an additional sec-
ond peak attributed to the SPR of the central core. The SPR of the
nanohexapods shifts from visible (579 nm) to near infrared
(880 nm) when increasing the length of the arms. The structure
with an arm length of 2 nm and overall length of 33.4 nm had a
SPR at 579 nm. When the arm length was increased to 14.8 nm,
width of 13.2 nm, and overall length of 60 nm, the SPR was at
880 nm. Branched nanostructures, like nanohexapods, have an in-
creased interest to photothermal conversion because of their sharp
tips and high surface to volume ratios [25].

2.1.7. Magnetoplasmonic nanoparticles
Within the past five years, an interest in magnetoplasmonic

nanoparticle compounds has been developing. These are nano-
shells with a magnetic core (Fe2O3, Fe3O4) surrounded by a thin
layer of plasmonic metal (Ag or Au) [36]. There can also be nano-
particles with a silicon layer sandwiched between the magnetic
core and the metal shell [34]. The plasmonic properties of the me-
tal nanoshells in conjunction with the magnetic core properties,
which responds to an external magnetic field, holds a potential
for guided cancer therapy through a synergistic effect including
the use of laser irradiation guided by an magnetic resonance imag-
ing (MRI).

Iron-oxide gold nanoshells have a magnetic core of maghemite
(Fe2O3) or magnetite (Fe3O4) surrounded by a plasmonic gold layer.
Larson et al. [36] studied this structure using imaging and other
medical applications using particles with an average diameter of
�45 nm and a peak absorption at 540 nm.
Table 2
Optical properties of some nonmetal nanoparticles.

Dimensions (nm) kmax (nm) Qabs

Inorganic
SWNT [42] – 1190 0.2

Nano-polymers
Polypyrrole [77] [D] = [100] 950 1.0
PEDOT:PSS [45] [D] = [130] 850 0.5
PCPDTBT [46] [D] = [289.4] 740 1.0
PCPDTBSe [46] [D] = [154.3] – 1.5
EB Polynaniline [78] [D] = [121.3 ± 24.1] 550 0.8
Iron oxide silica gold (Fe2O3–Si–Au) nanoshells are three lay-
ered structures that have a magnetic core, a metallic outer shell,
and a silicon layer in between the two. The addition of the silica
interface between the iron oxide and gold is inserted to allow an
easier tuning of plasmonic resonance peaks to the NIR region. Mel-
ancon et al. [35] found a high absorbance peak at 650–900 nm for a
particle with an average diameter of 90 nm.

2.2. Nonmetal nanoparticles

Nonmental nanoparticles are a rising star in the field of material
sciences. These structures include predominately carbon based
nanomaterials and nano-polymers. Carbon based nanomaterials
and some nano-polymers do not have a characteristic narrow
absorption band but can show a high Qabs at a large range of wave-
lengths. For example, carbon nanotubes have a significantly higher
extinction coefficient than biological tissues from 400 to 1000 nm.
Table 2 sums up the wavelength and absorption coefficient for
some of the nonmetal properties and Fig. 6 provides the different
geometries of the non-metal nanoparticles.

2.2.1. Carbon nanomaterials
Carbon based nanomaterials, include NGS [40], SWNTs [42], and

MWNTs [44], refer to Fig. 6. Carbon nanomaterials such as NGS and
carbon nanotubes (CNTs) are optically active nanostructures with
attractive chemical and physical characteristics. The unique prop-
erties that make these nanomaterials ideal photothermal agents
are mechanical stiffness, photostability, and high thermal and elec-
trical conductivity. Although their electrons are not excited
through the plasmon mechanism, they have a strong interaction
with light of different wavelengths and a high extinction
coefficient.

NGS have an array of carbon bond along a 2D square sheet with
size that ranges from 10 nm to 60 nm in lateral length [40] and are
gaining tremendous popularity in material sciences. These struc-
ture are used in nano-electrical devices such as nanocomposities
and semiconductors [79,80] and are currently being tested for bio-
medical applications [81,82].

To date, CNTs have been widely utilized in electrical systems
[2–4,83], and more recently a number of experimental and numer-
ical studies depict how the mechanical stiffness and electronic
properties of the CNTs serve as an advantage in not only fields of
material science and electronics but also optics and bioengineering
[41,42,84–87]. SWNTs are 3D shaped long and thin tubes of sp2

carbon atoms that resemble a nanographene sheet rolled into a
cylinder. The high aspect ratio of the nanostructures, or length to
diameter ratio of the nanostructures (i.e. diameter of 4.3 nm and
length of 580 nm) result in absorption at a broad range of
wavelengths.

Unlike the gold nanoparticles that can be tuned to absorb light
in a specified region, it is possible to use different ranges of wave-
lengths and observe the same effects. In [88], the absorption range
Fig. 6. Various shapes and dimensions for the non-metal nanoparticles.
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for SWNTs coincides with tissues in the visible region; however,
their extinction coefficient is much higher than the tissue chro-
mophores. There, lasers at a low enough power that would other-
wise not induce and optical interaction with the isolated tissue can
be applied and have high temperature changes with the presence
of SWNTs [43].

2.2.2. Nano-polymers
For polymeric compounds, the electrons are not excited through

the plasmon mechanism. To convert a polymer into a semi-con-
ducting material, typically a substance known as a dopant is added
to the particle that ionizes the polymer and decreases the inter-
band distance between the valence and conduction. Once this
interband distance is reduced, less absorbed energy is required to
excite the electrons. The lower the interband distance between
the conduction and valence bands are, the easier the transition
and excitation of the electrons. Recent discovery of the ability to
tune these particles in the NIR region has led the array of different
experimental and pre-clinical studies being conducted worldwide
by mechanical engineers, medical scientists, and chemists [45–
47]. Nano-polymers are now approved for use as drug delivery
agents [89,90]; they are being tested for gene delivery [91], PTT
[46,92], and as nanocomposites in imaging and thermal treatments
[47,93–95].

Polyaniline is a biocompatible organic compound, commonly
used to analyze cell division and growth [78]. The polymer is a
semiconductor that is electroactive in nature and can be easily
manipulated to respond to an incoming electric field. In 2011, this
polymer was one of first electrically conductive organic nanoparti-
cles used as exogenous agents for photothermal therapy. While
polyaniline derivatives are commonly used for monitoring cell
growth and division, the polymer structure based on poly(3,4-eth-
ylenedioxythiophene):poly(4-styrene-sulfonate) (PEDOT:PSS) is a
popular compound used in electronics. In addition, PEDOTT: PSS,
is not as soluble and biocompatible as the polyaniline and requires
an additional polyethlyene glycol coating to increase solubility and
decrease possible cytoxicity. Cheng and colleagues [45] performed
analysis of this electrically conductive polymer nanoparticle, PED-
OT:PSS with a final diameter of approximately 130 nm. This nano-
particle consists of a mixture of two ionomers, repeating units of
neutral and ionized copolymers. The particle was tested for toxic-
ity, and was determined to be cytoxic without the presence of a
biocompatible coating [45]. With the addition of a branched poly-
ethylene glycol (PEG) coating, the particle was no longer toxic, and
cell viability mimicked the control. Advantages of using the poly-
mer nanoparticle PEDOT: PSS-PEG are that they have high photo-
stability over time and high therapeutic efficacy with the use of
low laser power (0.5 W/cm2) [45].

