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a b s t r a c t 

Background and objectives: Gold nanorod-assisted photothermal therapy (GNR-PTT) is a cancer treatment 

whereby GNRs incorporated into the tumour act as photo-absorbers to elevate the thermal destruction 

effect. In the case of bladder, there are few possible routes to target the tumour with GNRs, namely 

peri /intra-tumoural injection and intravesical instillation of GNRs. These two approaches lead to different 

GNR distribution inside the tumour and can affect the treatment outcome. 

Methodology: The present study investigates the effects of heterogeneous GNR distribution in a typical 

setup of GNR-PTT. Three cases were considered. Case 1 considered the GNRs at the tumour centre, while 

Case 2 represents a hypothetical scenario where GNRs are distributed at the tumour periphery; these two 

cases represent intratumoural accumulation with different degree of GNR spread inside the tumour. Case 

3 is achieved when GNRs target the exposed tumoural surface that is invading the bladder wall, when 

they are delivered by intravesical instillation. 

Results: Results indicate that for a laser power of 0.6 W and GNR volume fraction of 0.01%, Case 2 

and 3 were successful in achieving complete tumour eradication after 330 and 470 s of laser irradiation, 

respectively. Case 1 failed to form complete tumour damage when the GNRs are concentrated at the 

tumour centre but managed to produce complete tumour damage if the spread of GNRs is wider. Results 

from Case 2 also demonstrated a different heating profile from Case 1, suggesting that thermal ablation 

during GNR-PTT is dependant on the GNRs distribution inside the tumour. Case 3 shows similar results 

to Case 2 whereby gradual but uniform heating is observed. Cases 2 and 3 show that uniformly heating 

the tumour can reduce damage to the surrounding tissues. 

Conclusions: Different GNR distribution associated with the different methods of introducing GNRs to the 

bladder during GNR-PTT affect the treatment outcome of bladder cancer in mice. Insufficient spreading 

during intratumoural injection of GNRs can render the treatment ineffective, while administered via in- 

travesical instillation. GNR distribution achieved through intravesical instillation present some advantages 

over intratumoural injection and is worthy of further exploration. 

© 2023 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Current methods of bladder cancer treatment rely on the stage 

f cancer growth. When detected early, transutheral resection of 

ladder tumour (TURBT) is often the method of choice. However, 

f the cancer is detected late, or when the tumour has become 

uscle invasive, radial cystectomy is often the only choice of treat- 

ent. Both methods are not ideal as they are associated with var- 

ous complications. These bladder cancer treatment methods are 

ar from ideal, which calls for the development of more reliable 

reatments with minimal risks to be made readily available to the 

ublic. 

Nanoparticle-assisted photothermal therapy (NPTT) has demon- 

trated great potential as a cancer treatment technique [1] . The 

anoparticles act as photo-enhancers that efficiently absorb and 

onvert light into heat, thus inducing cell necrosis in the tissue 

here they bind to via hyperthermia and thermal coagulation 

2–6] . Among the different types of nanoparticles that have been 

nvestigated for use in NPTT, gold nanorods (GNRs) by far have 

eceived the greatest interest amongst researchers and have been 

xtensively studied for this purpose [7–10] . The key factor pos- 

essed by GNRs is the ability for their absorption to be tuned to 

eak at designated wavelengths by adjusting the aspect ratio of the 

NR. This factor enables GNRs to be used with lasers employing 

igher wavelengths, usually in the near infrared region, as this al- 

ows for deeper penetration into the human tissue. The application 

f GNRs in gold nanorod-assisted photothermal therapy (GNR-PTT) 

s further supported by the good bioconjugation abilities of GNRs 

11–13] , which allows various cancer-targeting antibodies to be 

onjugated for the selective destruction of tumours. 

The application of GNRs extends beyond photothermal therapy. 

or example, Nair et al. [14–16] developed a multimodal imaging 

nd therapeutic system, by incorporating fluorescent chemothera- 

eutic drugs into the GNRs to facilitate fluorescence imaging and 

argeted chemotherapy through the release of drugs by the GNRs 

ithin the targeted tissue. Narayanan et al. [17] achieved combined 

hotothermal and photodynamic therapies of breast cancer by cus- 

omising a nanotheranostic probe involving GNRs and macrocyclic 

ost cucurbituril sandwiched between two GNRs. More recently, 

lchera et al. [18] demonstrated the potential for early bladder 

ancer diagnosis by using photoacoustic imaging of tumour tar- 

eted GNRs. 

Several preclinical studies investigated the feasibility of the 

reatment of GNR-PTT against solid tumours by delivering the 

anoparticle by intravenous (IV) injection or via intratumoural in- 

ection. However, for bladder cancer treatment, the structure of the 

ladder offers the possibility to deliver the nanoparticles through 

atheters via intravesical instillation, an option that has recently 

een explored by using targeted GNRs [19] . The selection of IV 

r intravesical delivery of GNRs into bladder cancer for GNR-PTT 

aises the question of how GNRs are distributed inside the tu- 

our under different delivery mode and its potential impact on 

he treatment outcome. For instance, the accumulation in the tu- 

our of GNRs delivered by IV injection is likely to cause the GNR 

o accumulate around the neovessels or to spread far from the en- 

ry site. Furthermore, heterogeneity in the tumour stromal and mi- 

roenvironment may lead to heterogeneous GNR distribution inside 

he tumour [20] . Conversely, GNRs that are introduced via intrav- 

sical instillation are likely confined to the tumour surface that is 

n contact with the GNR solution. Consequently, the effective pres- 

nce of the GNR is not only lower, but heat absorption inside the 

umour also becomes restricted to the bladder surface. These het- 

rogeneous and surface GNR distributions are different from the 

omogeneous distribution assumed by the existing computational 

tudies on GNR-PTT of bladder cancer reported in the literature 

21–23] , thus raising the need of more accurate modelling. 
2 
The aim of the present study is to understand the effects of a 

eterogeneous GNR distribution inside the tumour on the outcome 

f GNR-PTT during bladder cancer treatment. Additionally, the im- 

act of a surface GNR distribution, a scenario that arises from the 

ttachment of GNRs during intravesical instillation is also investi- 

ated. A computational model was developed, where simulations 

ere carried out numerically using a coupled Monte Carlo-finite 

lement model framework similar to that presented by Cheong 

t al. [24] . It is expected that the results obtained from the present 

tudy will shed light on the role of GNR distribution on GNR-PTT 

nd provide useful information that allows the development of 

ore reliable protocols of GNR-PTT for bladder cancer treatment. 

. Methodology 

.1. Model geometry 

The model of the mouse bladder was constructed based on the 

mages obtained from an MRI scan of a female C57/BL6 mouse 

t 8 week of age (IACUC #942). Points were manually annotated 

long the bladder boundary for each of the 10 slices containing the 

ladder. Next, the coordinates of the annotated points were im- 

orted into SolidWorks, where the loft function was used to con- 

ect the points and reconstruct the 3D geometry. A cuboid measur- 

ng 20 mm in length, 16 mm in width and 11 mm in height was

uilt around the bladder such that the boundary representing the 

kin surface is 0.3 mm from the top surface of the bladder, match- 

ng the thickness observed in the MRI slices. This is illustrated in 

ig. 1 a, where the orientation considered assumed the mouse to 

e lying on its back. A tumour was generated along the topside of 

he bladder wall, resembling an irregular cylinder with a radius of 

.5 mm and an estimated volume of 0.192 mm 

3 . 

