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Silica coated nanoparticles are advantageous in terms of enhanced biocompatibility, colloidal and thermal stability as 
well as ease of surface functionalization for use in various biomedical applications. Specifically, for plasmonic photothermal 
therapeutics and photothermally modulated drug delivery, it is always desired to have maximum absorption of the incident 
EM radiation by the nanoparticles. So, it is required to quantify the absorption cross-section (σabs) of silica coated gold 
nanorods (GNRs) of varying silica coating thickness. Here, the optical properties of silica coated GNRs embeded in breast 
tumor like medium are computed for 10×41 nm GNRs which are considered to be coated (dense) with silica thickness range 
of 1-20 nm. Also, periodic and random spatial distributions of these GNRs within the tumor are accounted for calculating 
the effect of silica thickness on the overall optical properties. For this, finite element method is used wherein the propagation 
of incident elecromagnetic field is assumed to be perpendicular to the longitudinal axis of GNRs. Results show that for 
GNRs coated with silica thickness of 1 nm, the plasmonic wavelength is red-shifted by 40 nm as compared to bare GNRs. 
Furthermore, on increasing the silica thickness from 2-20 nm, plasmonic wavelength is red-shifted by 24 nm.The absorption 
and scattering cross-section are increased by ~4.5% and ~8% for GNR coated with 1 nm silica as compared to the bare 
GNR. Further, it is seen that the scattering cross-section of the media is significantly enhanced by ~26% with an increase in 
silica thickness from 1-20 nm, while there is no significant change in absorption cross-section for higher silica coating 
thickness up to 20 nm. Considering the spatial distribution of GNRs within the tumor, the σabs values is increased by ~44% 
for periodically distributed silica coated GNRs as compared to random distribution within the tumor domain. Also, it is 
observed that the electric field is confined close to the Gold-Silica interface for lower thickness of the silica coating. These 
discussed results are useful for the selection of silica coating thickness on GNRs for the biomedical applications such as 
plasmonic photothermal therapy and photothermally modulated drug delivery.  
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1 Introduction 
Silica coated metallic nanoparticles are of potential 

use in biomedical applications such as cancer 
imaging, diagnosis, therapeutics, drug delivery, etc.1-4. 
Gold nanorods coated with silica (GNRs@SiO2) are 
biocompatible with high colloidal and thermal 
stability and show high photothermal conversion 
efficiency during the interaction of light and 
nanoparticles5-7. The temperature rise of gold 
nanorods (GNRs) suspension during the interaction 
with incident electromagnetic field is largely affected 
due to the variation in shape, size, refractive index of 
medium, and wavelength of incident beam8,9. The 
optical characteristics such as absorption and 
scattering cross-section, and plasmonic wavelength of 
gold nanorods embedded medium play an important 
role to identify the heat generation in the medium 

during plasmonic photothermal therapy10,11. For silica 
coated nanorods, the optical characteristics of 
GNRs@SiO2 are highly affected due to the change in 
thickness of the silica layer as well as the porosity of 
silica coating12. It is required to estimate the role of 
silica thickness on the optical characteristics of 
GNRs@SiO2 embedded tumor to choose a suitable 
coating thickness of GNRs@SiO2 based on the 
parameters of incident beam for plasmonic 
photothermal therapy. In literature, the experimental 
measurement of the absorbance for various silica 
thickness has been reported12. It is reported that the 
absorbance peak of the suspension is red-shifted with 
an increase in the thickness of silica coating. There is 
a need to quantify the effect of silica coating thickness 
on the optical properties of a tumor immerse with 
GNRs@SiO2. Further, the effect of periodic and 
random spatial distribution of GNRs@SiO2 on the 
optical properties of tumor needs to be addressed.  
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Here, the optical properties such as absorption and 
scattering cross-section, and plasmonic wavelength of 
a breast tumor embedded with GNRs@SiO2 are 
computed by considering the silica coating thickness 
range of 1-20 nm. Further, the optical properties are 
computed by considering the spatial distribution of 
GNRs@SiO2 within the tumor medium. The discussed 
results are useful for various biomedical applications 
involving use of GNRs@SiO2. 