In 2012, another recent non-toxic light-absorbing polymer
nanoparticle’s optical properties have been studied for potential
applications in photothermal cancer therapy by Macneill et al.
[46]. In [46], Macneill et al. experimented with a donor–acceptor
nanoparticle which had a low band gap properties for photother-
mal destruction of tumors. The formation of a donor–acceptor
bond, also known as the coordination bond, occurs when a pair
of electrons from one atom in the highest occupied molecular orbi-
tal forms a bond with an atom with an empty electron orbital in
the lowest unoccupied molecular orbital. The polymer nanoparti-
cles used for this study were conjugated donor–acceptor com-
pounds 2-ethylhexyl cyclopentadithiophene co-polymerized with
2,1,3-benzothiadiazole (PCPDTBT) or 2,1,3-benzoselenadiazole
(PCPDTBSe). These nanoparticles are non-toxic until irradiated by
NIR light. The characteristic of this bond type is of interest because
of the position of the valence band in relation to the conduction
band. In particular one can control the size of the band gap, and
hence increase the conductivity with decrease in band gap size
[46]. It was hypothesized that the lower the band gap energy, Eg,
the greater the absorption coefficient. However, in this study, the
chemical nature of elemental sulfur caused a slightly greater en-
ergy band gap yet stronger absorption. The polymer with PCPDTBT
has an Eg = 1.46 and a much higher absorption coefficient com-
pared to the nanoparticle PCPDTBSe with a band gap value of
Eg = 1.36. The stronger absorption by sulfur in comparison to sele-
nium is also confirmed by a study conducted by Gibson et al. [96],
where a single atom was varied and the conjugated molecule with
sulfur had the highest absorption coefficient. Chen et al. [77] used
the polymer polypyrrole for in vivo PPT studies.

Fig. 7 shows the absorption peaks of the different polymer
nanoparticles tuned to the NIR region.
3. Mathematical model

As shown in the previous section, there has been a variety of
nanoparticles with different shapes, sizes, and composition pro-
posed that may be used for tumor/cancer diagnosis and treatment.
Although experimental investigation would be the primary tool to
explore the medical applications of nanoparticles, it is better to
investigate numerically by creating an approximated model and
simulating the effects of the nanoparticles exposed to a laser. This
could be useful in accelerating the research by reducing research
costs and the un-necessary repetition of work and efforts. Several
projects have been carried out with a goal to develop accurate
numerical investigations for experimental explorations of nano-
particles in medical applications toward tumor cancer diagnosis
and treatment [98–100]. This section provides an overview of
methods on solving for the optical properties and also the typical
mathematical formulations when modeling nanoparticle based
treatment like plasmonic photothermal therapy (PPTT) and laser-
induced interstitial thermotherapy (LITT).

3.1. Finding the optical properties

Before we can model nanoparticle laser treatments, knowledge
of the optical properties are necessary. There are various methods
proposed to numerically calculate the properties for various geom-
etries like Mie theory [9,13,98,101–103], discrete dipole approxi-
mation (DDA) [13,18,101,104–106], boundary element method
(BEM) [13,107], finite element method (FEM) [101], and finite dif-
ference time domain method (FDTD) [101,108,109] to name a few.
These methods were used to produce the absorption and extinc-
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tion coefficient graphs for various geometries. For this section, only
Mie theory and DDA will be described briefly.

3.1.1. Mie theory
Mie theory was first introduced by Gustav Mie in 1908 [103].

This is an analytical solution of Maxwell’s equations describing
the scattering of an incident plane wave by a spherical, isotropic,
and non-magnetic particle in a non-absorbing medium. Detailed
descriptions of this method can be found by van de Hulst [8] and
Bohren and Huffman [9] and briefly given here. Assuming no
sources, Maxwell’s equations are

r� Hðr; tÞ ¼ epðrÞ
@Eðr; tÞ
@t

;

r� Eðr; tÞ ¼ �lðrÞ @Hðr; tÞ
@t

;

r � Eðr; tÞ ¼ 0;
r � Hðr; tÞ ¼ 0;

ð1Þ

where H is the magnetic field, E is the electric field, ep is the electric
permittivity, and l is the magnetic permeability. Manipulating the
equations using Fourier transform, the time varying electromag-
netic field in an isotropic medium must satisfy the Helmholtz equa-
tions written as

r2Eþ k2
1E ¼ 0;

r2H þ k2
1H ¼ 0;

where k2
1ðrÞ ¼ xðrÞepðrÞlðrÞ=c2 is the wave vector. The parameter x

is the frequency and c is the speed of light. Spherical harmonics can
be used to solve the Helmholtz equations. In this approach, E and H
are replaced by vectors Mn and Nn. The subscript, n, represents the
different vector spherical harmonics used to describe the polar con-
tributions to the scattered field, i.e. n = 1 dipolar, n = 2 quadripolar,
etc. The scattered fields are related to vector spherical harmonics
through the series,

Esca ¼
X1
n¼1

EnðianNe‘n � bnMo‘nÞ;

Hsca ¼
X1
n¼1

EnðibnNo‘n � anMe‘nÞ;

where En ¼ inE0
2nþ1

nðnþ1Þ and E0 is the incident field. The subscripts 0
and e are the odd and even branches of the azimuthal solution to
the vector form of the Helmholtz equation and ‘ denotes the terms
of the Legendre and Bessel polynomials. The parameters an and bn

are the Mie coefficients which determine the amplitudes of the vec-
tor spherical harmonics when excited with a particular wavelength
of light. These values are given by

an ¼
mwnðmxÞw0nðxÞ � wnðxÞw0nðmxÞ
mwnðmxÞn0nðxÞ � nnðxÞw0nðmxÞ ;

bn ¼
wnðmxÞw0nðxÞ �mwnðxÞw0nðmxÞ
wnðmxÞn0nðxÞ �mnnðxÞw0nðmxÞ ; ð2Þ

Here, wn and nn are the Bessel functions, x is the size parameter de-
fined by x ¼ 2pnmR=k, and m is the ratio between the dielectric
functions between the spherical nanoparticle and the surrounding
medium, m = e/em. The dielectric function for the nanoparticles is
generally described using the Drude-Lorentz model [9,110]

e ¼ eB �
x2

p

x2 þ C2 þ i
x2

pC

xðx2 þ C2Þ
; ð3Þ

where eB is the bulk dielectric of the material, C ¼ C0 þ tF
R is the

damping term, and xp ¼
ffiffiffiffiffiffiffiffiffiffiffi
4pnee2

e0me

q
is the plasma frequency of the free

electron gas. The plasma frequency is dependent on the particular
metal where me is the mass of an electron, ne is the density of the
free electrons for the metal, e is the electron charge, and e0 is the
vacuum permittivity. The damping term is dependent on the radius
of the particle, R, and the Fermi velocity, vF.

