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Gold nanorods assisted photothermal therapy (GNR-PTT) is a new cancer treatment technique that has shown
promising potential for bladder cancer treatment. The position of the bladder cancer at different locations along
the bladder wall lining can potentially affect the treatment efficacy since laser is irradiated externally from the
skin surface. The present study investigates the efficacy of GNR-PTT in the treatment of bladder cancer in mice
for tumours growing at three different locations on the bladder, i.e., Case 1: closest to skin surface, Case 2: at the
bottom half of the bladder, and Case 3: at the side of the bladder. Investigations were carried out numerically
using an experimentally validated framework for optical-thermal simulations. An in-silico approach was adopted
due to the flexibility in placing the tumour at a desired location along the bladder lining. Results indicate that for
the treatment parameters considered (laser power 0.3 W, GNR volume fraction 0.01% v/v), only Case 1 can be
used for an effective GNR-PTT. No damage to the tumour was observed in Cases 2 and 3. Analysis of the thermo-
physiological responses showed that the effectiveness of GNR-PTT in treating bladder cancer depends not only on
the depth of the tumour from the skin surface, but also on the type of tissue that the laser must pass through
before reaching the tumour. In addition, the results are reliant on GNRs with a diameter of 10 nm and an aspect
ratio of 3.8 - tuned to exhibit peak absorption for the chosen laser wavelength. Results from the present study can
be used to highlight the potential for using GNR-PTT for treatment of human bladder cancer. It appears that
Cases 2 and 3 suggest that GNR-PTT, where the laser passes through the skin to reach the bladder, may be
unfeasible in humans. While this study shows the feasibility of using GNRs for photothermal ablation of bladder
cancer, it also identifies the current limitations needed to be overcome for an effective clinical application in the
bladder cancer patients.

1. Introduction

Bladder cancer is deadly and if left untreated, can result in death in
85% of the patients within 2 years of diagnosis [1]. Current methods for
treating bladder cancer include the transurethral resection of bladder
tumour (TURBT) and cystectomy. These treatments are highly invasive
and are accompanied with their own set of complications, such as the

risk of tumour recurrence in TURBT and the reduced quality of life in
cystectomy, particularly one that involves the complete removal of the
bladder. As such, there is a need for new treatments of bladder cancer
that are less invasive and more reliable.

One such method with promising potential is nanoparticle-assisted
photothermal therapy [2-7]; a thermal ablation technique that utilises
light in the form of laser in the near-infrared (NIR) range to induce
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hyperthermic conditions inside the bladder. The use of NIR laser alone is
typically insufficient to cause significant rise in tissue temperature due
to the high photon scattering in tissues. Hence, nanoparticles are used as
photoabsorbers to help convert the optical energy into heat inside the
tissue. Among the various nanoparticles available, gold nanorods (GNR)
have been shown to be good photoabsorbers due to their tunable
properties [8-11]. By manipulating the aspect ratio of each GNR, the
absorption of light can be tuned to peak in the NIR region for optimum
heating inside the tissue. Furthermore, GNR can be bio-conjugated with
cancer-targeting antibodies that allow them to selectively attach to the
cancer cells [12-14]. This leads to a localised and targeted cancer
treatment. Specifically, gold is selected over other noble metals because
of their good bio-conjugation abilities, which makes them highly suit-
able for this treatment.

Various studies have demonstrated the ability of GNR-assisted pho-
tothermal therapy (GNR-PTT) to induce sufficient hyperthermic and
ablative effects in animal models, primarily of mice [12,15,16]. In mice,
the tumour can be established by injecting tumour cells in organ-specific
microenvironment and the tumour develops in the organ (orthotopic).
In the case of orthotopic bladder cancer, the tumour can grow in any
region of the bladder, close to skin surface, where laser irradiation takes
places or deeper from skin surface. While this is likely due to the diffi-
culty in growing and monitoring tumour growth at deeper regions of the
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bladder, in reality, bladder cancer can grow anywhere along the bladder
lining. As a result, this creates uncertainty on the suitability of GNR-PTT
for treating bladder cancer that grows at deeper regions of the bladder.

To address this uncertainty, the present study sets out to investigate
the efficacy of GNR-PTT for the treatment of bladder cancer in mice for
cases where the tumour grows at different parts of the bladder. It is
important to note that the goal of GNR-assisted photothermal therapy is
to produce controlled heating of the targeted tumour to 46 °C to achieve
hyperthermia. However, in the present study, thermal coagulation was
selected as the limiting point, and the formation of thermal coagulation
inside the tissue was modelled as the threshold not to exceed. In-
vestigations were carried out in-silico since computational models give
users the flexibility to place the tumour at a desired location along the
bladder lining. The optical and thermal simulations were carried out
using the Monte Carlo and finite element methods, respectively. Three
different locations of tumour growth that are characterised by the
different depths from the skin surface were considered. For each loca-
tion, the efficacy of GNR-PTT was investigated by quantifying the
temperature increase and the amount of thermal damage sustained by
the tumour, the bladder, and the surrounding tissues.
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Fig. 1. a) Representative MRI image of morphological mice bladder treated with saline (T1 weighted image, Bruker Pharmascan 7T). The red dots outline the bladder
of the mouse while the yellow arrow indicates the thickness between the bladder and skin surface; b) the 3D Model of the bladder and the surrounding tissue used in
the present study; c) the different positions of the tumour considered in the present study. In all cases, the mouse is assumed to lie on its back such that gravity is in

the negative y-direction.
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2. Methodology
2.1. Model geometry

An anatomically accurate bladder model was constructed based on
the MRI images obtained from a female C57/BL6 mouse at 8 week of age
(IACUC #942). Using ImageJ, points were annotated along the outline
of the bladder, such as shown in Fig. 1a. This was carried out for a total
of 10 slices that contain the bladder. The positions of the points were
delineated to ensure an accurate representation of the mouse bladder.
Following that, the coordinates of the points were extracted and im-
ported into SolidWorks. The loft feature was employed to form a 3D
model of the bladder with a uniform thickness of 0.35 mm [17].