To investigate the heterogeneous distribution of GNRs, the ge- 

metry of the tumour was modified to represent three different 

ases. In the first case (Case 1), the GNRs were assumed to be dis- 

ributed only at the interior region of the tumour covering a radius 

f r i from the central axis of the tumour. This is indicated by the 

ed zone in Fig. 1 b. The outer region of the tumour was assumed to

e free of GNRs. In the second case (Case 2), GNRs were assumed 

o occupy the outer region of the tumour, covering a thickness de- 

ned by r o . This is illustrated in Fig. 1 c. In the present study, the

ffects of different values of r i and r o , which describe the different 

egree of GNR spread inside the tumour, were examined. As Case 

 is essentially the reverse of Case 1, a new parameter r rat was in-

roduced to consistently quantify the different GNR spread inside 

he tumour: 

 rat = 

l GNR 

r tum 

, (1) 

here r tum 

is the radius of the tumour, in the current case 0.5 mm, 

nd l GNR is the value that defines the spread of the GNR, such that 

 GNR = r i in Case 1 and l GNR = r o in Case 2. Note that r tum 

= r i + r o 
n all cases. 

The third case (Case 3) represents the condition that arises from 

he attachment of GNRs onto the tumour surface following intrav- 

sical instillation. This was achieved in the model by adding a thin 

egion at the bottom of the tumour as shown in Fig. 1 d. The thick-

ess of this region was set to 0.025 mm, which is approximately 

ne-eighth of tumour’s height. This was deemed to be sufficiently 

mall for the GNR distribution to mimic the surface attachment 

ollowing intravesical instillation. 

Laser irradiation was carried out using a laser beam with a ra- 

ius of 1.5 mm and with a wavelength that is identical to the 

avelength of the GNRs tuned to reach of the peak absorbence, 

.e., 778 nm (see Section 2.7.2 ). The laser was placed just above the 

kin surface in-line with the centre of the tumour. The direction of 
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Fig. 1. a) Model setup developed in the present study indicating the whole mouse bladder and the surrounding tissue; b) distribution of GNRs inside the tumour in Case 1; 

c) distribution of GNRs inside the tumour in Case 2 and d) distribution of GNRs along the bottom surface of the tumour in Case 3. The red arrow in (a) indicate the direction 

of the laser beam, which is downwards and perpendicular to the skin surface. 

t

s

2

d

m

e

g

s

s

s

p

p

u

3

c

a

t

a

t

p

2

c

ρ

w  

s

i

b

s

b

e

P

m

c

s

c

ρ

w

u  

fl  

fi

S

ρ

ρ

w

t

w

t

d

c

ρ

w

T

c

o

g

2

c

he laser beam was assumed to be directed vertically downwards, 

uch as shown in Fig. 1 a. 

.2. Monte Carlo simulations 

The propagation of laser inside the surrounding tissue, blad- 

er, tumour and the urine were simulated using the Monte Carlo 

ethod, which is widely regarded as the gold standard for mod- 

lling light propagation [25–27] . Details of the Monte Carlo al- 

orithm are already published in several textbooks and online 

ources; hence, they will not be presented here. In the present 

tudy, the Monte Carlo method was implemented using the open- 

ource code ValoMC [27] . The code was written in MATLAB and 

erforms a mesh-based Monte Carlo algorithm that simulates the 

ropagation of light in geometries that are defined by a series of 

nstructured mesh, such as triangles (in 2D) and tetrahedrons (in 

D). The application of tetrahedrons is especially useful when dis- 

retising complex shapes and geometries such as the bladder. The 

lgorithm requires four inputs, i.e., the absorption coefficient ( μa ), 

he scattering coefficient ( μs ), the scattering anisotropic factor ( g ) 

nd the refractive index ( n ). Upon solving, the algorithm outputs 

he fluence distribution, which was exported into COMSOL Multi- 

hysics for heat transfer simulations to be carried out. 

.3. Heat transfer model 

Heat transfer inside the surrounding tissue, bladder and tumour 

an be expressed using the Pennes bioheat equation [ 28 , 29 ]: 

t c t 
∂T t 

∂t 
= ∇ · ( k t ( T t ) ∇T t ) + ρb c b ω b ( �) ( T b − T t ) + μa,t �t P laser 

(2) 

here T t is tissue temperature, ρt , c t and k t ( T ) represent the den-

ity, specific heat and temperature-dependant thermal conductiv- 

ty, respectively, ρb and c b are the density and specific heat of 

lood, respectively, ω b ( �) is the damage-dependant blood perfu- 

ion rate, with � the thermal damage parameter, T is the arterial 
b 

3 
lood temperature, μa,t is the absorption coefficient, �t is the flu- 

nce distribution obtained from the Monte Carlo simulations and 

 laser is the laser power. Prior investigations have found that the 

etabolic heat generation provides negligible contribution when 

ompared to the heat generated during photothermal ablation. As 

uch, this term was purposefully omitted from Eq. (2) . 

Heat transfer inside the urine domain is described using the 

onduction-convection equation: 

f c f 
∂T f 

∂t 
+ u · ∇T f = ∇ ·

(
k f 

(
T f 

)∇T f 
)

+ μa,t �t P laser , (3) 

here the subscript ‘ f’ represents urine inside the bladder and 

 = ( u , v , w ) is the vector field describing the velocity of urine

ow inside the bladder in the x -, y - and z -directions. The velocity

eld can be obtained by solving in the urine domain the Navier- 

tokes equations: 

f 

∂u 

∂t 
+ ρ f ( u · ∇u ) = −∇p + μ f ∇ 

2 u + ρ f 

(
T f 

)
g , (4) 

f ∇ · u = 0 , (5) 

here p is pressure, μf is the dynamic viscosity of urine and g is 

he gravitational acceleration that acts in the negative y -direction 

ith respect to the bladder orientation shown in Fig. 1 a. The last 

erm on the right-hand side of Eq. (4) represents the thermally in- 

uced buoyant forces acting on the urine inside the bladder and 

an be described using the Boussinesq approximation: 

f 

(
T f 

)
= ρre f 

[
1 − β f 

(
T f − T re f 

)]
, (6) 

here ρref is the urine density evaluated at reference temperature 

 ref = T body = 37 °C and β f is the urine thermal expansion coeffi- 

ient. The urine was assumed to be a Newtonian fluid, while flow 

f urine inside the bladder was assumed to be laminar with negli- 

ible viscous dissipation. 

.4. Cell death model 

Part of the aim of this study is to achieve thermal ablation that 

an be described as cell necrosis or thermal coagulation. To cal- 
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Table 1 

Thermal properties employed in the present study. 

Parameter Value Source 

Bladder 

Thermal conductivity, k (W/m 

2 K) 0.52 [ 33 ] 

Density, ρ (kg/m 

3 ) 1086 [ 33 ] 

Specific heat, c (J/kg ·K) 3581 [ 33 ] 

Blood perfusion rate, ω b (1/s) 0.0014 [ 33 ] 

Frequency factor, A (1/s) 3.3 × 10 38 [ 34 ] 

Activation energy, �E (J/mol) 2.57 × 10 5 [ 34 ] 

Tumour 

Thermal conductivity, k (W/m 

2 K) 0.49 [ 35 ] 

Density, ρ(kg/m 

3 ) 1090 [ 35 ] 

Specific heat, c (J/kg ·K) 3421 [ 35 ] 

Blood perfusion rate, ω b (1/s) 0.00165 [ 35 ] 

Frequency factor, A (1/s) 1.46 × 10 52 [ 36 ] 

Activation energy, �E (J/mol) 3.43 × 10 5 [ 36 ] 

Surrounding tissue 

Thermal conductivity, k (W/m 

2 K) 0.21 [ 33 ] 

Density, ρ(kg/m 

3 ) 911 [ 33 ] 

Specific heat, c (J/kg ·K) 2348 [ 33 ] 

Blood perfusion rate, ω b (1/s) 0.0005 [ 33 ] 

Frequency factor, A (1/s) 1.61 × 10 45 [ 37 ] 

Activation energy, �E (J/mol) 3.06 × 10 5 [ 38 ] 

Urine 

Thermal conductivity, k (W/m 

2 K) 0.56 [ 33 ] 

Density, ρ (kg/m 

3 ) 1024 [ 33 ] 