2 Theory and methods 
Here, the electric field distribution and spectral 

variation in optical properties of silica coated GNRs is 
computed by using the finite element method11,13. In 
this study, the FEM model is implemented using a 
wave optics module in COMSOL Multiphysics. The 
electric field distribution inside the medium is 
evaluated by using Helmholtz approximation as per 
Eq. 118,  
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where k0, μ0, σ, ε0, and εr are wave number, the 
relative permeability of medium, conductivity, 
vacuum permittivity, and relative permittivity of 
medium respectively11. During the evaluation of 
electric field distribution, the dielectric permittivity of 
GNRs is considered for a spectral range of 600 nm to 
1000 nm defined as14,18, 
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Here, γ is damping coefficient, ω0j is resonance 
frequency, ωP is plasma frequency, ε∞ is relative 
permittivity, and fj is oscillator strength respectively11. 
As shown in equation 3, the absorption cross-section 
(σabs) of silica coated GNRs is calculated by 
volumetric integration of absorbed power over 
nanoparticle volume (V) per unit of incident 
power11,13,18.  
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The total absorbed power can be used to compute 
the power loss density Qloss (W/cm2) due to the 
incident field's absorption18.  

Further, the scattering cross-section (σsca) of GNRs 
in the medium is calculated by boundary integration 
of scattered power over the surface of particles w.r.t 
incident power as13,  

𝜎௦௖௔ ൌ  
ଵ

ூ೔೙೎
∬ሺ𝜗.𝑃௦௖௔ሻ 𝑑𝑉 (4) 

Here, Psca (units of W/m2) is the time-average of 
the Poynting vector and ϑ normal pointing vector 
outwards from the particle.  

For solving the Helmholz wave equation, the 
polarization of incident field is considered parallel to 
longitudinal axis  of GNR and direction of the 
incident electric field is considered perpendicular to 
longitudinalaxis of GNRs11.  

In this study, tumor medium embedded with 
10×41 nm GNRs, which posses maximum absorption 
of incident electromagnetic energy within the 
therapeutic window of biological tissue15,16. During 
computation, the silica coated GNRs of concentration 
20 µg/ml and 200 µg/ml in breast tumor of refractive 
index 1.40 are considered17,18. The 20 μg/ml 
concentration of silica coated GNRs is selected based 
on our earlier experimental study, wherein we found 
this concentration of GNRs can raise the temperature 
of a medium up to ~14 °C22. To evaluate optical 
properties of the medium embedded with 
GNRs@SiO2 of concentration 200 µg/ml in breast 
tumor, a domain of diameter 1200 nm is considered. 
The geometric and computational domains for 
random spatial distribution are shown in Fig. 1(a) and 
1(b) respectively. For this study, GNRs@SiO2 are 
located within the center of the domain. 

The domain’s outer layeris considered as an 
optically perfect matched layer (PML) to reduce the 
impact of scattered light through the domain's 
boundary11,18. While the distribution of scattered light 
through particles inside the medium is evaluated by 
considering the inner surface of PML as a perfect 
electric conductor18. The tumor domain is 
tetrahedrally meshed with fine meshing18. The 
elements size of GNRs@SiO2 ranges from 1.4-
11.2 nm, and of tumor domain  3-100 nm, and there 
are total about ~1×106 elements as shown in Fig. 1(b). 
The optical characteristics were evaluated by solving 
the electromagnetic field distribution inside the 
domain using the biconjugate gradient stabilized 
method (BiCGStab). The uniform silica coating on 
GNR of various thickness was considered for this 
study.  

3 Results and discussion 
The computed results from the numerical model, 

for estimation of absorption and scattering cross-
section, are verified by comparing the σabs of bare 
GNR with the literature reported values18,19. The 
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reported (FDTD model) and computed (FEM model) 
result shows, that the σabs of GNR of diameter 9 nm 
and aspect ratio 3.8 in the water domain is 2450 nm2 
(reported) and 2660 nm2 (computed) respectively11. 
So, a significant matching between computed and 
reported values of σabs is observed. 