The 3D bladder geometry was then exported to COMSOL Multi-
physics, where a cuboid of length, width, and height of 20, 16 and 11
mm, respectively, was constructed around the bladder to represent the
anatomically homogeneous surrounding tissue. This is illustrated in
Fig. 1b. The bladder was positioned within the cuboid at a depth of 0.3
mm from the surface at which laser irradiation is introduced (see
Fig. 1b). This depth represents the actual depth between the surface of
the bladder and the skin, as viewed from the MRI image, see Fig. la.
Since the MRI scans were obtained from a healthy mouse, an ad hoc sub
millimeter tumour with a shape that resembles a cylinder and an esti-
mated volume of 0.192 mm® was generated and placed at three different
locations of the bladder. The first location (Case 1) corresponds to the
tumour located at the bladder wall just beneath the surface of the skin.
The second location (Case 2) places the tumour at the bottom half of the
bladder. At the third location (Case 3), the tumour is located at the side
of the bladder. These locations are shown in Fig. 1c. The finalised model
consists of four domains, i.e., the surrounding tissue, the bladder, the
tumour, and the urine.

The process of attaching the GNRs to the tumour was not considered
in the present study. Instead, the GNRs are assumed to be homoge-
neously distributed inside the tumour domain.

2.2. Monte Carlo simulations

Laser propagation inside the tissue was simulated using the Monte
Carlo method, which is widely regarded as the gold standard for
modelling light propagation [18-20]. Details of the Monte Carlo algo-
rithm are already published in several textbooks and online sources;
hence, they will not be presented here. In the present study, the Monte
Carlo method was implemented using the open-source code ValoMC
[20]; a mesh-based Monte Carlo algorithm that simulates the propaga-
tion of light in geometries that are defined by a series of unstructured
mesh, such as triangles (in 2D) and tetrahedrons (in 3D). This is espe-
cially useful in the present study as the complex shape of the bladder can
be easily discretised into tetrahedrons. The algorithm requires four in-
puts, i.e., the absorption coefficient (u,), the scattering coefficient (y),
the scattering anisotropic factor (g) and the refractive index (n). Upon
solving, the algorithm outputs the fluence distribution, which can be
exported into COMSOL Multiphysics for the heat transfer simulations to
be carried out.

2.3. Heat transfer model

Heat transfer inside the tissue (tumour, bladder and surrounding
tissue) can be expressed using the Pennes bioheat equation [21,22]:
0

T,
L=V (k(T)VT) + pycso(Q)(Ty = T) + iy @Pruser (1)

p,(T,)c,(T,) o

where T is temperature, p,(T), ¢,(T) and k.(T) represent the temperature-
dependent density, specific heat and thermal conductivity of tissue
respectively, p, and ¢, are the density and specific heat of blood,
respectively, wp represents the damage-dependent blood perfusion rate,
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Ty is the arterial blood temperature, 4, , is the absorption coefficient, @,
is the fluence distribution obtained from the Monte Carlo simulations
and Py, is the laser power. It is noteworthy that the metabolic heat
generation term that is usually present in the bioheat transfer equation
has been omitted due to its negligible contribution when compared to
the heat generated during photothermal ablation.

Heat transfer inside the urine domain is described using the
conduction-convection equation:

T,
P (1) (T7) a_tf +u- VI =V (ke (T7) VI}) + py @iPraser ©))
where the subscript f” represents urine inside the bladder and u =
(u, v, w) is the vector field describing the velocity of urine flow inside
the bladder in the x-, y- and z-directions. The velocity field can be ob-
tained by solving in the urine domain the Navier-Stokes equations given
by:

ou
pr(T7) 5, + P (Ty) (V) = —Vp + p VPu + py (T e, €)
PV -u=0, %)

where, p is pressure, y, is the dynamic viscosity of urine and g is the
gravitational acceleration that acts in the negative y-direction. The last
term on the right-hand side of Eq (3) represents the thermally induced
buoyant forces acting on urine inside the bladder and can be described
using the Boussinesq approximation:

Pr(T) =Py [1 = By (Tr = Tor) ] O

where p,; is the density evaluated at reference temperature Ty =
Thoty = 37°C and f is the thermal expansion coefficient of urine. The
urine was assumed to be a Newtonian fluid, while flow of urine inside
the bladder was assumed to be laminar with negligible viscous dissi-
pation.