When evaluating the electromagnetic scattering response, the
extinction, absorption, and scattering efficiencies are used. Using
the Mie scattering coefficients, the efficiencies can be described by

Q ext ¼
2
x2

X1
n¼1

ð2nþ 1ÞReðan þ bnÞ;

Q sca ¼
2
x2

X1
n¼1

ð2nþ 1Þða2
n þ b2

nÞ;

Q abs ¼ Q ext � Qsca:

ð4Þ

A Fortran routine called ABSCAT can assist in solving the absorption
and scattering coefficients [111] and MATLAB programs have been
described and documented in [102]. This method is only for spher-
ical geometries.
3.1.2. Discrete dipole approximation
Purcell and Pennypacker [105] in 1973 pioneered the discrete

dipole approximation in approximating the extinction, absorption,
and scattering cross sections for dielectric grains of arbitrary
shapes. For this method, each particle is modeled as an assembly
of a finite number of elements. These elements are considered to
be sufficiently small such that only dipole interactions with the
incident electric field and induced fields in neighboring elements
need to be considered. According to Draine and Flatau [106], the
solution of the Maxwell’s equations reduce to an algebraic problem
of many coupled dipoles. Each dipole requires the knowledge of
the dipole moments of the external electric field and the electric
fields of the neighboring dipoles. The expression to describe the
electric field of one dipole is [101]

Edipole ¼
e�

ixd
c

4pe0

x2

c2d
r̂ � p� r̂ þ 1

d3 �
ix
cd2

� �
½3ðr̂ � pÞr̂ � p�

� �
;

where d is the distance to the sampling point, r̂ is a unit vector asso-
ciated with a vector r which is taken from the dipole to the location
at which the electric field is sampled, and p is the vector associated
with the induced dipole moment. Each dipole has an induced dipole
moment,

Pi ¼ aiElocal;

where ai is the polarizability of the material associated with the
each dipole moment and Elocal is the electric field at ri due to the
incident wave, Einc,i, and the contributions of the electric fields from
all the other dipoles, Ej as shown by

Elocal ¼ EInc:;i þ
X

j ¼ 1
i–j

Ej ¼ EInc:;i þ
X

j ¼ 1
i–j

AijPj;

where Aij is the interaction matrix between all the dipoles describ-
ing the particle. Once the scattered electric field is determined, then
the scattering efficiency may be calculated by

Qsca ¼
k

pr2jEij2
Z

dS
jEscaðr0Þ � r̂j2dS:

Fast Fourier Transform and complex conjugate gradient are few
methods that can be used to perform efficient methods to solve
the linear system. DDSCAT is an open source Fortran based code
created by Draine and Flatau [112] which uses the DDA to compute
the optical response of both metallic and dielectric nanostructures.
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3.2. Nanoparticle assisted laser modeling

In a clinical setting of nanoparticle laser therapy, the nanoparti-
cles are delivered to the target sites by either direct injection or by
capsulated drugs and intravenously via blood circulation [113]. If
the nanoparticles are in the blood stream, eventually they are
deposited into the cancerous region due to vasculature abnormal-
ities in the tumorous tissue. Researchers worldwide are striving for
effective ways to conquer cancer by collaborating with multidisci-
plinary areas. Some scientists concentrate on modeling laser prop-
agation and laser energy distribution, while others investigate the
bioheat process to provide supplemental hyperthermia informa-
tion. Few studies model the physics of the entire process. This next
section describes the computational model representing the pro-
cess of laser heating of nanoparticles in the body.

3.2.1. PPTT computational methods
Because particle assisted laser therapy has a real potential in

medicine, accurate mathematical modeling predicating the tem-
perature distribution is important for in vivo trials and clinical
usage. Once the nanoparticles are inserted into the body and a laser
is heating the area, the optical properties of the tissue around the
nanoparticles are affected causing a change in the thermal re-
sponse. The Radiative Heat Transfer (RTE) equation is the most
common method used to represent the light propagating in biolog-
ical tissue given by

@Iðr; s; tÞ
c@t

þ @Iðr; s; tÞ
@s

¼ �keIðr; s; tÞ þ r
4p

Z
Uðs; s0ÞIðr; s0; tÞdx0

þ Scðr; sÞ; ð5Þ

where I(r, s, t) (W/m2/sr) is the radiant intensity related to fluence.
The parameters r and s represents the space and direction coordi-
nates, respectively. The term, ke = j + r, where j (1/m) and r (1/
m) are the local absorption and scattering coefficients. The param-
eter, U(s, s0) (1/sr), is the scattering phase function which describes
the scattering contribution from the direction s to s0. Various
expressions can be used to calculate this scattering phase function
including Chu and Churchill’s expression [114,115] and the Hen-
yey–Greenstein (HG) function [116]. Generally, the HG probability
density function is used to calculate the deflection scattering
[116] and has been shown to adequately describe the angular distri-
bution of scattered light for most macroscopic tissue. The HG func-
tion is expressed by

UHGðs; s0Þ ¼
1

4p
1� g2

½1þ g2 � 2gðs � s0Þ�3=2

¼
XN

n¼0

2nþ 1
4p

gnPnðcos HÞ; ð6Þ

where Pn are the Legendre polynomials of order n. The scattering
angle and the anisotropy are calculated as

H ¼ si � s0j ¼ ninj þ gigj þ lilj; g ¼
Z 4p

0
Pðs � s0Þs0dx;

respectively, where

l ¼ sin h cos w; g ¼ sin h sin w; n ¼ cos h

are the directional cosines represented using the polar angle h and
azimuthal angle w and P is a probability distribution function. The
term, g, indicates the isotropic scattering and varies from �1 to 1
and 0: 1 is for forward scattering and �1 is for backward scattering.
Dombrovsky et al. [99,117,118] uses a transport approximation for
the phase function where U is the sum of the isotropic component
and a term describing the peak forward scattering,

UðuscaÞ ¼ ð1�ukÞ þ 2ukdð1�uscaÞ:
Here, u = cos h is the cosine of the angle for scattering, sca, or wave-
length, k. From Eq. (5), Sc(r, s) represents source term induced by the
irradiation and is defined by

Sc ¼
rðrÞ
4p

Z 4p

0
UHGðs; s0ÞIcðr; s0Þdx0:

The intensity of radiation, I(r, s, t), is composed of two terms: a col-
limation irradiance, Ic(r, s, t), and a diffusion radiant intensity, Id(-
r, s, t), such that

Iðr; s; tÞ ¼ Icðr; s; tÞ þ Idðr; s; tÞ:

The RTE equation, Eq. (5), defines the change in intensity as the sum
of the loss due to absorption and scattering (first term on RHS) with
the gain due to scattering and the energy source (second and third
term on the RHS). The continuous waved (CW) laser, with a power
range 1–5 W, is commonly used in PPTT to treat the tumors; there-
fore, the temporal term in Eq. (5) is considered negligible. This
equation is an integral–differential expression and is difficult to di-
rectly solve. Approximate answers can be found using optical diffu-
sion approximation [118,119], P1 approximation [120–122], and
delta P1 approximation [117,119,123–125].