Specific heat, c (J/kg ·K) 4178 [ 33 ] 

Thermal expansion coefficient, β f (1/K) 3.374 × 10 −4 [ 39 ] 

Dynamic viscosity, μf (Pa.s) 0.0007 [ 39 ] 

Constants 

Universal gas constant, R c (J/mol ·K) 8.314 

Ambient temperature, T amb ( °C) 25 

Ambient convection coefficient, h amb (W/m 

2 K) 3 

T

o

o

p
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ulate the formation of thermal coagulation, the differential equa- 

ion describing the Arrhenius rate of thermal coagulation was used 

30] : 

d�( x, y, z, t ) 

dt 
= Ae −

�E 
R c T ( x,y,z,t ) , (7) 

here � is a parameter that quantifies the amount of thermal co- 

gulation, A is the frequency factor, �E is the activation energy 

equired to cause irreversible thermal damage and R c is the uni- 

ersal gas constant. The values of � calculated from Eq. (6) rep- 

esent the percentage probability of cell destruction at a specific 

rea caused by temperature rise. A value of � = 1 is commonly 

sed to represent a 63% probability of cell death [31] . However, the 

resent study implemented a stricter criterion, where a threshold 

f � = 4.6, which represents a 99% probability of cell death, was 

sed to quantify thermal damage [32] . 

Using the definition of thermal damage, it is also possible to 

uantify the percentage by volume of a particular domain that has 

uccessfully undergo thermal coagulation. This is given by: 

 D = 100% × V �> 4 . 6 

V region 

, (8) 

here V � > 4.6 represents the volume of region pertaining to �

alues greater than 4.6 and V region is the total volume of the spec- 

fied region. A value of PD of 100% implies that the entire domain 

as been completely ablated. It is the aim of GNR-PTT in bladder 

ancer treatment to achieve PD = 100% inside the tumour while 

inimising the value across the bladder and the surrounding tis- 

ue. 

.5. Initial condition 

Light propagation was assumed to occur at a much shorter 

imescale than heat transfer; hence, the Monte Carlo simulations 

an be decoupled from the heat transfer simulations. The initial 

emperature of the model was obtained by solving Eqs (2) to (6) at 

teady state without any exposure to laser, i.e., by prescribing the 

ime derivative in the left-hand side of Eqs (2) , (3) and (4) to be

ero and by letting P laser = 0. 

.6. Boundary conditions 

The skin surface was assumed to be exposed to ambient condi- 

ions, where heat transfer via convection takes place. A Robin con- 

ition was thus prescribed here: 

k t ( T t ) 
∂T t 

∂n 

= h amb ( T t − T amb ) , (9) 

here h amb is the convective heat transfer coefficient between 

he skin and the ambient, and T amb is the ambient temperature. 

he bottom surface of the surrounding tissue was assumed to 

e sufficiently far from the laser focal zone, such that normo- 

hermoregulation can successfully maintain the temperature here 

t basal level. Therefore, the boundary condition across this sur- 

ace is given by: 

 t = T body = 37 

◦C , (10) 

For the hydrodynamics model, stationary no-slip condition was 

rescribed across the inner surfaces of the bladder wall, such that: 

 = 0 . (11) 

.7. Material properties 

.7.1. Thermal properties 

The thermal properties used in the present study are listed 

n Table 1 . Except for the tumour, the values presented in 
4 
able 1 were obtained from the IT’IS database [33] . Due to the lack 

f information regarding bladder cancer thermal properties, those 

f liver cancer were used instead. This is justified as the thermal 

roperties of non-cancerous liver and bladder differ by less than 

.5% [38] . Because of the low GNR volume fractions (v/v) consid- 

red in the present study (see Section 3 ), the presence of the GNR 

as assumed to have negligible influence on the thermal prop- 

rties of the tumour. These volume fractions are in line with the 

anges used in previous literature studies [ 8 , 22 , 38 ]. All parame-

ers were assumed to be homogeneous, isotropic, and independent 

f the physical variables considered in the present study, except 

or the thermal conductivity, which was assumed to increase lin- 

arly with temperature at a rate of 1.5% for every 1 °C increase in 

emperature [41] . This assumption was applied to all the domains 

ncluding the urine inside the bladder. 

Studies on porcine have shown that blood perfusion in kidneys 

ncreases nonlinearly with temperature [34] . Below 45 °C, biolog- 

cal tissue responds to the increase in temperature by increasing 

he blood flow through vasodilation [42] . Further increase in tem- 

erature results in vascular stasis, which eventually leads to a de- 

rease in blood perfusion. Blood perfusion stops when complete 

ell necrosis has occurred. This temperature-dependant behaviour 

f blood perfusion can be expressed as a piecewise homogeneous 

unction of � given by [ 34 , 43 ]: 

 b ( �) =ω b,re f ×

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

0 . 3 

(
1 − e −�

)
+ 0 . 01 , 

−0 . 13 

(
1 − e −�

)
+ 0 . 0186 , 

−0 . 0 079 

(
1 − e −�

)
+ 0 . 0 0884 , 

−0 . 0387 

(
1 − e −�

)
+ 0 . 0387 , 

� ≤ 0 . 02 

0 . 02 < � ≤ 0 . 08 

0 . 08 < � ≤ 3 . 5
3 . 5 < � ≤ 4 . 6

(12) 

here ω b,ref represents the blood perfusion rate at body tempera- 

ure. 

Eq (12) was applied only to the bladder and surrounding tis- 

ues, but not to the tumour. This is because of the limited ability 
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Table 2 

Optical parameters and the peak absorption and scattering coeffi- 

cients at volume fraction, φ = 0.001, 0.005 and 0.01%. 

Parameter Value Source 

Free electron density, n o (1/m 

3 ) 5.9 × 10 28 ∗

Permittivity of vacuum, εo (F/m) 8.85 × 10 −12 ∗

Electron charge, e (C) 1.6 × 10 −19 ∗

Mass of electron, m e (kg) 9.1 × 10 −31 ∗

Fermi velocity, v F (m/s) 1.39 × 10 6 ∗

Mean free path of electron (m) 42 × 10 −9 [ 48 ] 

Absorption coefficient, μa (1/mm) 

Bladder 0.02 [ 45 ] 

Surrounding tissue 0.105 [ 49 ] 

Urine 0.002 [ 46 ] 

Tumour embedded with GNR 

φ = 0.001% 4.29 ¥

φ = 0.005% 21.47 ¥

φ = 0.01% 42.93 ¥

Scattering coefficient, μs (1/mm) 

Bladder 4.41 [ 45 ] 

Surrounding tissue 11.16 [ 49 ] 

Urine 1 [ 46 ] 

Tumour embedded with GNR 

φ = 0.001% 0.052 ¥

φ = 0.005% 0.261 ¥

φ= 0.01% 0.521 ¥

∗Constants; ¥ Estimated using Mie-Gans theory. 

o  

t

p

ω

E

t

2

T

a

s

a

a

t

d

f

a

t

T

t

m

t  

g

t

e

2

c

g

d

a

p

a

l

p

w

3

e

b

n

t

(

l

0

b

u  

f

l

a

φ

r

h

e

t

t

0

r

3

w  

p

t

c

t

p

o

r  

5  

r

l

p

p

d

s

s

i

t

u

r

p

i

t

T

7  

h

T

d

c

t

w

f

f tumours to increase its blood flow in response to heat [42] . For

he tumour, a more conservative form of damage-dependant blood 

erfusion was adopted: 

 b ( �) = ω b,re f ×
{

1 , � < 4 . 6 

0 , � ≥ 4 . 6 

, (13) 

q (13) implies that blood perfusion is only present in domains 

hat have not been completely ablated. 