2.4. Cell death model

As pointed out in Section 1, it is the aim of this study to achieve
coagulative necrosis as the threshold that should not be breached during
GNR-assisted photothermal. To describe thermal coagulation, the dif-
ferential equation describing the rate of thermal coagulation formation
was used [23]:

w — Ae RO, (6)

where Q is a parameter that quantifies the amount of tissue coagulation,
A is the frequency factor, AE is the activation energy required to cause
irreversible thermal damage and R, is the universal gas constant. The
values of Q calculated from Eq (6) represent the percentage probability
of cell destruction at a specific area due to increase in temperature. A
value of Q = 1 is commonly used to represent 63% of cell death [24]. In
the present study, a threshold of Q = 4.6, which represents a 99%
probability of cell death was used to quantify thermal damage [25].

2.5. Initial condition

Light propagation was assumed to occur at a much shorter timescale
than heat transfer; hence, the Monte Carlo simulations can be decoupled
from the heat transfer simulations. The initial temperature of the model
was obtained by solving Eqs (1)—(5) at steady state without any exposure
to laser, i.e., by prescribing the time derivative in the left-hand side of
Egs (1)-(3) to be zero and by letting P45, = O.
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2.6. Boundary conditions

The skin surface was assumed to be exposed to ambient conditions,
where heat transfer via convection takes place, hence, a Robin condition
was prescribed:

_kr (Tt) ? = hamb (Tt - Tamb)v (7)

n

where hg,, is the convective heat transfer coefficient between the skin
and the ambient, and T,,; is the ambient temperature. The bottom
surface of the surrounding tissue was assumed to be sufficiently far from
the laser focal zone for normo-thermoregulation to successfully main-
tain the temperature here at basal level. Therefore, the boundary con-
dition across this surface is given by:

Tz = Tbndy = 370C7 (8)

For the hydrodynamics model, the stationary no slip condition was
prescribed across the inner surfaces of the bladder wall, such that:

u=0. ()

2.7. Material properties

2.7.1. Thermal properties

The thermal properties used in the present study are listed in Table 1.
Except for the tumour, the values presented in Table 1 were obtained
from IT’IS database [26]. Due to the lack of information regarding
bladder cancer thermal properties, the properties of liver cancer were
used instead as the thermal properties of non-cancerous liver and
bladder tissues differ by less than 1.5% [34]. Because of the low GNR

Table 1

Thermal properties employed in the present study.
Parameter Value Source
Bladder
Thermal conductivity, k (W/m3K) 0.52 [26]
Density, p (kg/m>) 1086 [26]
Specific heat, ¢ (J/kgK) 3581 [26]
Blood perfusion rate, wp, (1/s) 0.0014 [26]
Frequency factor, A (1/s) 3.3 x 10%8 [30]
Activation energy, AE (J/mol) 2.57 x 10° [30]
Tumour
Thermal conductivity, k (W/m?K) 0.49 [52]
Density, p (kg/m?) 1090 [52]
Specific heat, ¢ (J/kgK) 3421 [52]
Blood perfusion rate, @y, (1/s) 0.00165 [52]
Frequency factor, A (1/s) 1.46 x 10°? [53]
Activation energy, AE (J/mol) 3.43 x 10° [53]
Surrounding tissue
Thermal conductivity, k (W/m?K) 0.21 [26]
Density, p (kg/m®) 911 [26]
Specific heat, ¢ (J/kgK) 2348 [26]
Blood perfusion rate, wp, (1/s) 0.0005 [26]
Frequency factor, A (1/s) 1.61 x 10%° [54]
Activation energy, AE (J/mol) 3.06 x 10° [55]
Urine
Thermal conductivity, k (W/m3K) 0.56 [26]
Density, p (kg/m>) 1024 [26]
Specific heat, ¢ (J/kgK) 4178 [26]
Thermal expansion coefficient, B 1/K) 3.374 x 104 [56]
Dynamic viscosity, 4y (Pa.s) 0.0007 [56]
Constants
Universal gas constant, R. (J/molK) 8.314
Ambient temperature, Tgy, (°C) 25
Ambient convection coefficient, hgm, (W/m2K) 3
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volume fractions (v/v) considered in the present study (see Section 3.0),
the presence of the GNR was assumed to have negligible influence on the
thermal properties of the tumour. These volume fractions are in line
with the ranged used in previous literature studies [9,27,28]. All pa-
rameters were assumed to be homogeneous, isotropic and independent
of the physical variables of the present study, except for the thermal
conductivity, which was assumed to increase linearly with temperature
at a rate of 1.5% per increase of 1 °C [29]. This assumption was applied
to all the domains including the urine inside the bladder.

Studies on porcine have shown that the blood perfusion in kidneys
increases nonlinearly with temperature [30]. Below 45 °C, tissue re-
sponds to the increase in temperature by increasing the blood flow
through vasodilation [31]. Further increase in temperature results in
vascular stasis, which eventually leads to a decrease in blood perfusion.
Blood perfusion stops when complete cell necrosis has occurred. This
temperature-dependent behaviour of blood perfusion can be expressed
as a piecewise homogeneous function of Q given by Refs. [30,32]:

0.30pre (1 — €™) + 0.01wp,r, Q<0.02
on(Q) = —0.13w5, (1 — e?) + 0.0186@p,7,  0.02 < Q < 0.08
—0.0079@per (1 — €™%) + 0.00884wp,¢, 0.08 <Q <35’
—0.0387w4 (1 — €%) +0.0387@,,r, 35<Q<46

10

where wy s represents the blood perfusion rate at body temperature.