The delta P1 approximation splits the phase function into a for-
ward directed (unscattered) component and diffusely scattered
component [123,124,126] which is approximated by the phase
function,

Ud�P1 ¼ ½2f dð1� s � s0Þ� þ ð1� f Þ½1þ 3gðs � s0Þ�: ð7Þ

The parameter, f, defines the fraction of light scattered directly for-
ward and g represents the asymmetry scattering. The second term
in Eq. (7) describes the diffuse scattering, which is a scaled version
of the approximated phase function for the standard P1 approxima-
tion [123]. The first term, which includes a d function, corresponds
to the scattering in the forward direction. Substituting Eq. (7) into
Eq. (5) becomes

@I
@s
¼ �keI þ rfI þ ð1� f Þr

2p

Z
½1þ 3gðs � s0Þ�Idx0 þ Sc:

The variables f and g are found requiring the first two moments of
the delta P1 phase function, g1 = f + (1 � f)g and g2 = f, to correspond
to the first two moments of the HG phase function, Eq. (6), which
are given by gn ¼ gn

1 [123]. This yields to

f ¼ g2
1; g ¼ g1=ðg1 þ 1Þ: ð8Þ

You then proceed to solve the RTE. The delta P1 approximations
scale the optical properties. The P1 approximation and delta P1
approximation are computationally efficient; however, the accuracy
of the method is compromised for non-plane parallel and multi-
dimensional computations [120,121].

Another computational method used to examine the photon
transport in biological tissue is the statistical based Monte Carlo
ray tracing method that is mathematically equivalent to solving
the RTE equation [126–128]. This computational method simulates
a ‘‘random walk’’ of photons in a scattering and absorbing medium.
The Monte Carlo method is useful for solving complex geometries
and easy to implement; however, in order to be accurate, it re-
quires a number of photons that are traced and therefore compu-
tationally expensive [23]. An open source code written in C,
called Monte Carlo Modeling of Light Transport in Multi-Layered
Tissues (MCML) is used to help simulate some calculations [126].
Lin et al. [129] tried to detect cancerous cells with nanoparticles
using the Monte Carlo method. Feng et al. [130,131] used super-
computers to predict real time fluence control using supercomput-
ers. In [132], the Monte Carlo method was used in the study of
burning efficiency of different nanoshells with different thick-
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nesses and substances inside the shell. The result was that the hol-
low nanospheres exhibit the best efficiency.

The RTE equation and the Monte Carlo method describe the
light transport in the macroscale. To adjust for the optical changes
discussed in Section 2, caused by laser light passing through the
body heating the nanoparticles, expressions for the absorption
and scattering by both the tissue and the nanoparticles are devel-
oped. Generally, an idealized condition of uniformly distributed
nanoparticles, as depicted by Fig. 8 for a liver tumor, is enforced
[98,119,121,133]. Therefore, the overall absorption, j, and scatter-
ing, r, are defined by the linear relationship between the tissue and
the nanoparticles [119–121,129,130,134,135] expressed by:

j ¼ jnp þ jtissue; r ¼ rnp þ rtissue;

where np and tissue indicate the properties for the nanoparticles
and biological tissue, respectively. The parameters, jnp and rnp,
are functions of the absorption, Qabs, and scattering, Qsca, efficiency
such that [119–121,129,130,134,135].

jnp ¼ GQabsNT ; rnp ¼ GQscaNT ;

where NT is the number of nanoparticles per unit volume and G is
the particle cross sectional area projected onto the plane perpendic-
ular to the incident beam. For nanospheres and nanoshells, G = pR2.
The parameters Qabs and Qsca are calculated using the methods de-
scribed in Section 3.1.

Under a normal circumstances, the nanoparticles inside the bio-
logical tissues or cells are non-uniformly distributed [136–139]
and more computational studies are still necessary to describe this.

Modeling the human body can be very complicated because of
the many mammalian physiological actions such as perspiration.
In 1948, Pennes presented the bio-heat transfer equation [140–
142]. Since then, many people have modified this expression to ac-
count for more sophisticated phenomena to include convection,
metabolism, and evaporation in addition to conduction and perfu-
sion. The bio-heat transfer equation is given by

qcp
@T
@t
¼ �rðkrTÞ þ cbxbqbðTb � TÞ þ Q m þ Q R; ð9Þ
Fig. 8. Schematic of nanoparticle a
where the density, specific heat, and thermal conductivity of the tis-
sue are denoted by q (kg/m3), cp (J/kg �C), and k (W/m �C), respec-
tively. Similarly, Tb (�C), cb (J/kg �C), qb (kg/m3), and xb (kg/m3 s)
are the temperature, specific heat, and density of the blood and
the blood perfusion rate, respectively. Blood perfusion rate can be
defined as the rate at which nutritive-rich (and possible medicated)
arterial blood reaches capillaries in the tissue. The metabolic heat
generation, Qm, is the heat caused by the chemical reactions taking
place within the tissue and the external heat caused by the laser is
denoted by QR, which is solved using the RTE equation or the Monte
Carlo method. The first term on the LHS of Eq. (8),r(krT), describes
the heat transfer in the body in the body caused by conduction, and
the convection term is by cbxbqb(Tb � T). With the boundary condi-
tions in place, the bio-heat equation models the temperature of the
tumor and its surrounding healthy tissue.

Gold nanoshell-assisted PPTT was numerically investigated by
concentrating on the mechanical aspects of the problem, namely
radiative transport, distributed heating, and thermal conduction
[120,121,143]. These work provide a 1D thermal model utilizing
the P1 approximation to simulate the penetration of laser radiation
and subsequent heating of 1 cm slabs of nanoshell embedded tis-
sue exposed to a 633 nm collimated light source. The sensitivity
of nanoshell density, laser power, and laser arrangement on ther-
mal profiles are analyzed. Vera and Bayazitoglu [121] showed that
adding too many nanoshells or by having the power source too
high can cause overheating in the entry region and the rear region
heated only by conduction. This results in an undesirable temper-
ature differential. To avoid this issue, a dual laser approach was
proposed and the effect of a two-beam case without varying laser
power is presented. Without inserting invasive laser applicators
into the tissues, a conformal mode of hyperthermia could be
achieved with a much lower laser power compared to the conven-
tional PPT and LITT without nanoparticles. In [121], results show
that the required parameters of hyperthermia will be satisfied by
not inserting the gold nanoparticles into the body. Xu et al. [133]
investigated the feasibility of nanoshell assisted laser treatment
by simulating other organ tumors other than subcutaneous tu-
mors, particularly tumors growing in the clearance organ liver. It
ssisted photothermal therapy.
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was found that with a nanoshell retention ratio of 8/1 or higher,
about half of the liver tumor was ablated; however, some of the
surrounding healthy liver tissue was destroyed as well.
3.2.2. LITT computational methods
Another minimally invasive treatment for cancer/tumors is LITT

[144–146]. The most commonly used sources for LITT are Nd: YAG
laser (1064 nm) or diode lasers (800–980 nm), where approxi-
mately 3–10 watts is applied for 10–20 min [146]. For LITT, laser
applicators such as fibers or diffusing applicators are surgically in-
serted into the malignant tumor as shown in Fig. 9. For LITT, a flex-
ible glass fiber transmits laser light into the tumor area. Heat is
generated by the absorption of energy radiated by a flexible glass
fiber. This heat is then transferred by means of conduction to the
neighboring cells. The extent to which it is transmitted is depen-
dent on the energy applied by the laser and the duration of appli-
cation, perfusion cooling by blood, and the properties of the tumor.
Bigger sized tumor could possibly be burnt out to the point of
necrosis (cell death).