.7.2. Optical properties 

The optical properties used in this study are presented in 

able 2 . The refractive indices and scattering anisotropic factors of 

ll domains were chosen to be 1.4 and 0.9, respectively [44] . It 

hould be noted that optical properties for mice bladder are not 

vailable in literature. Hence, the values used are that of a gener- 

lised bladder model developed from porcine [ 40 ]. For the urine, 

he absorption coefficient, scattering coefficient and refractive in- 

ex were assumed to be that of water. The scattering anisotropic 

actor for the urine was chosen to be 1, implying that photon prop- 

gation inside the urine domain is purely forward scattering [46] . 

Unlike thermal properties, the influence of the GNR inside the 

umour on the optical properties of the domain cannot be ignored. 

hese values were obtained from the Mie-Gans theory [47] and 

hey vary depending on the volume fraction of GNR inside the tu- 

our. In the present study, the size of all the GNRs was assumed 

o be uniform, with a width of 10 nm and an aspect ratio of 3.8,

iving peak absorbence at a wavelength of 778 nm. For more de- 

ails on the calculation of the tumour-GNR optical properties, read- 

rs may refer to Appendix A . 

.8. Mesh convergence and model validation 

Mesh convergence and model validation play vital roles in any 

omputational simulation. The aim of performing a mesh conver- 

ence study is to obtain solutions that are not affected by the mesh 

ensity, while minimising the computational resources required to 

chieve the solution. On the other hand, model validation com- 

ares the attained solution to experimental studies to ensure the 

ccuracy of the physics applied and can achieve results that are in 

ine with real-life experiments. The model in this study has already 
5 
assed both the mesh convergence and model validation studies, 

ith the specifics documented in our previous work [24] . 

. Results 

As mentioned in Section 1 , this study seeks to investigate the 

ffects of heterogeneous distribution of GNRs during GNR-PTT of 

ladder cancer in mice. To facilitate this investigation, a prelimi- 

ary study was conducted to determine the appropriate values for 

he combination of laser power ( P laser ) and GNR volume fraction 

 φ) to achieve an effective treatment outcome. For this purpose, 

aser power of 0.4 and 0.5 W, and GNR volume fraction of 0.001, 

.005 and 0.01% were investigated. The GNRs were assumed to 

e homogeneously distributed across the entire tumour bulk vol- 

me, i.e., r rat = 1. This allows for the results to double as a control

or comparison with the present study. The results from the pre- 

iminary study, which are presented in Appendix B , suggest that 

 power rating of at least 0.5 W and a GNR volume fraction of 

= 0.01% is required to achieve complete tumour ablation. 

In Cases 1 to 3, GNRs were assumed to be present in selected 

egions of the tumour, while in the control case, GNRs are present 

omogeneously in the tumour volume. As such, the effective pres- 

nce of GNRs is lower in each case when compared to the con- 

rol. With that in consideration, the GNR volume fraction was set 

o 0.01%, while two laser powers were considered, namely 0.5 and 

.6 W. 

The results obtained for Cases 1, 2 and 3 are presented sepa- 

ately next. 

.1. Case 1 ( l GNR = r i ) 

Three values of r rat were considered, namely 0.25, 0.5 and 0.75, 

ith the GNR distribution in the tumour shown in Fig. 1 b. Fig. 2 a

resents the contours of the temperature distribution obtained at 

 = 30 s for the three values of r rat considered. Results from the 

ontrol case ( r rat = 1), where GNRs are homogeneously distributed 

hroughout the entire tumour, are also shown for comparison pur- 

oses. The maximum temperature, which was achieved within 30 s 

f laser irradiation, increases with r rat . These temperatures were 

ecorded at the skin surface and ranged from 50.7 ( r rat = 0.25) to

6.0 °C ( r rat = 1). The yellow arrows in Fig. 2 a indicate that the

egion of elevated temperature in the tumour corresponds to the 

ocation where GNR was assumed to be located. This region ex- 

ands as r rat increases. 

These results are within expectations as the shape of the tem- 

erature distribution demonstrates that heat is generated at two 

ifferent locations during GNR-PTT. The first location is at the skin 

urface, where the maximum temperature was recorded corre- 

ponding to the point of the incident laser. The second location 

s at the region of elevated temperature within the tumour, where 

he laser interacts with the GNRs to generate heat. For a fixed vol- 

me fraction of GNR introduced into the tumour, an increase in 

 rat increases the quantity of GNRs available for the absorption of 

hotons and their conversion into heat, thus resulting in a more 

ntense heating. Fig. 2 b presents the contours of temperature dis- 

ribution for each value of r rat after 600 s of laser irradiation. 

he increase in maximum temperature from 63.9 ( r rat = 0.25) to 

0.8 °C ( r rat = 1) corresponded to the increase in values of r i . The

eating trend remains unchanged with respect to time. 

Fig. 3 a shows the contours of � after 600 s of laser irradiation. 

he colour scale was capped at 4.6, where regions of dark red in- 

icate complete thermal damage ( � > 4.6, see Section 2.4 ). For the 

ase where r rat = 0.25, the increase in � is observed to begin at 

he top of the tumour as the heat generation occurs in the region 

here the GNRs are located. While no thermal damage was found 

or r rat = 0.25, as indicated by the value of � smaller than 4.6, 
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Fig. 2. Contours of the temperature distribution for all values of r rat in Case 1 across the tumour, bladder and across the surrounding tissue at a) t = 30 s and b) t = 600 s 

after laser irradiation of 0.5 W. The temperature scale of a) was capped at 48 °C for better visualisation. Colour scale shows the temperature in °C. Top and bottom dashed 

lines indicate the outer and inner walls of the bladder, respectively. Dashed-dotted lines indicate the top surface of the surrounding tissue, i.e., the skin surface. 

Fig. 3. Contours of the thermal damage parameter � for all values of r rat in Case 1 across the tumour, bladder, and across the surrounding tissue at a) t = 600 s and 

P laser = 0.5 W and b) P laser = 0.6 W at time when complete tumour ablation was achieved. Colour scale shows the values of � capped at 4.6 such that regions in dark red 

represent regions that are thermally damaged. Top and bottom dashed lines indicate the outer and inner walls of the bladder, respectively. Dashed-dotted lines indicate the 

top surface of the surrounding tissue, i.e., the skin surface. 
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he other values of r rat (0.5 and 0.75) recorded significant thermal 

amage, with 95% of the tumour sustaining thermal damage for 

he case of r rat = 0.75. Nevertheless, this was still lower than the 

ontrol where complete tumour damage was found ( PD = 100%). 

f note, r rat = 0.25 indicated a lower GNR presence due to the 

maller volume, which resulted in insufficient heating within the 

umour and consequently an absence of tumour damage. 

Table 3 summarises the values of PD calculated across the tu- 

our domain for each value of r rat . As defined in Eq (8) , a value
6

f PD = 100% implies that the entire tumour region has value of 

> 4.6, i.e., has achieved completed tumour ablation. To further 

nderstand how the formation of thermal damage is linked to the 

emperature attained inside the tumour, the minimum and max- 

mum temperatures [ T min , T max ] reached inside the tumour after 

00 s are also presented in Table 3 . At a laser power of 0.5 W,

one of the models under Case 1 attained complete tumour ab- 

ation, which may be explained by the failure to heat the entire 

umour to temperatures beyond 60 °C, the threshold required for 



J.K. Cheong, E.H. Ooi, Y.S. Chiew et al. Computer Methods and Programs in Biomedicine 230 (2023) 107363 

Table 3 

Values of PD (%) calculated for the tumour domain and [ T min ,T max ] inside the tumour obtained in Cases 1, 2 and 3 after 600 s of laser 

irradiation. 