Eq (10) was applied only to the bladder and surrounding tissues, but
not to the tumour. This is due to the limited ability of tumour tissues to
increase its blood flow in response to hyperthermia [31]. For the
tumour, a more conservative form of damage-dependent blood perfu-
sion was adopted:

1, Q<46
@p(Q) = Wp oy X {0.’ Q >46 an

Eq. (11) implies that blood perfusion is only present in tissues that
have not been completely ablated.

Table 2
Optical parameters and the peak absorption and scattering coefficients at ¢ =
0.001, 0.005 and 0.01%.

Parameter Value Source
Free electron density, n, (1/m®) 5.9 x 10%8 a
Permittivity of vacuum, ¢, (F/m) 8.85 x 10~ 12 a
Electron charge, e (C) 1.6 x 10°1° a
Mass of electron, m, (kg) 9.1 x 1073 a
Fermi velocity, vy (m/s) 1.39 x 10° a
Mean free path of electron (m) 42 x 107° [50]
Absorption coefficient, y, (1/mm)

Bladder 0.02 [34]

Surrounding tissue 0.105 [57]

Urine 0.002 [35]

Tumour embedded with GNR

¢ = 0.001% 4.29 ¥

¢ = 0.005% 21.47 ¥

¢ =0.01% 42.93 ¥
Scattering coefficient, y; (1/mm)

Bladder 4.41 [34]

Surrounding tissue 11.16 [57]

Urine 1 [35]

Tumour embedded with GNR

¢ = 0.001% 0.052 ¥

¢ = 0.005% 0.261 ¥

¢ =0.01% 0.521 ¥

¥ Estimated using Mie-Gans theory.
# Constants.
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2.7.2. Optical properties

The optical properties used in this study are presented in Table 2. The
refractive indices and scattering anisotropic factors of all tissues were
chosen to be 1.4 and 0.9, respectively [33]. It should be noted that op-
tical properties for mice bladder are not available in literature. Hence,
the values used are that of a generalised bladder model developed from
porcine [34]. For the urine, the absorption coefficient, scattering coef-
ficient and refractive index were assumed to be that of water. The
scattering anisotropic factor for the urine was chosen to be 1, implying
that photon propagation inside the urine domain is a purely forward
scattering motion [35].

Unlike thermal properties, the influence of the GNR inside the
tumour on the optical properties of the domain cannot be ignored. These
values were obtained from the Mie-Gans theory [36] and they vary
depending on the volume fraction of GNR inside the tumour. In the
present study, the size of all the GNR was assumed to be uniform, with a
diameter of 10 nm and an aspect ratio of 3.8, giving peak absorbance at a
wavelength of 778 nm. For more details on the calculation of the
tumour-GNR optical properties, readers may refer to Appendix A.

2.8. Mesh convergence

In computational simulations, mesh convergence studies are stan-
dard but paramount practices to ensure that the results obtained are not
affected by mesh size discrepancies. In addition, they help to determine
the minimum number of elements that can be used to reduce compu-
tational taxation. In this study, mesh convergence was obtained by
systematically decreasing the maximum element size of the different
domains. The criteria for convergence were determined by comparing
the values of temperature and the velocity magnitude along the lines
that cross the centre of the tumour (from top to bottom) and across the
centre of the bladder (from left to right) as shown in Fig. 2a. Fig. 2b
presents the convergence results for the different mesh settings tested.
The final mesh configuration selected was mesh 4, which resulted in
approximately 4.5 x 10° elements. Though the results from mesh 3 and
mesh 4 are near identical, the difference in computational time was
minute, hence, the finer mesh configuration was selected.

2.9. Model validation

To validate the accuracy of the dynamic model of GNR-PTT, an
experiment involving the irradiation of an aqueous solution containing
scalar concentrations of GNR (ranging from 0.25 to 1 mM) was carried
out. The setup of the experiment is shown in Fig. 3a. A cuvette
measuring 10 x 10 x 45 mm® was used to store 0.5 ml of aqueous GNR
solution. An 808 nm continuous wave laser (Thorlabs Diode 808 CW)

a.
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with a beam diameter of 1 mm was used to irradiate the solution from
the side (see Fig. 3b). This wavelength was chosen as it is the most
effective for the GNRs used in this study. A thermal image (Heimann
Sensor model HTPA80 x 64d) was used to record the change in tem-
perature at the cuvette’s wall during laser irradiation. CTAB-coated
GNRs (GNRs@CTAB) were prepared following the procedure
described by Ye et al. [37], involving the growth of ultrasmall gold seeds
into an aqueous solution of CTAB and sodium oleate containing gold
precursor salt, silver ions and ascorbic acid as reducing agent. The GNR
used had an average length of 24.9 nm and aspect ratio of 3.99. Irra-
diation was carried out for 15 min on GNR solutions at concentrations of
0.25, 0.5 and 1 mM, 0.5 mM and 0.25 mM, which corresponded to
volume fractions of 0.000941, 0.000569 and 0.000315% v/v respec-
tively. The laser power selected were: 0.2, 0.3 and 0.4 W, leading to a
power density of 25, 38 and 51 W/cm? respectively.