Depending on the type of tissue the tumor is in, the tumor’s
thermal and optical properties can vary. Applying the correct level
of energy specified for the specific tissue for the right about of time
can result in the desired necrosis. Though the temperature at
which this occurs varies by cancer type and the values for liver
cancer are well established. For example, enzymes in the tumor
cells for a liver are permanently damaged, causing necrosis, when
the temperature range is 42–45 �C [147]. In the same cancerous
cells, when the temperature is between 60–140 �C, the cells will
die almost immediately and between 100–300 �C, water in the cell
vaporizes, affecting adjacent cells. When the temperature is great-
er than 300 �C, carbonization occurs and the cell is totally burnt.

Reaching temperatures too high are extremely undesirable be-
cause overheating can result in carbonization of cells. If the cells
are burnt to carbon, the absorption level of the cells may alter
Fig. 9. Schematic of LITT based treatment.
and the laser light may not be able to penetrate the tissue. Also,
the thermal properties of the human tissue are dependent of the
water content within in them. Therefore, a water loss will change
the way the cells react over time even if the laser is applied in a
constant manner. Because of the reasons stated above, current
developments in LITT are dedicated to developing accurate real
time imaging techniques. The use of ultrasound or even MRIs while
performing LITT can give doctors real-time feedback as to the pro-
gress of the treatment and thermal distribution in cells. When
inserting photonic nanoparticles, sharp changes in temperatures
at the interface of the tumor and healthy cells can occur. This im-
plies that doctors can avoid undershooting and overshooting the
temperature target, which would either leave tumor cells still in
the body or cause damage to adjacent healthy cells.

LITT has been used for a variety of cancers from brain to breast
cancer; however, different types of biological tissues have distinct
absorption properties and may require different treatments. There-
fore, simulating a 3D thermal model of LITT to accurately predict
the spatial distribution of laser fluence rate, laser energy absorp-
tion, and subsequent thermal response of tissue is very important,
especially concerns of cell survival due to high temperatures of
fatal organs. The current method of choice for this process is using
the computationally intensive and expensive inverse 3D Monte
Carlo method [126–128,148–150]. Another method to simulate
LITT includes the not so accurate but computationally efficient dif-
fusion approximation of the RTE equation [119–121,125,151–153]
which approximates the spatial distributions of laser fluency rate
and absorption during the treatment.

LITT assisted with nanoshells to enhance the heating effect have
been studied experimentally and numerically using phantoms
[125,131,154]. In 2009, Fuentes et al. [125] experimented with
gold-coated, silica-core nanoshells with core diameters of 110 nm
and 180 nm. For these experiments, 1.5 wt% agar gel cylindrical
phantoms were used and divided into two layers: the lower layer
contained the nanoshells while the upper layer was agar gel only.
The dimensions of the cylindrical phantom were 23 mm wide by
69 mm high. All experiments were performed in a clinical 1.5 T
MRI scanner and the 2D temperature images were taken in the ver-
tical plane running down through the center of the phantom. The
laser wavelength was tuned to 808 nm for these experiments
and the output power was varied from 0.32 to 1.2 W. The delta
P1 approximation was used to calculate the power density. Tem-
perature distribution is obtained by using commercial finite ele-
ment modeling (FEM) software (COMSOL MULTIPHYSICS�,
Comsol Inc., Burlington, MA).

Another computational study was given by Xu et al. [98] which
focused on understanding the therapeutic effects of treatment con-
ditions including laser wavelength, power, exposure time, concen-
trations of tailored nanoparticles, and optical/thermal properties of
the tissue under nanoparticle assisted LITT. This study found that
when using absorbing preferential nanoparticles as the photother-
mal agent, the fluence rate distributions will weaken in terms of
lowering fluence rate peaks and reducing laser penetration depth.
However, the local enhancement in absorption induced by nano-
particles is so significant that the reduced fluence rate will be bal-
anced out and the eventual medical hyperthermia is greatly
enhanced by using nanoparticles. In addition, the results indicated
that with constant laser illumination, an increase in nanoparticle
concentration beyond a certain range has an insignificant impact
on hyperthermia.

Researchers strongly believe that PPTT or LITT treatments can
be most effectively approached by the marriage of the advanced
methods for simulating radiative transport and bio-heat transport
with some (possibly MRI-guided) temperature imaging for valida-
tion of predictions. To fully understand the potential of nanoparti-
cle assisted laser therapy, as well as to develop treatment/planning
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algorithms to maximize efficacy, advanced models need to be fur-
ther developed and validated. These models and software need to
be effective and easy to use by clinical doctors. Also, these models
are at the macroscopic scale, and may be useful in determining first
estimates of the efficacy of nanoparticle heating as bulk properties
of nanoparticles and matrix medium are used to determine the
overall effects of the combined system. However, these models
may introduce errors since this phenomenon is at the nanoscale.
More studies between the nanoparticle and the water heat transfer
interface at the nanoscale need to be conducted. More accurate and
comprehensive modeling of the interactions between cancerous
tissue, laser irradiation, and nanoparticles for the PPTT and LITT
are needed.

4. Laser therapy with nanoparticles

As shown in Section 2, having the nanoparticles injected into
the tissue enhances the optical properties and destroys the cancer-
ous tissue. There have been a few in vivo and in vitro studies that
include nanoparticle assisted PPT. Table 3 summarizes a few stud-
ies by providing the type of nanoparticle, laser used, etc. This sec-
tion gives a few in vivo and in vitro investigations that have been
conducted while using metal and non-metal nanoparticles. It also
gives some examples of using nanoparticles as drug delivery
vessels.

4.1. Laser therapy with metal nanoparticles

When compared to nanospheres, nanoshells are more favorable
for in vivo therapy and imaging applications because the SPR peaks
are within the NIR window. In 2003, Hirsch et al. [157] conducted
the first demonstration of an in vivo treatment of silica/gold nano-
shells for the treatment of carcinoma tumors in mice. Tests on
nanoshell density, light intensity, and duration of illumination
were monitored using MRI thermal

imaging and it was found that fluctuations in temperature suf-
ficient enough to induce irreversible tissue damage were 6.6 �C
after 4–6 min of irradiation while nanoshell-free control samples
showed a temperature increase of 4.7 �C. This was an increase that
is considered to be safe for cell viability. Also, the highest change in
temperature was found at a depth of 2.50 mm.