PD (%) 

P laser = 0.5 W P laser = 0.6 W 

r rat = 0.25 r rat = 0.50 r rat = 0.75 r rat = 0.25 r rat = 0.50 r rat = 0.75 

Case 1 0 23.6% 94.7% 73.6% 100% 100% 

Case 2 92.3% 100% 100% 100% 100% 100% 

Case 3 14.2% 100% 

[ T min ,T max ] ( °C) 

P laser = 0.5 W P laser = 0.6 W 

r rat = 0.25 r rat = 0.50 r rat = 0.75 r rat = 0.25 r rat = 0.50 r rat = 0.75 

Case 1 [55.6, 58.6] [57.2, 62.0] [58.8, 64.3] [59.2, 62.7] [61.2, 66.9] [63.1, 69.6] 

Case 2 [58.9, 61.4] [61.0, 65.2] [61.3, 66.6] [63.2, 66.2] [65.6, 70.6] [66.1, 72.4] 

Case 3 [58.1, 59.9] [62.2, 64.3] 
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hermal coagulation to occur immediately [50] . This can be linked 

o the temperature reached inside the tumour after 600 s of laser 

rradiation. 

To account for the low presence of GNRs due to the hetero- 

eneous GNR distribution, simulations using a higher laser power 

f 0.6 W were carried out and the resulting thermal damage con- 

ours, PD values and temperature range [ T min ,T max ] are presented 

n Fig. 3 b and Table 3 , respectively. By increasing the laser power

o 0.6 W, all values of r rat , except for r rat = 0.25, successfully 

chieved complete tumour ablation ( PD = 100%). In the cases in 

hich PD = 100% was achieved, the range of temperature reached 

nside the tumour exceeded the 60 °C thermal coagulation thresh- 

ld, further supporting the argument for cell death. The case of 

 rat = 0.25 recorded 73% destruction across the tumour. Although 

omplete tumour ablation was achieved for the remaining values 

f r rat , the required time differed in each case. The time required 

or the cases of r rat = 0.5 and 0.75 were 520 and 440 s, respec-

ively, while the control case required only 310 s. 

It is important to point out that achieving PD = 100% inside 

he tumour does not necessarily reflect an optimum treatment out- 

ome. The results in Fig. 3 b show the degree of thermal damage in

he bladder and the surrounding tissue. Although the formation of 

hermal damage is small, r rat = 0.5 recorded the least amount of 

amage to the bladder and the largest amount of damage to the 

urrounding tissue, close to the skin surface where the laser beam 

s introduced. Conversely, the control recorded the largest amount 

f damage to the bladder and the least amount of damage to the 

urrounding tissue adjacent to the skin. This may be attributed to 

he larger amount of GNRs and the shortest irradiation time for 

blation. 

Damage to the bladder is primarily caused by heat conduction 

rom the GNRs within the tumour mass. Therefore, a larger pres- 

nce of GNRs (represented by large values of r rat ) would induce 

reater heat generation and consequently increase the heat con- 

uction to the bladder. A similar inference can be made for the 

amage to the surrounding tissue, specifically on the skin surface. 

hese findings suggest that the different values of r rat , which mim- 

cked the different spread of GNRs from the tumour centre follow- 

ng intratumoural injection can affect the treatment requirements 

n terms of treatment duration and the amount of damage sus- 

ained by the tumour, the bladder, and the surrounding tissue. 

.2. Case 2 ( l GNR = r o ) 

Similar to Case 1, three values of r rat were considered for Case 2, 

amely 0.25, 0.5 and 0.75. The distribution of GNRs within the tu- 

our for each value of r rat is presented in Fig. 1 c. Fig. 4 a illustrates
7

he temperature distributions obtained for Case 2. As expected, the 

ocation of maximum temperature was found at the skin surface 

hat is exposed to laser irradiation. Fig. 4 b presents the contours 

f thermal damage after 600 s of laser irradiation. The correspond- 

ng values of PD and [ T min ,T max ] are presented in Table 3 . For laser

ower of 0.5 W, and r rat = 0.5 and 0.75, complete tumour ablation 

as achieved, unlike in Case 1 (see Section 3.1 and Table 3 ). The

ain reason for this is the surface area of GNR that is exposed to 

he laser. The surface area of the outer ring is larger than the in- 

er circle for the same r rat (see Fig. 1 a). For comparison, the largest

urface area in Case 1 was 0.455 mm 

2 for the case of r rat = 0.75,

hile the surface area for r rat = 0.75 in Case 2 was 0.764 mm 

2 .

 larger surface area allows greater exposure of the GNRs to the 

aser, which increases the heat generation inside the tumour to 

evels that are sufficiently high to induce complete tumour abla- 

ion. 

Since r rat = 0.25 did not achieve complete tumour ablation (see 

he black arrow in Fig. 4 b), simulations using 0.6 W were con- 

ucted. The thermal damage obtained is presented in Fig. 5 . It was 

ound that the time taken to reach complete tumour ablation for 

 rat = 0.25, 0.5 and 0.75 were 430, 350, and 330 s respectively. 

omparison of the results between Cases 1 and 2 for a laser power 

.6 W shows that the damage to the surrounding tissue and skin 

urface decreased with increasing r rat in Case 2, which was oppo- 

ite to the observations made in Case 1 (see Fig. 3 b). It is worth

oting that Case 2 required shorter time to achieve complete tu- 

our ablation than in Case 1. 

Further comparisons between Cases 1 and 2 can be made when 

omparing the rate of thermal damage formation inside the tu- 

our, as shown by the plot of PD against time in Fig. 6 . All values

f r rat in Case 2 (dashed line) showed a more rapid thermal dam- 

ge formation compared to Case 1 (solid line). This is reflected in 

he steepness of the gradient of each curve, where a steeper rise 

n PD implies a more rapid ablation of the tumour. For better com- 

arison, a new parameter t a was introduced: 

 a = t f − t i , (14) 

here t f is the time at which the tumour reaches a PD value of 

00%, i.e., complete thermal damage of the tumour, and t i is the 

ime at which thermal damage inside the tumour first occurs. One 

ay view t a as the duration required for the tumour to sustain 

omplete thermal damage. Hence, a shorter t i implies a more in- 

ense and rapid heating, while a longer t a suggests that heating is 

ither less intense or not as uniform. 

The values of t i , t f and t a for all cases at a laser power of 0.6 W

re presented in Table 4 for ease of comparison. In Case 1, t a de-

reased with increasing r rat . This is to be expected, as more heat is 
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Fig. 4. a) Contours of temperature distribution at t = 30 s and b) contours of the thermal damage parameter � at t = 600 s for all values of r rat in Case 2 across the tumour, 

bladder and across the surrounding tissue after laser irradiation of 0.5 W. The temperature scale of a) was capped at 48 °C for better visualisation. The colour scale of b) 

shows the values of � capped at 4.6 such that regions in dark red represent regions that are thermally damaged. The black arrow refers to incomplete tumour ablation. Top 

and bottom dashed lines indicate the outer and inner walls of the bladder, respectively. Dashed-dotted lines indicate the surface of the surrounding tissue. 

Fig. 5. Contours of the thermal damage parameter � for all values of r rat for Case 2 across the tumour, bladder, and across the surrounding tissue at P laser = 0.6 W when 

complete tumour ablation was achieved. Colour scale shows the values of � capped at 4.6 such that regions in dark red represent regions that are thermally damaged. Top 

and bottom dashed lines indicate the outer and inner walls of the bladder, respectively. Dashed-dotted lines indicate the top surface of the surrounding tissue, i.e., the skin 

surface. 

Table 4 

Summary of t i , t f , and t a values for all cases at a laser power of 0.6 W. 