3.1 Characterisation of GNRs and GNRs@SiO2 

Here, the bare GNRs with an aspect ratio of ~4.1 
were prepared by using seed mediated method, and 
silica coated gold nanorods were synthesized using 
the protocol reported by Nikoobhat20,21. To examine 
the synthesized gold nanorods in terms of shape and 
size, TEM (transmission electron microscopy) 
analysis was performed. Fig. 2 revealed that the 
synthesized nanomaterial is in the shape of nanorods 

with an average length of ~41 nm and width of 
~ 10 nm respectively. 

The absorbance spectrum of bare GNRs and silica 
coated GNRs measured by using a UV-VIS 
spectrophotometer (UV-3200, Labindia Instruments 
Pvt. Ltd.) are shown in Fig. 3. From Fig. 3, it is seen 
that the absorbance spectra of GNRs and 
GNRs@SiO2 shows two distinct peak corresponding 
to transverse and longitudinal surface plasmon 
resonance. On comparing both spectra, a red shift in 
longitudinal surface plasmon resonance (LSPR) peak 
due to the silica coating from 803 nm to 827 nm was 
observed. This red shifting of peak can be due to a 
change in the refractive index of surrounding medium 
as in the case of GNRs refractive index of surrounding 

Fig. 2  Transmission electron microscopy image of the synthesized
GNRs. 

Fig. 3  Measured spectral absorbance of GNRs and GNRs@SiO2. 

Fig. 1  (a) Geometrical, and (b) meshed model of breast tumor domain (refractive index 1.40) embedded with GNRs@SiO2 of diameter 10 nm 
and length 41 nm of concentration 200 µg/ml. The particles with various silica coating thickness are randomly distributed in the medium.  
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media is 1.33 and in case of GNRs@SiO2, refractive 
index is 1.46. 

3.2 Silica coating thickness dependent optical characteristics 
of breast tumor in presence of GNRs@SiO2 

The values of σabs and σsca of breast tumor 
embedded with silica coated gold nanorods 
(GNRs@SiO2) of concentration 20 µg/ml are shown 
in Fig.s 4(a) and 4(b) respectively. Further, the 
thickness dependent variation in the plasmonic 
wavelength of tumor media embedded with 
GNRs@SiO2 is shown in Fig. 4(c). Here, the entire 
computational domain is considered as dielectric 
media (tumor) of refractive index 1.4017.  

From Fig. 4(a), it is observed that the values of σabs 

of silica coated GNR for a silica thickness of 1 nm 
increases by ~4.5% as compared to bare GNR. 
Further, it is observed that the peak σabs of 
GNRs@SiO2 increases slightly with an increase in the 
silica thickness from 1-20 nm. Fig. 4(b) shows the 
scattering cross-section of breast tumors embedded 
with GNRs@SiO2 of varying thickness. The σsca of 
breast tumor media embedded with silica coated GNR 
of thickness 1 nm enhances the scattering by ~8% as 
compared to bare GNR. Further, from Fig. 4(b) it is 
observed that due to an increase in thickness of silica 
coating 1-20 nm on GNR, the scattering cross-section 
of media was significantly enhanced by ~26%. 
From Fig. 4(c), it is observed that the plasmonic 
wavelength of media is red-shifted by 24 nm (852 nm 
to 876 nm) on increasing the silica thickness from 
1 nm to 20 nm. The computed results of the silica 
thickness dependent variation in the plasmonic 
wavelength of GNRs@SiO2 shows a similar trend to the 
experimental results. Due to the change in the 
surrounding medium, the computed results show a 
higher shift in plasmonic wavelength as compared to 
measured spectral absorbance (Fig. 3). 

By comparing the experimental values with the 
computed results, it is found that the experimental 
values of absorption cross section for 10×41 nm2 bare 
GNR in water is 7490 nm2, which is a bit lower than 
the computed absorption cross section of 9200 nm2 23. 
Overall, the silica coating on GNRs not only enhances 
the absorption and scattering cross-section of the 
media but also shows a red-shift in plasmonic 
wavelength of GNRs@SiO2 as seen in Fig. 4. The 
electric field distribution of silica coated GNR on 
interaction with incident field for silica coating 
thicknesses of 1 nm, 3 nm, 5 nm, and 10 nm are 
shown in Fig. 5 respectively. 