The first in vitro study to couple bioimaging and cancer therapy
applications using nanoshells was in 2005 by Loo et al. [162]. This
study targeted against human epithelial receptor 2 (HER2) to treat
breast cancer cells and confirmed that the extent of absorption and
scattering depend upon the overall size of the nanoshell, while the
surface plasmon resonance depends upon the core/shell ratio. In
[162], the therapeutic nanoshell, with a 100 nm core and 4 nm
shell, had a maximum absorption, while the nanoparticle with
optimal scattering characteristics had a 200 nm core and 11 nm
shell. When imaging was completed, greater silver staining inten-
sity was seen in cells exposed to anti-HER2 nanoshells compared to
controls, and the cell samples were immediately irradiated by
820 nm NIR laser light for 7 min. The laser power was controlled
at 8 mW/cm2. Cell death was observed only in cells treated with
anti-HER2 nanoshells and was not observed in cells treated with
either nanoshells conjugated to a nonspecific antibody or NIR light
alone. Although animal models have demonstrated success, clinical
trials on humans have yet to be conducted as the carcinogenicity of
the silica nanoshell core remains questionable. It would be more
desirable to have nanoshells that are made purely of gold such as
hollow nanoshells.

Lu et al. [156] conducted an in vivo study involving hollow
nanoshells with a mean diameter of 43.5 ± 2.3 nm and a mean shell
thickness of 3–4 nm. Four hours after injecting the tail vein of live
mice with a dose, the highest nanoshell accumulation (approxi-
mately 12.6% of the full dose) appeared in subcutaneous tumors
growing on the flanks. Similarly to the liver (�9.2%), spleen
(�5%), kidney (�12%), and lungs (�8%), the clearance organs
showed substantial nanoshell retentions. When comparing them
with silica/gold nanoshells, hollow nanoshells have a size that is
more ideal for retention and targeting.

Huang et al. [51] pioneered an in vitro study with the dual use
of gold nanorods as imaging and photothermal therapeutic agents.
This showed that nanorods conjugated to antibodies against the
epidermal growth factor receptor (EGFR) were able to selectively
target cells and cause ablation of malignant cells with half the re-
quired laser power. Another in vitro study was conducted by Good-
rich et al. [159] and they reported that after 17 h of injecting the
tail veins of live mice with a dose of 43.5 ± 2.3 nm gold nanorods
(14 nm in radius and 45 nm in longitude), less than 10% of the total
dose accumulated in subcutaneous tumors of the colon growing on
the flanks, about 71% of the total injected nanorod dose accumu-
lated in the liver, approximately 4% of the dose ended up in the
spleen, and another 1% of the injected dose was found in the kid-
ney and lymph nodes. Benefits of the smaller width of the nanorod
include ease of penetration into tumors [22].

Studies on gold nanocages in PPTT were conducted by Xia et al.
[32]. The use of gold nanocages was projected to be advantageous
because of the structural flexibility and low power density thresh-
old for cell death. Structures that had a diameter of 45 nm were
tuned to have a SPR of 810 nm. When heated by a laser power of
1.5 W/cm2, the viability of the isolated breast cancer cell was de-
creased. The use of nanocages have further been investigated for
in vivo imaging [163] and photothermal treatments [164]. Imaging
results showed an improved tumor uptake of the nanocages
15.3 ± 2.9% after 24 h of injection.

As found in Section 2, the hexapods can have a tunable SPR peak
around 800 nm [25]. The high absorption cross section of the nano-
hexapod around 800 nm agrees well with its potential to serve as a
photothermal reagent. A study conducted by Wang et al. [25] com-
pared the photothermal applications of gold nanorods, gold nano-
cages, and gold nanohexpods by analyzing the cell uptake,
biodistribution, tumor reduction, and photothermal conversion
efficiencies. After 12 h of injection, gold nanohexapods exhibited
the greatest cellular uptake, suggesting that branched morphology
of nanostructures may lead to a higher probability of entering the
cell. In addition, nanocages and nanohexapods showed great tumor
reduction, �100% and 90% respectively. For gold nanorods, 80% tu-
mor reduction was demonstrated after photothermal treatment.
While there was no great difference in the treatment response,
the use of nanohexapods demonstrated high photothermal effi-
ciency [70]. It should also be noted that with the use of a continu-
ous wave laser at 0.8 W/cm2 and 808 nm, there was no change in
the optical absorption of the nanostructures and no observable
shift in SPR. However, upon pulsed laser irradiation of 805 nm,
melting of the structures was observed at 15 mW/cm2 for the
GNR, while both nanocages and nanohexapods began melting at
a pulsed laser irradiation power of 25 mW/cm2.

Applying nanotherapeutics with magnetic fields is an exciting
field for cancer therapy. Magnetic nanoparticles (MNPs) are a class
of nanoparticles extensively studied and applied towards cancer
therapy. These nanoparticles are used in localized thermal therapy
through assistance of an external magnetic field. While pure met-
als with highly saturated magnetization such as Ni, Co, and Fe
would serve as excellent magnetically active compounds for ther-
apy, due to their reactive nature and cytotoxicity, their biomedical
applications are limited. Therefore, compounds such as metal oxi-
des are usually preferred as they are less sensitive to oxidation. The
nanoparticles of magnetite (Fe3O4) and maghemite (c-Fe2O3) have
been extensively studied and even applied to human clinical trials
for the treatment of brain cancer, glioblastoma. The first investiga-



Table 3
Clinical photothermal therapy with embedded nanoparticles.

Dimensions (nm) Injection dose Targeting
ligand

Tumor retention Laser DT
(�C)

Nanoshell
Au hollow

[155,156]
[R1,R2] = [–,30] – C225 A431, 6.8% ID/g – 16.5

[R1,R2] = [40,45] 2.5 � 1012 particles NDP-MSH B16/F10 melanoma, 12.6% ID/
g @ 4hrs

1 min, 808 nm, 0.5 W/m2 16.5

Si–Au
[52,157,158]

[R1,R2] = [120,110] Intratumoral, NA – TVT, – 4–6 min, 820 nm, 4 W/
cm2

37.4

[R1,R2] = [130,–] Tail, 100 lL of 2.4 � 1011/mL – CT26, – 3 min, 808 nm, 4 W/cm2 –
[R1,R2] = [100,110] Intravenous, – – PC-3, – 3 min, 810 nm, 4 W/cm2 –

SPIO-Si–Au
[35] [R1,R2] = [–,90] Intratumoral, 100 lL,

1 � 1012 nanoparticles/mL
– A431, 2.34% ID/g 3 min, 808 nm, 4 W/cm2 34

Nanorod
Au [25,159] [D, L] = [14, 45] Tail, 4.5 ml/kg (2 � 1013 particles/

mL)
– CT26, 36 lg/g tissue 3 min, 808 nm, 1 cm tip

3.5 W
32.1

[D,L] = [9.1,36.2] – – 8.4% @ 24 h ID/g 10 min, 808 nm, 1.2 W/
cm2

14.5

Nanocage
Au [25,160] [L, t] = [36.7,3.3] Intravenous, 100 lL of 10 mg/mL – U87wtEGFR, 5.7% ID/g 10 min, 808 nm, 0.7 W/

cm2
–

Nanohexapod
Au [25] [L,w, l] = [60,13.2,14.8] Intravenous, 200 lL, 1 mg/mL – 7.2% @ 24 h ID/g 10 min, 808 nm, 1.2 W/

cm2
23.1

Carbon nanotube
SWNT [43,161] [D,L] = [2–5,50–300] Intratumoral, 100 lL, 120 mg/L – Epidermoid KB, – 3 min, 808 nm, 76 W/

cm3
–

[D,L] = [4.3,580] Intratumoral, 1 mg/mL – SCCVII, – 10 min, 785 nm,
200 mW/cm2

15

Polymer
PEDOTT:PSS[45] [D] = [130] Intravenous, 200 lL, 1 mg/mL – 4T1, 16.33% @ 24 h, 28.02% @

48 h ID/g
5 min, 808 nm at 0.5 W/
cm2

21

Polypyrrole[77] [D] = [58] Intravenous, 200 lL, 1 mg/mL – 5% ID/g 5 min, 808 nm laser, at
1 W/cm2

25
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tions of using isolated magnetic nanoparticles for glioblastoma
[165] and prostate cancer [166] occurred 2007 in Berlin, Germany.
While MNPs were being used for glioblastoma and prostate cancer
treatments, their optical properties and light to heat conversion
efficiencies in in vivo did not show much flexibility. Moreover, it
was difficult to tune their optical properties and red-shift their
absorbance towards the NIR region.