Parameter t i (s) t f (s) t a (s) 

Case 1 

r rat = 0.25 440 – –

r rat = 0.5 300 520 220 

r rat = 0.75 230 440 210 

Control 150 310 160 

Case 2 

r rat = 0.25 320 430 110 

r rat = 0.5 220 350 130 

r rat = 0.75 180 330 150 

Case 3 380 460 80 
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enerated inside the tumour due to the increase in the quantity of 

NRs inside the tumour as r rat increases. Consequently, this short- 

ns the duration required for complete tumour ablation. In Case 
8

, t a increased with increasing r rat . As r rat increases, more heat is 

enerated around the tumour periphery. However, this also causes 

reater heat conduction to the bladder and the surrounding tissue 

ue to the larger thermal gradient between the tumour and those 

issues. Heat conduction towards the tumour centre may not be as 

fficient due to heating also from the skin surface, which created a 

maller thermal gradient from the tumour periphery to the tumour 

entre. 

An additional point can be made from Fig. 6 . Despite having a 

maller surface area, r rat = 0.25 for Case 2 (0.359 mm 

2 ) achieved 

 complete tumour ablation marginally quicker than for Case 1 

or r rat = 0.75 (0.455 mm 

2 ), see black arrow. Furthermore, both 

he damage to the bladder and the surrounding tissue surface are 

ower for Case 2, r rat = 0.25. By positioning the GNRs at the far 

dges of the tumour, heat is generated along those edges. When 

aired with the heat from the skin surface, the tumour is heated 

radually but uniformly across its entirety. The gradual heating 
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Fig. 6. Quantification of tumour damage for all values of r rat for 600 s of laser irradiation at 0.6 W for Cases 1 (solid line) and 2 (dashed line). 

Fig. 7. a) Thermal distribution in °C for Case 3 after 30 s of laser irradiation at a laser power of 0.5 W with the temperature scale capped to 48 °C for better visualisation; 

b) contours of thermal damage parameter � for Case 3 after 600 s laser irradiation at a laser power of 0.5 W; c) contours of thermal damage parameter � for Case 3 at the 

respective time required for complete ablation at a laser power of 0.6 W. The colour scale in b) and c) shows the values of � capped at 4.6 such that regions in dark red 

represent regions that are thermally damaged. Top and bottom dashed lines indicate the outer and inner walls of the bladder, respectively. Dashed-dotted lines indicate the 

top surface of the surrounding tissue, i.e., the skin surface. 
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educes the risk of damage to the surrounding tissues while the 

niformity decreases the value of t a . Therefore, this creates the 

ptimal environment for the tumour to be ablated with minimal 

amage to the bladder and the surrounding tissue. 

.3. Case 3 

Case 3 investigates the distribution of GNRs when they are 

ttached to the surface of the tumour following intravesical in- 

tillation. Figs. 7 a and 7 b show the temperature distribution and 

hermal damage obtained for Case 3 at a laser power of 0.5 W. 

s expected, the assumption that GNRs are at the tumour surface 

esulted in heating at that region. Consequently, thermal damage 

egins to form along the surface and spreads towards the central 

nd inner parts of the tumour. Although the surface area exposed 

o the incident laser is larger than that of Cases 1 and 2, complete 

umour ablation was not achieved. While it is difficult to ascertain 

he exact reason, there are three potential contributing factors to 

his outcome. 
t

9 
The first factor is the distance between the incident laser and 

he GNRs. As the GNRs were located towards the bottom of the tu- 

our, the distance between the GNRs and the laser increases. This 

eans that photons from the laser are required to travel a greater 

istance and undergo more scattering before they reach the GNRs. 

his decreases the amount of light (energy) that reaches the GNRs. 

he second factor is the total amount of GNRs used. Since GNRs 

ccupy only a thin layer, there were fewer GNRs present for the 

bsorption of light. The third factor is the effect of natural con- 

ection inside the bladder. The GNRs in Cases 1 and 2 were lo- 

ated throughout the entire depth of the tumour, therefore, the 

aser light is absorbed inside the tumour and converted to heat. 

he effect of cooling by natural convection in urine was not as sig- 

ificant in Cases 1 and 2, as in Case 3 where the GNRs were di-

ectly in contact with the urine inside the bladder. 

Simulations were repeated using a laser power of 0.6 W and 

he subsequent thermal damage obtained is presented in Fig. 7 c. At 

his laser power, Case 3 achieved complete tumour ablation within 

70 s of laser irradiation and recorded the least amount of damage 

o the bladder, at approximately 4.5 to 6 times smaller in terms 



J.K. Cheong, E.H. Ooi, Y.S. Chiew et al. Computer Methods and Programs in Biomedicine 230 (2023) 107363 

o

d

s

a

o

t

b

l

p

t

n

a

4

G

b

h

e

l

t

g

t

o

i

a

f

C

P

1  

g

a

t

b

fi

T

t

a  

p

t

l

t

b

t

i

t

i

h

f

c

o

t

c

i

I

t

s  

s

t

o

G

m

g  

o

o

w

s

t

a

a

c

b

t

a

c

m

a

a

m

t

w

r  

l

i

t

w

d

s

i

d

o

w

t

t

C  

l

t

t

a

d

b

i

f

c

G

1

s

a

a

v

a

o

c

b

W

w  

f  

t  

c  

b

b

t

t  

a

n

f volume than in Cases 1 and 2, and the control. In addition, the 

amage at the surrounding tissue surface was recorded to be the 

econd lowest, marginally behind Case 2, r rat = 0.25. In Cases 1 

nd 2, the damage in the bladder occurs directly above the centre 

f the tumour. This is because heating was the greatest between 

he top of the tumour and the surrounding tissue surface. However, 

ecause heating in Case 3 is located at the bottom of the tumour, a 

onger time is needed before the bladder can reach the high tem- 

eratures required for it to be ablated. These results demonstrate 

hat the attachment of GNRs along the surface in-line with the in- 

er bladder wall can decrease the amount of unwanted thermal 

blation of the bladder and surrounding tissue. 

. Discussion 

The present study has demonstrated that the distribution of 

NRs can significantly alter the treatment effects of GNR-PTT of 

ladder cancer. Case 1 refers to a model in which the GNRs were 

omogeneously distributed at the tumour centre, with the differ- 

nt value of r rat representing different levels of GNR spreading fol- 

owing intratumoural or IV injection. In Case 2, a hypothetical dis- 

ribution in which the GNRs were assumed to occupy the outer re- 

ions of the tumour was investigated. Finally, Case 3 investigated 

he distribution of GNRs at the tumour surface along the inner wall 

f the bladder, representing the administration of GNRs through 

ntravesical instillation. The results demonstrated that the location 

nd occupancy of GNRs significantly affect the heating profile and 

ormation of thermal damage inside the tumour. The results from 

ase 1 study demonstrated that the heating mechanism of GNR- 

TT is a combination of heating occurring at two distinct locations: 

) at the skin surface where the laser is applied, and 2) at the re-

ion of tumour containing GNRs. These findings were reinforced 

nd reiterated when comparing the temperature distributions ob- 

ained between Cases 2 and 3. 

In the current models, the centre of laser irradiation was set to 

e directly in line with the central axis of the tumour, leading to a 

xed power density in the bulk of the tumour in the three cases. 

here are two main volumes where heat generation takes place, 

he heating due to GNRs located at the tumour centre (Case 1) 

nd heating in the tissue close to skin where the laser light is ap-

lied. The heat generated raises the temperature in the region be- 

ween these two volumes. This is undesirable as there is a higher 

ikelihood of unwanted ablation. In comparison, when GNRs are in 

he outer regions of the tumour (Case 2), heating from the laser 

eam complements the heating at the GNRs by supplying heat to 

he inner region of the tumour. This provides almost uniform heat- 

ng across the entire tumour. For Case 3, the GNRs are the far- 

hest away from the incident laser. However, because the tumour 

s located between the two main heating volumes, the tumour is 

eated from two sides. Like for Case 2, this results in a very uni- 

orm heating throughout the tumour. 