For the validation study, a model of the cuvette was created, as
shown in Fig. 3c. Simulations of the irradiation process were carried out
using the framework presented in Sections 2.2 and 2.3 using parameters
obtained from the experiments. Nevertheless, two parameters from the
experiments could not be ascertained, namely the thermal properties of
the cuvette and the convection heat transfer coefficient (hgy, in Eq (7))
between the walls of the cuvette and the ambient. While it is known that
the cuvette was manufactured from crystal clear polystyrene, the exact
values of the thermal properties are unknown. Hence, the value used in
this study were obtained from literature, i.e., k. = 0.13 (W/mK), ¢, =
1300 (J/kgK) and, p, = 1050 (kg/ms) [38]. For the convection heat
transfer coefficient, a trial-and-error approach was employed to cali-
brate the value of h,,; that best fit the temperature for a given experi-
ment, in this case, the study with laser power of 0.2 W and GNR volume
fraction of 0.000569%. This value was then used to simulate all the
other experiments and the results comparing the transient temperature
distribution at the cuvette wall during the 15 min irradiation are shown
in Fig. 3c. Good agreement between the numerical results and the
experimental measurements was obtained, which supports the accuracy
of the modelling framework presented above.

3. Results

According to Ooi et al. [39], a proper combination of laser power and
GNR concentration is required to provide an effective treatment
outcome. An effective treatment outcome in this case is defined by the
ability to destroy the tumour while preserving as much as possible the
bladder and the surrounding tissues. Hence, a preliminary study was
carried out to determine the right combination of GNR concentration
and laser power to be used for treating the tumours at different positions
inside the bladder. Results from the preliminary study (results not
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Fig. 2. a) Lines where temperature and velocity magnitude are plotted to check for mesh convergence. The vertical line passes through the centre of the tumour (for
Case 1) while the horizontal line passes through the centre of the bladder. b) Mesh convergence results for temperature and velocity magnitude. The graphs on the left
are the results of the vertical line and the graphs on the right are results of the horizontal line.
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c_ Comparison of the temperature at the wall of the cuvette for experimental and simulated results
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Fig. 3. a) Setup of model validation experiment. b) Actual cuvette and model geometry of the cuvette. The dark blue cuboid represents the aqueous suspension of
GNR and the red arrow indicates direction of laser irradiation. ¢) Temperature distribution for the wall of the cuvette for experimental and simulated cases. From left
to right, each column represents different laser powers. From top to bottom, each row represents different volume fractions of GNR.

shown here) showed that a GNR volume/tumour volume fraction of
0.01%, hereafter referred to as 0.01% v/v, and laser power of 0.3 W are
required to attain an effective treatment outcome. This combination was
subsequently used in all the simulations investigating the effects of
different tumour positions.

3.1. Effects of tumour position

Fig. 4a illustrates the contours of the temperature distribution across
the surfaces of the bladder and tumour, and the surrounding tissue for z
< 5 mm after 30 s of laser irradiation. The temperature contours are
capped at 45°C for better visualisation. In all three cases, peak tem-
peratures occur at the surface of the skin, where laser penetrates (see red
arrows). Case 1 produced the highest average tumour temperature
(44.9°C) after 30 s of laser irradiation, which is not surprising since it is
the closest to the laser source. There is not much difference in the
average tumour temperature between Cases 2 and 3 (39.5 vs 40.2°C).
The lower tumour temperature in these cases may be explained by the
greater distance of these tumours from the skin surface, which results in
greater photon scattering and absorption by the bladder and surround-
ing tissue, leaving only a small portion to be absorbed by the GNRs

inside the tumour.

A region of elevated temperature beneath the bladder is evident in
Cases 1 and 2, as indicated by the yellow arrows. This is postulated to be
due to the convective currents of urine inside the bladder, which facil-
itates the transfer of heat across the bladder and urine domains. In Case
3, temperatures exceeding 45°C were observed across a large portion of
the surrounding tissue near the site of laser irradiation. This was not
observed in Cases 1 and 2. Furthermore, the region of elevated tem-
perature beneath the bladder in Cases 1 and 2 (see yellow arrows) was
not found in Case 3. Fig. 4b illustrates the contours of the temperature
distribution after 600 s of laser irradiation. The highest average tumour
temperature was found for Case 1 (62.9°C), followed by Case 2 (57.0°C)
and Case 3 (56.2°C). On the other hand, the highest overall tissue
temperature was found for Case 3 (80.0°C), followed by Case 1 (66.9°C)
and Case 2 (63.7°C). In all three cases, the peak temperatures occurred
at the site of laser irradiation.

The temperature findings above are unexpected for two reasons: 1)
the tumour in Case 2 is further from the laser source than in Case 3, yet
the average temperature achieved is higher, and 2) the tumour in Case 1
is nearer to the laser source than in Case 3, yet the maximum temper-
ature at the skin surface is lower.
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Fig. 4. Contours of the temperature distribution in °C across the tumour and bladder, and across the surrounding tissue for z < 5mm at a) t = 30 and b) t = 600 s
after laser irradiation for Cases 1, 2 and 3. Yellow arrows indicate the region of surrounding tissue beneath the bladder with elevated temperatures.