From Fig. 5, it is inferred that the normalized 
amplitude of the electric field achieved by 
GNRs@SiO2 inside the medium is equal for silica 
coating thicknesses of 1-10 nm respectively. Further, 
it is observed that for silica thickness up to 5 nm, the 
electric field is prominent up to the surface of silica 
coating, while for silica thickness >5 nm, the field is 
confined within the core of silica coating.  

3.3 Effect of the spatial distribution of GNRs@SiO2 within the 
tumor 

The spectral variation in the σabs of breast tumor in 
presence of GNRs@SiO2 of random silica coating of 
thicknesses 1-20 nm & concentration 200 µg/ml are 
shown in Fig.s 6(a) and 6(b). During this study, the 
10×41 nm GNRs coated with different thicknesses of 
silica were considered to be incorporated in breast 
tumor with periodic and random spatial arrangements 
respectively. 

Figure 6(a) shows the spectral variation in 
absorption cross-section of breast tumor embedded 
with GNRs@SiO2 of silica thicknesses 1 nm, 5 nm, 
and 10 nm with periodic and random spatial 
distributions within the domain. From Fig. 6(a), 
it is seen  that  the peak σabs  for  the  periodic  spatial 

Fig. 4  Spectral variation in (a) absorption and (b) scattering cross-sections of bare GNR and GNRs@SiO2 in breast tumor (refractive 
index 1.40) for silica thickness of 1-20 nm, and (c) thickness dependent shift in plasmonic wavelength of breast tumor embedded with
GNRs@SiO2. 
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distribution is ~44% higher as compared to random 
distribution for silica coating thicknesses of 1 nm, 
5 nm, and 10 nm.  

The spectral variation in σabs of breast tumor 
embedded with GNRs@SiO2 of 1-20 nm random 
thicknesses and random spatial distribution is shown 
in Fig. 6(b). From Fig. 6(b), it is seen that the  
media embedded with periodically distributed 
GNRs@SiO2 attained ~44% higher peak absorption 
cross-section as compared to randomly distributed 
nanoparticles. Additionally, despite the random and 
periodic spatial distribution of GNRs@SiO2, there is 
no discernible change in plasmonic wavelength was 
observed. This result shows that the σabs of the media 
is highly affected by the orientation of nanoparticles 
w.r.t. the incident beam. 
 

4 Conclusions 
The computed results show that on increasing the 

silica thickness from 1 nm to 20 nm, significant 
changes in the optical properties of breast tumor 
media are observed. The absorption cross-section of 
breast tumors embedded with GNRs@SiO2 of 
concentration 20 µg/ml with silica thickness 1 nm is 
increased by ~4.5%, while the scattering cross-section 
increases by ~8% as compared to media embedded 
with bare GNRs. On increasing the silica coating 
thickness by 1-20 nm on GNR, the scattering cross-
section of media is significantly increased by ~26%, 
while a minor increase in absorption cross-section is 
observed. Furthermore, the plasmonic wavelength is 
shifted by 24 nm on increasing the silica thickness 
from 1-20 nm. The electric field is prominent up to 

 
 

Fig. 5  Electric field distribution of GNRs@SiO2 for silica thicknesses of 1 nm, 3 nm, 5 nm, and 10 nm at plasmonic wavelength. 
 

 
 

Fig. 6  Spectral variation in σabs of breast tumor embedded with
GNRs@SiO2 of concentration 200 µg/ml with periodic and random
spatial distributions for (a) uniform silica coating thickness (t) = 1 nm,
5 nm, 10 nm, and (b) random silica coating thickness within 1-20 nm.  
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the surface of silica coating, when silica thickness 
is>5 nm, while for silica thickness up to 5 nm, the 
field is confined within the core of silica coating. 
Computations considering spatial distribution of 
GNRs@SiO2 in the medium show that tumor medium 
embedded with periodically distributed GNRs@SiO2 

possess absorption cross-section ~44% higher as 
compared to the randomly distributed nanoparticles. 
These discussed results are useful for the selection of 
silica coating thickness on GNRs for biomedical 
applications such as plasmonic photothermal therapy 
and photothermal induced drug delivery.  
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