The outcome of intratumoural or IV injection at the tumour 

entre (Case 1) significantly depends on the diffusion/permeation 

f GNRs inside the tumour. If the GNRs are concentrated only at 

he tumour centre, a laser power of 0.6 W is sufficient to achieve 

omplete tumour ablation. However, an increase in the laser power 

ncreases the risk of damage to the bladder and surrounding tissue. 

n addition, this would result in highly irregular heating within 

he tumour and can cause significant levels of over-ablation. As 

uch, it is desirable to avoid the case where the GNRs are not well

pread throughout the tumour. Although GNRs have been found 

o be able to permeate through skin and various tissues, the ease 

f permeation is dependant on the type of tissue and the size of 

NRs [51] . Larger GNRs or a highly complex tumour vasculature 

ay impede the ability of the GNRs to spread to the outer re- 

ions of the tumour [51] . While it is convenient to suggest the use
10 
f smaller GNRs to overcome this issue, altering the dimensions 

f GNRs will result in different levels of heating at different laser 

avelengths. Alternatively, one can consider cell-mediated delivery 

ystems, such as macrophages to improve the GNR uptake into the 

umour [52] . 

Among all the cases investigated, only Case 2 with r rat = 0.5 

nd 0.75 were successful in attaining complete tumour ablation 

t a laser power of 0.5 W. Despite being 20 s slower to reach 

omplete tumour ablation, r rat = 0.5 recorded less damage to the 

ladder and no damage to the skin surface tissue when compared 

o r rat = 0.75. This suggests that it is possible to minimise over- 

blation while maintaining complete tumour ablation if the GNRs 

an be accurately distributed along the outer regions of the tu- 

our. At a laser power of 0.6 W, all cases were able to completely 

blate the tumour except for Case 1, r rat = 0.25 due to insufficient 

mount of GNRs. It is worth noting that all cases with complete tu- 

our ablation at a laser power of 0.5 W achieved less damage to 

he surrounding tissue surface, but larger damage to the bladder 

hen compared to the case when 0.6 W is used. Specifically, this 

efers to Case 2, r rat = 0.5 and 0.75 and the control case. Because a

ower laser power was used, the ablation duration was significantly 

ncreased (by over 160 s). This caused the bladder to be exposed 

o heating much longer than the cases when a higher laser power 

as employed. Hence, using a higher laser power can decrease the 

amage to the bladder at the cost of greater damage to the skin 

urface. 

The results demonstrated that increasing r rat in Case 1 resulted 

n quicker ablation with larger damage to the bladder and less 

amage to the surrounding tissue and the skin surface. On the 

ther hand, increasing r rat in Case 2 results in quicker ablation 

ith larger damage to both the bladder and at the surrounding 

issue surface. Without prioritising the speed of ablation, the op- 

imal selection between Cases 1 and 2 for this study would be 

ase 2, r rat = 0.25 at a laser power of 0.6 W. This provides the

east thermal damage to the bladder, the surrounding tissue and 

he skin surface. Furthermore, Case 2 is generally more favourable 

han Case 1 as the uniform heating profile results in reduced over- 

blation. The scenario assumed in Case 2 relies on the ability to 

istribute GNRs around the tumour periphery. While this has not 

een specifically studied, there are various ways that this can be 

mplemented. For example, intratumoural injection can be per- 

ormed around the outer edges of the tumour instead of at the 

entre. Alternatively, it might be possible to employ the use of 

NRs that are bio-conjugated with cancer-targeting antibodies [11–

3] . Since GNRs can permeate through tissues, it might be pos- 

ible to inject bio-conjugated GNRs around the tumour periphery 

nd allowing for it to diffuse/permeate into the tumour centre. The 

bility to encapsulate the tumour in GNRs will allow for greater 

ariance in treatment procedures and outcomes for both GNR-PTT 

nd other nanoparticle applications. 

The results of Case 3 clearly demonstrate that the localisation 

f GNRs across the surface of the tumour can successfully achieve 

omplete tumour ablation. In addition, the thermal damage to the 

ladder was found to be significantly lower than in the other cases. 

hen comparing the results of Case 3 with the other two cases, it 

as found that at 0.6 W, Case 3 took the longest time ( t i = 380 s)

or the first signs of thermal damage to occur (see Table 4 ). Despite

hat, Case 3 has the shortest t a value of only 80 s. This duration is

lose to Case 2, r rat = 0.25, which recorded t a = 110 s. Interestingly,

oth configurations obtained the least amount of over-ablation in 

oth the bladder and the surrounding tissue surface. In contrast, 

he control, which recorded the quickest occurrence of damage at 

 i = 150 s with t a = 160 s, resulted in the greatest amount of dam-

ge to the bladder. 

From this, a key inference can be drawn, whereby the ideal sce- 

ario to achieve complete tumour ablation with minimal damage 
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o the surrounding tissue is through quick but uniform ablation. 

he control had the most intense heating, which led to quicker 

ormation of thermal ablation. However, because the heating was 

ot uniform, a longer time of t a = 160 s was required before ab-

ation was complete. This means that the surrounding tissue was 

ubjected to higher temperatures for a total of 160 s. In Case 3 (or 

ase 2, r rat = 0.25), the heating process was gradual. This meant 

hat the formation of thermal damage was slower, but the over- 

ll tumour temperature raised uniformly. Hence, both the tumour 

nd surrounding tissue were subjected to high temperatures for a 

horter time (80 s for Case 3 and 110 s for Case 2, r rat = 0.25).

hile it is difficult to control the heat generation within the tu- 

our, future studies should focus on this aspect as the outcome 

ay lead to the complete preservation of the surrounding tissues 

uring GNR-PTT. One method that could be investigated in the 

uture is by using several lasers that are positioned at different 

oints with their beams focusing on the tumour. 

All three cases investigated in the present study have demon- 

trated their potential for use in GNR-PTT. Case 1 has an effective 

nd direct treatment procedure that can destroy the tumour if the 

preading of GNRs can be ensured. However, intratumoural injec- 

ion risks tumour track seeding or displacement as the injection 

eedle will be directly in contact with tumour. Case 2 represents a 

ypothetical scenario that may require a more complex procedure 

o administer GNRs such that it spreads from the tumour periph- 

ry to the centre. This will also be subject to the accessibility of 

he tumour and the ability to accurately inject the GNRs surround- 

ng the tumour. Case 3 has demonstrated good ability to destroy 

he tumour while minimising over-ablation. Although the adminis- 

ration of GNRs would not require direct contact with the tumour, 

t may not necessarily be the best approach. Yang et al. [19] found 

hat there were GNRs that did not attach to the tumour and in- 

tead, were found in different parts of the bladder. This led to un- 

anted ablation as the GNRs would receive light and ablate those 

ealthy tissues. As such, further investigations are required to over- 

ome the above challenges. 

The current study was able to investigate the thermal responses 

nd effects of heterogeneous distributions of GNRs. Several limita- 

ions in this study must be addressed in the future. Firstly, Case 

 was modelled as a thin layer of GNR as opposed to being a sur-

ace application at the tumour. Due to computational limitations, it 

as not possible to assign the presence of GNRs across the tumour 

urface with near-zero thickness. To account for this, this region 

as assumed to be as thin as computationally possible without in- 

urring any meshing issues. While steps were taken to reduce the 

ize of the thin layer, it is possible that the current values obtained 

ay be an overestimation of the actual scenario, though the thick- 

ess of the layer may be of similar magnitude due to diffusion. 

onetheless, the concept presented in Case 3 should remain valid 

s the source of heating would still come from the tumour surface. 

ny decrease in heating can potentially be dealt with by increas- 

ng the laser power. Secondly, results in the present study are de- 

endant on heat generation at the skin surface. This is due to the 

eometry of the mice bladder that has a very thin skin thickness. 

ny increase in skin thickness would result in greater scattering 

f photons and lower absorption by the GNRs [24] . This can result 

n greater heating at the surrounding tissue surface and weaker 

eating inside the tumour. Similarly, the present study assumes 

he tumour to be located at the part of the bladder closest to the 

kin surface where laser beam is introduced. It is possible for the 

umour to be located elsewhere along the bladder lining, a situ- 

tion that would reduce the influence of the heating component 

rom the surrounding tissue surface and the treatment outcome 

ould become primarily dependant on the heating inside the tu- 

our [24] . Thirdly, the present study assumed the use of bioconju- 

ated GNRs such that they bind specifically to tumour cells and do 
11 
ot have the capacity to either aggregate or dispersed within the 

issue. The ability of these GNRs to aggregate and disperse within 

he tissue should be explored through further laboratory studies. 

f such an event does occur, then a correction factor could be ap- 

lied to the optical energy absorption during the simulation proce- 

ure. Finally, the current study employs a superficial tumour in the 

hape of a cylinder. However, actual tumours can be irregularly- 

haped and may not allow for the desired distributions of GNRs to 

e achieved. 