To explain these results, one must look at the type of tissue(s) that the
laser must travel through before reaching the tumour, along with the
orientation of the tumour with respect to the incident laser. In Case 2,
the laser passes through a small section of the surrounding tissue and
bladder, before going through the urine and eventually reaching the
tumour. The low absorption and scattering coefficients of the urine (see
Table 1) and the small thicknesses of the surrounding tissue and bladder
meant that the photons experienced lower absorption and scattering on
the way to the tumour. On the other hand, the photons in Case 3 must
travel through a large section of the surrounding tissue before reaching
the tumour. From Table 2, one may note that the absorption coefficient
of the surrounding tissue is approximately 5 and 50 times larger than the
ones for bladder and urine, respectively. Similarly, the scattering coef-
ficient is approximately 2.5 and 11 times larger than the ones for bladder
and urine, respectively. This, coupled with large thickness of the sur-
rounding tissue that the laser irradiation must pass through, eliminates
most of the photons by absorption and scattering, allowing for a small
quantity to reach the tumour to be absorbed by the GNRs.

The absorption of photons by the surrounding tissue in Case 3 is
evident from the temperature plot in Fig. 4. Although the laser irradia-
tion must pass through the surrounding tissue in Case 1, the small
thickness limits the amount of absorption and subsequently the heating.

This explains why the peak temperature in Case 3 is higher than in Case
1. The lower absorption as the result of fewer number of photons
reaching the tumour in Case 3 can be confirmed by the estimation of the
total energy absorbed by the tumour over the 600 s laser irradiation.
This can be obtained by performing a temporal-volumetric integral of
the last term on the right-hand-side of Eq (1). For Cases 1, 2 and 3, values
of the total energy absorbed were found to be 27.2, 3.61 and 3.47 J,
respectively.

Fig. 5 plots the contours of thermal damage obtained following 600 s
of laser irradiation. Thermal damage in this case is represented by zones
inred, i.e., when Q > 4.6. Only Case 1 demonstrated complete ablation
of the tumour, which is marked by the complete thermal damage ach-
ieved. A small portion of the bladder and the surrounding tissue next to
the tumour were also thermally destroyed as the result of heat con-
duction from the tumour. Case 2 failed to record any thermal damage in
both the tumour and the surrounding tissue where laser irradiation takes
place. Case 3 also failed to produce any thermal damage to the tumour.
However, a large portion of the surrounding tissue above the tumour
where laser irradiates was thermally destroyed. The contours in Fig. 5
suggest that treatment of bladder cancer in mouse using GNR-PTT where
laser is irradiated directly from the skin surface is effective only when
the tumour is located at the bladder lining that is immediately beneath
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Fig. 5. Contours of the thermal damage across the tumour and bladder, and
across the surrounding tissue for z < 5 mm at the end of treatment, t = 600 s,
for a) Case 1, b) Case 2, and c) Case 3. The dark red region corresponding to a
value of Q > 4.6 signifies the region of cell death.

the surface of the skin, i.e., Case 1.
3.2. Possibility of treating Case 2

The results presented in Section 3.1 demonstrated that it is possible
to heat the tumour even when it is located at the other end of the
bladder. While the heating was insufficient and complete tumour
destruction was not achieved, it poses the question on whether it would
be possible to raise the heating inside the tumour while maintaining a
non-destructive temperature in the bladder and the surrounding tissue.
In Section 3.1, the failure to generate sufficient heating may be attrib-
uted to insufficient light reaching the tumour. In theory, increasing the
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laser power would induce more heating in the tumour as more light can
reach the tumour. At the same time, a higher laser power would also
induce more heating at the site of laser irradiation. Hence, if the surface
of the skin can be sufficiently cooled to prevent the formation of thermal
damage, then it may be possible to increase the laser power to elevate
the heating inside the tumour to levels that are sufficient to induce
thermal damage.

A method to maximise the heating inside the tumour while mini-
mising thermal damage to other parts of the tissue is proposed and
assessed in this section. The method borrows the application of water-
cooled system commonly used in radiofrequency ablation to combat
the increase in heat generation across the probe surface. A trial-and-
error approach was used to determine the combination of laser power
and cooling parameters that will lead to complete tumour ablation,
while eliminating any thermal damage to non-cancerous tissues. Cooling
parameters are defined by the convection heat transfer coefficient (hgmp)
and the ambient temperature (Tg;). Results from the trial-and-error
study revealed that the combination of Py = 1 W, hgmp = 120 W/
(m?K) and T, = 2°C satisfies the requirement above.

Fig. 6a and b illustrate the temperature distribution obtained 30 and
600 s after laser irradiation, respectively. The high laser power resulted
in larger energy absorption inside the tumour and subsequently greater
heating. However, the increase in cooling along the skin surface helped
to prevent excessive temperature rise at the skin surface and the sur-
rounding tissue. Contours of the thermal damage obtained are presented
in Fig. 6¢, where complete ablation of the tumour domain can be
observed. Some degree of thermal damage can be observed at the region
of tissue next to the site of laser irradiation, but these are insufficient to
induce complete thermal damage. These findings suggest that by
elevating the laser power and by introducing cooling on the skin surface,
a viable approach may be obtained for treating bladder cancers at
deeper regions of the bladder.

3.3. Possibility of treating Case 3

A similar trial and error approach was carried out to determine if it is
possible to increase the laser power and cooling on the skin surface to
obtain thermal damage to the tumour while minimising damage to the
surrounding tissue, similar to that seen in Case 2. Following several trials
of different combination of Py (1-2 W) and hgnsp, (120-240 W/m2K), it
was concluded that it is not possible to treat bladder cancer in Case 3
simply by increasing Py and hgmp, as significant amount of thermal
damage to the bladder and the surrounding tissue could not be avoided.
This is shown in Fig. 7.