These limitations in MNPs brought about an explosion of re-
search in the study of metal nanoparticles such as gold, and their
plasmonic effects especially in the application of nanoparticle as-
sisted photothermal therapy. The plasmonic nature of gold, ease
in bio-conjugation, simple preparation, and most importantly its
strong absorptions and tunable wavelengths in the NIR region is
highly attractive. While showing much promise, they continue to
be limitations in tumor retention and investigators are actively
searching for improvements in localization to target therapy. This
has shifted recent interest towards magnetoplasmonic nanparti-
cles compounds that are typically nanoshells, with a core (Fe2O3,
Fe3O4) surrounded by plasmonic metal shell (Ag or Au), or they
can consists of a two spherical infused structures infused in a dum-
bell configuration with the iron oxide hybridized with the plas-
monic metal [36,167]. These structures can also have a silicon
layer in between the magnetic core and the metal shell [34]. Like
stated in Section 2, the absorptive nature of the gold nanoshells
in conjunction with the superparamagnetic properties of the core
is also affected by an external magnetic field. This structure has a
desirable structure that holds much potential for guided cancer
therapy through a synergistic effect that includes an MRI and
photothermal laser irradiation.

In 2007, Ji et al. [168] in vitro studies with a the magnetic inner-
most core coated with a second layer of silica between a third layer
of gold were conducted. This study had a diameter between 80 and
90 nm and an average shell thickness of �8 nm. This study was
conducted at a fixed wavelength of 800 nm. As the deposition of
Au on the magnetic-silica core increased, the absorbance was
found to have a prominent red-shift at 800 nm. The concentration
and change in temperature was linearly related up to 5.0 � 1012

particles/mL. At this time, a maximal change in temperature eleva-
tion of 16.3 �C was achieved.

Melancon et al. [35], in 2012, studied in vivo applications of the
SPIO-silicangold nanoshells. These particles, with an overall diam-
eter of 90 nm and an outer gold shell layer of 7 nm thick, were first
injected into mice with epithelial carcinoma cells. Treatment with
the magnetic nanoshells and laser induced tissues resulted in sig-
nificantly greater degree of necrosis: 52% compared with the saline
treated tumors irradiated with laser at 18%. This study implies that
changes in temperature with plasmonic magnetic nanoparticles
that are guided through an MRI imaging can be mapped. Melancon
and colleagues conveyed that in vivo MRI imaging provided en-
hanced darkening of the tumor through a comparison of a T2
map before and after SPIO gold nanoshells administration. Further-
more, it showed a decrease in signal with the presence of the mul-
tifunctional MNPs.

The process of localization is through superparamagnetic nat-
ure and alignment of magnetic fields [33], which not only helps in-
crease cell targeting but also serves as a guidance for MRI imaging
[167]. Combining an external magnetic field and a continuous
wave NIR laser is advantageous because of the significantly higher
localization and manipulation of the nanostructures that is
achieved through the assistance of the magnetic field.

The superparamagnetic properties of the iron oxide core allows
for MRI guidance and the optical characteristics of the plasmonic
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outer layer to serve as a contrast agent for dark field imaging. As
shown by Larson et al. [36], core/shell Fe2O3/Au demonstrated a drop
in the T2 signal and a darkened MRI measurement that showed a sig-
nificant enhancement in the MIR image comparing to the unlabeled
cells. The scattering properties of the surrounding gold layer of the
shell provided a reflectance cross section that conveyed a 4.5-fold
greater integrated intensity than the unlabeled cells. Overall, the
addition of MRI to the optical contrast of the nanoshell has the po-
tential of guided laser therapy through obtainment of the location
and concentration of the administered hybrid dosage.

4.2. Laser therapy with non-metal nanoparticles

Graphene is a novel class of nanomaterial that has great potential
in biomedical applications. The first study of in vivo PPT of carbon
nanomaterials with NGS conducted by Yang et al. [40], where they
intravenously injected NGS and tested with mice that had different
types of cancer: 4T1 murine breast cancer carcionoma and U87MG
human glioblastoma. The kind of laser used was an 808 nm laser
with a power of 2 W/cm2. Since the NGS was passively targeted
through intravenous delivery, the particles showed excellent tumor
retention after 24 h of injection. The study by Huang et al. [43,88]
was fundamental as it showed the first success of in vivo PTT with
carbon nanomaterials. This is comparable to that of GNRs in terms
of injected dose, administration and NIR light irradiation duration.
Upon histological analysis, a high percentage of the NGS were found
in the tumor and kidneys, suggesting that high renal uptake due to
excretion of the smaller sized structures. Comparing to gold nano-
particles such as gold nanorods, NGS require a lower laser power
for ablation, were highly efficient in passive delivery without using
any targeting antibodies, and had a low percent accumulation in
healthy tissues of the skin, liver, and heart.

The high electrical and thermal conductivity of CNTs have al-
lowed the nanostructure to play a large role in the area of PTT of
cancerous tumors. SWNTs not only have excellent thermal conduc-
tivity, but also are inexpensive, non-toxic through intravenous and
intratumoral administration, and have a surface that can be easily
coated with ligands and polymers which makes it an attractive
material for nanoparticle assisted laser therapy. Huang et al. [43]
investigated the effectiveness of PPT with the use of SWNTs in live
clinical studies. They administered the PEG coated SWNT nanopar-
ticles with a diameter of 4.3 nm and length of 580 nm intratumor-
ally in mice with squamous cell carcinoma. After 5 min of injection
a 785 nm diode laser with a power of 100 mW/cm2 or 200 mW/
cm2 was used as the photoexcitation source. Ten minutes of irradi-
ation caused an increase in temperature of 9.7–18.5 �C depending
on the laser power (100 or 200 mW/cm2) and concentration of
nanoparticles administrated. The SWNTs were shown to result in
ablative effects on the tumor tissue at just 200 mW/cm2, whereas
the tissue alone required 500 mW/cm2 to achieve a comparable
outcome. Comparing PTT with gold nanocages, SWNTs require
lower light doses and can therefore be more advantageous in pro-
tecting healthy tissue. As noted, these structures are inexpensive,
and compared to gold and polymer nanostructures they have a
lower percent retention in the organs of the reticuloendothelial
systems such as normal skin, liver, kidney, and heart. Although car-
bon based nanostructures are attractive exogenous agents for PTT,
there is an incomplete understanding of the distribution, elimina-
tion, and toxicity of these materials. Also previous studies have
indicated that the toxicity depends upon the administration. Some
concern is SWNTs are thought to become engulfed in the outside
atmosphere. For example, histological examination followed by
imaging through Raman scattering showed slight accumulation
of particles in lungs of both the human investigators and the
mouse subjects being tested. Further investigation is warranted
to determine the long term effects of localized SWNTs.
The attractive quality of most light absorbing polymers that
have been tuned to the NIR region is their high photostability, a
characteristic that is lacking in most of the metal nanoparticles.
One of the first studies regarding the use of electrically conductive
organic polymers as photothermal agents in cancer treatment was
with the organic compound polyaniline [97]. Epithelial cancer cells
were introduced into the mice to induce subcutaneous tumor
growth in the thigh region. The polymer nanoparticles were di-
rectly injected into the tumor site and irradiated with a laser
power of 2.45 W/cm2 at a wavelength of 808 nm. Upon irradiation
the tissues were examined and shown to have severe cellular and
blood vessel damage when compared to the control.