. Conclusions 

The present study investigated the effects of heterogeneous dis- 

ribution of GNRs in different locations of the tumour for GNR-PTT. 

ase 1 demonstrated that the spreading of GNRs through intratu- 

oural injection at the centre of the tumour can significantly al- 

er the treatment outcome. Insufficient spreading can render the 

reatment ineffective and can be dealt with by increasing the laser 

ower, which increases the risk of potentially inducing significant 

ver-ablation of healthy tissues. Case 2 investigated the effects of 

NRs located in the outer regions of the tumour. It was found that 

his configuration significantly changed the heating profile of the 

umour which resulted in a more uniform heating. Consequently, 

amage to the bladder and the surrounding tissue could be re- 

uced. Lastly, Case 3 investigated the presence of GNRs located at 

he tumour surface, which would be administered via intravesical 

nstillation. 

Results from the present study demonstrated that the admin- 

stration of GNRs via bladder instillation can achieve complete tu- 

our ablation. In addition, this method may be better than intra- 

umoural injection as it requires no direct contact with the tumour. 

indings from the present study demonstrated that the presence of 

 thin layer of GNRs across the luminal side of the tumour follow- 

ng intravesical instillation presents no concern of incomplete tu- 

our ablation. In fact, intravesical instillation possesses some ad- 

antages over intratumoural injection or IV method and may serve 

s the impetus for further development of this technique, espe- 

ially for bladder cancer treatment in human. 
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PPENDIX A 

The absorption and scattering coefficients of tumour with GNR 

ere calculated using the Mie-Gans theory [47] , which solves the 

axwell equations based on an electrostatic assumption. This as- 

umption is valid for D ≤ λ/10, where D is the diameter of the 

NR and λ is the wavelength of the laser irradiation. Accordingly, 

he absorption and scattering coefficients of a medium embedded 

ith GNR can be calculated using [ 53 , 54 ]: 

a = 

2 πφ

λV np 
imag 

(
α1 

3 

+ 

α2 

3 

+ 

α3 

3 

)
, (A.1) 

s = 

16 π3 φ

18 λ4 V np 

(| α1 | 2 + | α2 | 2 + | α3 | 2 
)
, (A.2) 
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here imag() represents the imaginary component, φ is the vol- 

me fraction of GNR, V np is the volume of a single nanoparticle 

alculated by assuming the GNR to be a cylinder capped by hemi- 

pheres at both ends and αi (for i = 1, 2, 3) is the polarization given

y [ 53 , 54 ]: 

i = V np 

[
ε ( ω, D ) − ε m 

P i ( ε ( ω, D ) − ε m 

) + ε m 

]
, (A.3) 

here ε is the size- and frequency-dependant dielectric function of 

he GNR, εm 

is the dielectric constant of the surrounding medium 

nd P i is the geometrical factor. In the present study, the Kreibig- 

ollmer model for calculating the size- and frequency-dependant 

ielectric function of GNR was adopted, which is given by [ 4 8 , 4 9 ]:

 ( ω, D ) = ε bulk + ω 

2 
p 

(
1 

ω 

2 + �2 
o 

− 1 

ω 

2 + �2 
d 

)

+ i 
ω 

2 
p 

ω 

(
�d 

ω 

2 + �2 
o 

− �o 

ω 

2 + �2 
d 

)
, (A.4) 

here εbulk is the frequency-dependant dielectric constant of bulk 

old, and ω p and �d are given by: 

 p = 

(
n o e 

2 

ε o m e 

) 1 
2 

, (A.5) 

d = �o + 

A s v F 
r e f f 

, (A.6) 

 e f f = 

4 V np 

S np 
(A.7) 

here n o is the electron density number, εo is permittivity of vac- 

um, e and m e are the charge and mass of the electrons, respec- 

ively, v F is Fermi velocity, A s is the surface scattering parameter 

ith an empirical value of 0.3, r eff is effective radius, S np is the 

urface area of a single nanoparticle and �o is the free damping 

oefficient defined as the ratio of Fermi velocity and the mean free 

ath of electrons [55] . The dielectric constant of bulk gold was ob- 

ained from data published by Johnson and Christy [48] . 

It should be noted that the Mie-Gans theory for calculating μa 

nd μs is only valid for spheroidal nanoparticles where the geo- 

etrical factor used in Eq (A.3) can be obtained using: 
ig. B.1. Contours of the thermal damage parameter � obtained after 600 s of laser irr

umour ablation was observed only for the case where P laser = 0.5 W and φ = 0.005%

espectively. Dashed-dotted lines indicate the surface of the surrounding tissue. 

12 
 1 = 

1 − e 2 

e 2 

[ 
1 

2 e 
ln 

(
1 + e 

1 − e 

)
− 1 

] 
, (A.8) 

 2 = P 3 = 

1 

2 

( 1 − P 1 ) , (A.9) 

here e = [1 − ( D / L ) 2 ] 0.5 , P 1 is orientated in the longitudinal axis

f the spheroid, while P 2 and P 3 are in the transverse directions, 

ith P 2 = P 3 due to symmetry. However, the nanoparticles used 

n this study are GNRs shaped as spherically capped cylinders. 

ence, difference in geometry must be accounted for by adjust- 

ng the geometric factor used in Eq (A.3). To that extent, Prescott 

nd Mulvaney [56] derived alternate values for P i for GNRs which 

s given by: 

1 − P 1 
P 1 

= a ( AR ) 
2 + b ( AR ) + c, (A.10) 

here AR is the aspect ratio of the nanoparticle and a, b and c are

he coefficients of the quadratic function. For the GNR morphology 

sed in this study, the coefficients of the quadratic function are 

 = 0.3504, b = 2.0809 and c = −0.3035 [56] . It is important to

oint out here that Eq (A.10) is purely empirical, and no physical 

eaning should be inferred from it. 

PPENDIX B 

Results from the preliminary study (see Section 3 ) to iden- 

ify the best combination of laser power and GNR volume frac- 

ion are briefly presented here. Fig. B.1 illustrates the contours of 

hermal damage obtained for r rat = 1 for all the combinations of 

 laser and φ investigated. At φ = 0.001%, incomplete tumour abla- 

ion was observed for both P laser = 0.4 and 0.5 W. This was con- 

rmed from the estimation of PD , with values of 0 and 86.4% ob- 

ained for P laser = 0.4 and 0.5 W, respectively. When φ was in- 

reased to 0.005%, only the case of P laser = 0.5 W resulted in com- 

lete tumour ablation, with PD values calculated to be 10 and 100% 

or P laser = 0.4 and 0.5 W, respectively. Since r rat = 1 represents 

he largest possible heating that can be achieved during GNR-PTT 

hen compared to smaller values of r rat , it was decided to select 

he combination of laser power of at least 0.5 W and a GNR vol- 

me fraction of 0.01% for the analysis of the present study. 
adiation for different values of P laser and φ for the case where r rat = 1. Complete 

. Top and bottom dashed lines indicate the outer and inner walls of the bladder, 
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