4. Discussion

The present study has demonstrated that the position of tumour
along the bladder lining can significantly affect the treatment condition
and thermal effect during GNR-PTT. Three different tumour positions
were investigated. Case 1 investigates a tumour at the inner bladder wall
that is immediately beneath the surface of the skin where laser irradi-
ation takes place. Case 2 positions the tumour at the largest depth from
the skin surface, while Case 3 places the tumour at the side of the
bladder. The results presented in Section 3.1 showed that the tumour’s
location can significantly alter the outcome of the GNR-PTT.

The results obtained from the present study suggest that the type of
tissue that the laser must pass through before reaching the tumour have
a more significant impact on the treatment outcome than the distance of
the tumour from the skin surface. In general, if the tissue that the laser
passes through has high scattering coefficient, then the number of
photons that reach the tumour are reduced due to the photon scattering.
A high absorption coefficient can not only reduce the photons that reach
the tumour, but also causes heating of the tissue, as demonstrated in
Case 3. In contrast, if the tissue through which laser propagates has low
absorption and scattering coefficients, then there is a smaller chance for
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Fig. 6. Contours of the temperature distribution in °Cata) t =30s, b) t =600 s
and c) contours of thermal damage across the tumour and bladder, and across
the surrounding tissue for z < 5 mm for the optimised Case 2.

the photons to be absorbed and scattered before reaching the tumour, as
seen in Case 2.

For the three cases considered in the present study, if the laser power
is set to 0.3 W and GNR volume fraction is 0.01% v/v, then the treatment
of bladder cancer in mice using GNR-PTT is viable only for Case 1. At-
tempts were made to seek alternatives for treating the tumour in Cases 2
and 3. In Case 2, this was possible by increasing the laser power and by
increasing cooling on the skin surface by increasing hgm, to 120 W/
(m?K). Achieving a value of hgpm = 120 W/ (m?K) is not unrealistic.
Assuming water as the coolant, the skin surface to be flat and flow of
water to be laminar, the equation relating the Nusselt (Nu), Prandtl (Pr)
and Reynolds (Re) can be written as:

Nu = 0.332Re /?pr /3 12)
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a- Plaser =1 W; haml) =120 W/(mZK)

bl Piaser = 1.5W; hgpmp = 200 W/(mZK)

C' Piaser = 2 W; hgpmp = 240 W/(mZK)
./

Fig. 7. Contours of thermal damage (dark red) obtained from different com-
binations of Py, and hgmp in Case 3. Results show that any attempt at inducing
thermal damage to the tumour is always accompanied by damages to the
bladder and the surrounding tissue. The thick red line represents the
55 °C isotherm.

Using the definitions of Nu, Pr and Re of:

RampL

L
Nu=—— Pr:z, Re = U—
k a

v’

where U is the velocity of the coolant, L =2 cm is the characteristic
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length and k = 0.6 W/(mK), v = 1 x 10" m?/sand a = 1.44x 1077 m?/
s are the thermal conductivity, kinematic viscosity and thermal diffu-
sivity of water, respectively. The value of U can be estimated to be
approximately 2 mm/s, which is achievable. Similar cooling methods
are currently being employed in cardiac ablation with water-cooled
irrigation technology. Considering that this technology passes water
over the heart for cardiac ablation, it should be fairly simple to employ
this method for use on the skin [40].

It was however not possible to successfully destroy bladder cancer in
Case 3 using the same approach without inducing severe thermal damage
to the bladder and the surrounding tissue. This is because any elevation in
laser power will significantly elevate the temperature of the surrounding
tissue due to its higher absorption coefficient, and any attempt to reduce
the elevation in temperature by increasing h,m, will either fail to prevent
damage to the surrounding tissue or cause insufficient heating to the
tumour due to intense cooling at the skin surface. Hence, alternative
techniques should be explored in future studies for treating bladder can-
cers in mice that are similar to those in Case 3. To this extent, it might be
worthwhile to consider different strategies such as the periodic heating
method or the minimal invasion method [41-43]. It might be possible to
reduce the heat generation in the surrounding tissue near the skin surface
by providing ample time for the tissues to cool down. Alternatively,
depending on the location of the tumour, one might consider heating from
the inside of the urethra to minimise the volume of surrounding tissues
between the laser and the tumour.

At present, no modus operandi has been defined for treatment of
human bladder cancer using GNR-PTT. As such, the result in this study
may provide an insight into the potential treatments of the human uri-
nary bladder. Cases 2 and 3 suggest that external irradiation, where the
laser passes through the skin to the bladder is likely unfeasible in
humans. As the layer of skin and fat between the stomach and the
bladder is much thicker than that of our current model, most of the
photons would have been absorbed and scattered before reaching the
bladder (see Supplementary Material). However, it may be possible to
conduct GNR-PTT if laparoscopic surgery was made to bypass the skin
and fat such that the laser is placed directly on the outer wall of the
bladder. As the human bladder possesses a low absorption coefficient
and a high scattering coefficient [33,34,44], the laser could potentially
reach the tumour with minimal energy loss. It should be noted that
further research would be require as the human bladder wall is also
thicker than that of the current model.