Cheng et al. [45] worked to construct a nanoparticle that could
serve as a novel photothermal agent for in vivo treatments. The
method of delivery for their study was through intravenous injec-
tion along with the use of a fluorescent dye to measure the retention
and ablative effects in subcutaneous breast cancer tumor. After 48 h,
the tumor showed a high retention of particles (28.02%). While there
was also significant uptake in the liver (�32%) and spleen (�16%),
the particles only show toxicity when exposed to NIR light and hence
only had reactivity and ablative effects in the tumors. The laser used
in this study was 808 nm with a power density of 0.5 W/cm2. The use
of the polymer nanoparticle eliminated the tumor completely and
the mouse remained cancer free and in good health after 45 days
post treatment until sacrificed for necroscopy. Potential challenges
could arise from the following observations: in vitro toxicity assess-
ment showed that particles that were not coated with PEG coating
showed dose dependent toxicity and decrease in cell viability of nor-
mal cells. This observation could cause concerns in the long term
with the possibility that PEG removal could occur over time posing
unforeseen side effects in areas with the highest retention rates such
as the liver and spleen [45].

Studies of the polypyrrole organic nanoparticle came after the
polyaniline derivatives and PEDOT:PSS experiments and pre-clini-
cal trials [77]. These particles similarly have high photothermal
conversion efficiency �45%, are photostable, and its efficiency in
thermal absorption does not decrease with time. The polypyrrole
nano-polymer is also more bio-compatible than the PEDOT:PSS.
No obvious sign of toxic side effects were observed.

PCPDTBT, the nanostructure described in Section 2, also shows
solubility in aqueous media without the presence of a coating and
has high photothermal efficiency. In the study by Macneill et al.
[46], colorectal cancer cells were treated and upon just 5 min of
heating, 95% of cancer cells were killed in the treatment. Although
other polymers have been studied for medical applications in radia-
tion and cancer therapy, this compound is quite unique and can
eventually be preferred over other polymer nanostructures cur-
rently used for ablative treatments. The compound showed high
photothermal stability when tested under repeated cycles of heating
and cooling. After 48 h, the sulfur co-polymerized ligand with con-
centration of 62 lg-mL�1 also had the highest nanoparticle tumor
retention. Although showing much promise, there is more work that
needs to be done in order to develop into a clinically viable technol-
ogy that can safely be used in patients. Future clinical testing should
be studied in mice experimenting with the systemic delivery, reten-
tion rates assessment of the specific particles through the use of
either MRI imaging or fluorescent dyes, and thus measurement of
therapeutic thermal effects. In addition, only a small concentration
of nanoparticles was required to induce cell ablation, specifically
with the use of PCPDTBT.

4.3. Laser nanoparticle assisted drug delivery

Research on novel drug delivery systems with increased cell
specificity and reduced adverse effects are conducted to recognize,
target, and promote controlled release of drugs. Drugs can be loaded
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through non-covalent interactions and covalent conjugation with
either the surface coating or the metal surface of the nanoparticle.
In order to select an efficient optically active delivery vehicle, one
must make sure that the multifunctional system demonstrates high
stability, adequate loading capacity, and is good control of size. Gene
delivery focuses on treating or preventing the progression of a dis-
ease and can be used for a wide variety of ailments. Over the years,
the transfer of DNA has been mediated through viral vectors [169].
Safety concerns have led to exploration of non-viral carriers includ-
ing lipid [170], polymer [171], and peptide mediated delivery [172].
Characteristics for an ideal vector include non-toxic, protection from
enzymatic degradation, conducive to delivery through controllable
integration, and site specificity to facilitate long lasting expression.
This form of therapy involves the introduction of foreign DNA into
the cell and supplements or suppresses the developmental expres-
sion of a malignant cell. Gene delivery has been used for the treat-
ment of immunodeficieny, neovascular disorders such as
retinopathy, age related macular degeneration, HIV, cancer, and var-
ious other complex diseases [173].

Photothermal release of drugs from gold nanoparticles is a ma-
ture, facile, and straightforward application of cancer therapy that
allows for multifunctional thermal treatment. In 2000, Sershen and
Westcott [93] were one of the first investigators to study the ef-
fects of combined plasmonic nanoshell delivery of drug molecules
through laser irradiation. The controlled release of drugs can be
modulated through temperature sensitive hydrogels and optically
active polymer gold nanoshell composites. They studied gold nano-
shells with a 37 nm diameter gold sulfide core and a gold shell
thickness of 4 nm infused within a hydrogel mixed and stabilized
with drugs ovalbumin and bovine serum albumin (BSA). The flex-
ibility and tunable nature of nanoparticles holds an advantage in
serving as carrier for both drug and gene delivery. CNTs are widely
used as drug and gene delivery agents as well.
5. Conclusion

The collective efforts of biologists, physicists, engineers and cli-
nicians committed to advancing thermal medicine will lead to-
wards many paths that improve cancer therapies. The scientists
have designed metal and non-metal nanoparticles of various
shapes, sizes, and material in order to find the best tunable nano-
particles that will be ideal for photothermal therapies. Both exper-
imental and numerical tests have been conducted in order to
further understand the consequences of nanoparticle assisted ther-
mal heating.

Prior to administering and conducting clinically trials on human
subjects it is important to study the cytotoxic effects of such parti-
cles. Since the safety of metal nanoparticles is not completely as-
sessed and has sparked concerns in the general population,
especially with the kind of coatings used to increase solubility in
the circulation system, one should study these effects further in de-
tail. Another issue is the thermophysicial properties of these parti-
cles that were presented in Section 2. When heating, these
nanoparticles can develop a nanobubble, or vapor bubble, surround-
ing the particle. The issue of how these nanoparticles may deform as
a consequence of heating and therefore may alter the optical proper-
ties is unresolved. More optimization of how long the laser should be
directed at the nanoparticle induced laser or how many lasers are to
be used still needs to be studied. Nanoparticle assisted laser treat-
ment has the potential to beat cancer once it is further researched.
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