Although the present study has successfully investigated the effects
of tumour position on the treatment of bladder cancer using GNR-PTT,
there are a few limitations in the present model that should be
addressed in the future. Firstly, the model validation in the present study
was carried out against heating experiments performed on GNR sus-
pension in a cuvette. Although the results demonstrated good agree-
ment, model validation against experimental studies performed on
actual mice will help to raise the confidence on the accuracy and reli-
ability of the results. Secondly, the present model assumes GNRs to be
homogenously distributed throughout the tumour. While this has been

Appendix B. Supplementary data
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the common practice when modelling GNR-PTT [39,45], how the GNRs
are distributed inside or surrounding the tumour depends on the method
used to introduce them into the tumour. It would be insightful in future
research to consider the different variations of accumulation and
excretion of nanoparticles that may be more realistic. Moreover, the
present work focused on the use of GNRs for NPTT. Future studies can
explore the use of different types of nanoparticles including inorganic
nanoparticles [46]. Thirdly, the geometry of the tumour employed in
this study was assumed to be that of a cylinder. As such, the surface area
of tumour directly exposed to the laser allows for larger absorption of
photons by the GNRs. However, realistic tumours are highly irregular in
shape and may have reduced surface area for GNR photon absorption.
Fourthly, the optical properties assigned for the mice bladder are that of
a porcine bladder instead of murine. This was a necessary step taken in
the present study due to the lack of available data for mouse bladder.
Future studies in the form of a sensitivity analysis can help to elucidate
the significance of the optical and thermal properties in the
optical-thermal model developed in this paper. Lastly, the absorption
and the scattering processes assumed in the present study were rather
simplified. Nevertheless, the assumptions do not take away the primary
finding of the present study on the feasibility of NPTT for treating cancer
growing at different positions inside the mouse bladder. Future studies
can explore more complex laser-tissue interaction models that can lead
to a more accurate representation of the problem considered.

5. Conclusions

In this study, the effects of different tumour positions on the outcome
of GNR-PTT of mice bladder tumour have been presented. The results
demonstrate that the tumour position can significantly affect treatment
efficacy. For a laser power of 0.3 W and a GNR volume fraction of 0.01%
v/v, only the tumour in Case 1, which was located immediately below
the skin surface, was successfully ablated. However, the same was not
observed in Cases 2 and 3. This can be attributed to both the depth and
the type of tissue that the laser irradiation must travel through. The
present study proposes a potential solution to make Case 2 viable by
increasing the laser power with enhanced cooling across the skin surface
where laser irradiation is applied. This method is unable to work for
Case 3 as the damage to the surrounding tissue could not be avoided.
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APPENDIX A

The absorption and scattering coefficients of tumour with GNR were calculated using the Mie-Gans theory [36], which solves the Maxwell
equations based on an electrostatic assumption. This assumption is valid for D < 1/10, where D is the diameter of the GNR and 1 is the wavelength of
the laser irradiation. Accordingly, the absorption and scattering coefficients of a medium embedded with GNR can be calculated using [47,48]:
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where imag() represents the imaginary component, ¢ is the volume fraction of GNR, V;;, is the volume of a single nanoparticle calculated by assuming
the GNR to be a cylinder capped by hemispheres at both ends and «; (for i = 1, 2, 3) is the polarization given by Refs. [47,48]:
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where ¢ is the size- and frequency-dependent dielectric function of the GNR, &, is the dielectric constant of the surrounding medium and P; is the
geometrical factor. In the present study, the Kreibig-Vollmer model for calculating the size- and frequency-dependent dielectric function of GNR was
adopted, which is given by Refs. [47,48]:
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where &, is the frequency-dependent dielectric constant of bulk gold, and w, and I'; are given by:
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where n, is the electron density number, ¢, is permittivity of vacuum, e and m, are the charge and mass of the electrons, respectively, vr is Fermi
velocity, A; is the surface scattering parameter with an empirical value of 0.3, r is effective radius, Sy, is the surface area of a single nanoparticle and
I, is the free damping coefficient defined as the ratio of Fermi velocity and the mean free path of electrons [49]. The dielectric constant of bulk gold
was obtained from data published by Johnson and Christy [50].

It should be noted that the Mie-Gans theory for calculating y, and g, is only valid for spheroidal nanoparticles where the geometrical factor used in
Eq. (15) can be obtained using:

2
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where e = [1 — (D/L)?°®, P, is oriented in the longitudinal axis of the spheroid, while P, and P5 are in the transverse directions, with P, = P5 due to
symmetry. However, the nanoparticles used in this study are GNRs shaped as spherically capped cylinders. Hence, difference in geometry must be
accounted for by adjusting the geometric factor used in Eq. (15). To that extent, Prescott and Mulvaney [51] derived alternate values for P; for GNRs
which is given by:

1-P

1

a(AR)* +b(AR) + ¢, (22)

where AR is the aspect ratio of the nanoparticle and a, b and c are the coefficients of the quadratic function. For the GNR morphology used in this study,
the coefficients of the quadratic function are a = 0.3504, b = 2.0809 and ¢ = —0.3035 [51]. It is important to point out here that Eq. (22) is purely
empirical, and no physical meaning should be inferred from it.
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