International Journal of Electrical and Computer Engineering (IJECE)
Vol. 10, No. 3, June 2020, pp. 2969~2977
ISSN: 2088-8708, DOI: 10.11591/ijece.v10i3.pp2969-2977 O 2969

Thermal response of skin diseased tissue treated

by plasmonic nanoantenna

Rasha H. Mahdi, Hussein A. Jawad

Institute of Laser for Postgraduate Studies, University of Baghdad, Iraq

Article Info

ABSTRACT

Article history:

Received Jul 11, 2019
Revised Jan 4, 2020
Accepted Jan 12, 2020

Keywords:

Bowtie

Optical nanoantenna
Plasmonics

SAR

Temperature distribution

The thermal distribution in the diseased tissue treated by different methods
faces the problem of an uncontrollable defused heat. In the present article,
we use a plasmonic bowtie nanoantenna working in the near infrared region
to enhance the temperature confinement in the tissue. The Computer
Simulation Technology Studio Suite package version 2019 was used to
execute the design of both plasmonic nanoantenna and the tissue.
Gold nanostructure and silicon carbide dioxide are the components
the plasmonic nanoantenna in the bowtie shape. The results showed that
the distance between the tumor tissue and the antenna is important to
determine the intensity field where the maximum field is 5.9%107 V/m
at a distance of 100 nm. The maximum specific absorption rate is
1.92*10™ W/kg at a similar distance which gives a higher temperature in
the tissue of 580 C°. It is concluded that from the obtained results that

the near infrared (1064 nm) resonance wavelength is recommended in
the treatment of cancer cell by plasmonic bowtie nanoantenna because higher
intensity field is generated. The closer distance to the nanoantenna gives
higher temperature in the tissue while the temperature gradually decreases in
the tissue till 400 nm where no valuable temperature was detected.
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1. INTRODUCTION

The interaction of light with metal nanostructure is the backbone of plasmonics. The metal
nanostructure is frequency dependent. The designed nano-structures are well known to generate the hot-spots
where the incident field is enhanced by several order of magnitude. The plasmonic resonance observed in
these structures opens the ability to design antennas operating in the optical spectrum [1, 2].

Optical nanoantennas of the nano-sized metallic particle can improve the mismatch between
the diffraction limited spot of the excitation light and fluorescent molecules that are much smaller than
the incident wavelength [3]. Confinement of light on subwavelength scales with large local fields
by the exploitation of surface plasmons, which are collective charge oscillations, leads the demonstration of
revolutionary concepts [4]. Plasmonic nanoantenna can produce very high near field intensities due to their
localized surface plasmon resonance (LSPR) [2]. Different applications are depending on near field
enhancement generated by plasmonic optical nanoantennas such as surface-enhanced Raman spectroscopy
(SERS), biosensing, cancer treatment, spectral imaging, solar applications, and near-field probes [5, 6].

Among various categories of nanostructures reported so far to manipulate LSPR, bowtie
nanoantenna holds a unique position due to its giant electric field enhancement at the sharp metal tips and
nanofocusing characteristics [7, 8]. Hence bowtie nanostructures have been used for high-performance
plasmonic applications [9]. The well-known example of nanoantenna is the bowtie antenna, where
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a subwavelength air gap between two metallic regions can enhance the electric field more than
100 times [10, 11].

The size, shape, and morphology of the nanostructure could be engineered, in addition to
the interparticle distance and dielectric environment [12], their LSPRs can be tuned from visible to the NIR
region (700 — 1400 nm). The near-infrared region (NIR region) is the so-called biological window which is
particular interest for deep-tissue imaging and treatment [13]. Light to heat conversion is employed for
photothermal therapy and photothermal drug release in cancer cells [14] The gold nanostructures,
especially with plasmonic properties suitable into the NIR region, show great promise for cancer
photothermal therapy through nonradiative photothermal effect, demonstrating the ability to destroy
cancerous lesion [15], Key features to consider when selecting a nanostructure for photothermal therapy are
the plasmon resonance wavelength, the absorption cross-section, and the size of the nanoparticle [14, 16].

The optical properties of the skin determine light distribution in the irradiated region
(epidermis, dermis and subcutaneous) [17]. The optical technologies promise less danger to the patient [18].
Seriously research is done to investigate and analyze heat transfer through the skin tissue to obtain
the temperature distribution but the heat confinement still a challenge. In this work, we design both
plasmonic bowtie nanoantenna working at 1046 nm and the proposed tumor tissue using Computer
Simulation Technology (CST) software. Specific Absorption Rate (SAR) and temperature distribution in
the tumor could be estimated.

2.  MATERIALS AND METHODS

The plasmonic nanoantenna was designed via CST Studio Suite packaged version 2019.
The materials used are gold and SiO,. The resonance wavelength of the designed nanoantenna is 1064 nm.
Two design wear accomplished, one for plasmonic bowtie and the other for the proposed tumor tissue.
The details of the design are illustrated in the following subsections.

2.1. Plasmonic bowtie design

A three-dimensional (3D) plasmonic bowtie nanoantennas working at resonance wavelength
1064 nm was designed. It is composed of a metal/dielectric. The used real and imaginary parts of the gold
dielectric function with respect to different incident wavelengths are based on experimental data [19].
The refractive index of the SiO, substrate is 1.5 [20]. The bowtie structure is normally illuminated by linearly
polarized waveguide excitation source along the x-axis (x-polarization). The surrounding environment of
the design structure is assumed to be air.

The sweeping process was done to select suitable geometric parameters of the designed structure to
get the required resonance wavelength [21]. The results are antenna length and width (L=W=294 nm),
thickness (T=60 nm), the apex width (A=20 nm), the gap width (G=20 nm) and the bowtie angle (©=90°),
and the length, the width, and the thickness of the SiO, substrate was set as (700, 700, and 200) nm
respectively, as shown in Figure 1.
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Figure 1. 3D Schematic view of the plasmonic bowtie nanoantenna
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2.2. Tissue model
The proposed tumor tissue is the skin. The position of the tumor tissue is in the center of the skin

structure. The dimensions of skin are selected in relation with the bowtie structure dimensions where
the tissue length and width are (L=W= 600 nm) while the thickness is (T= 300 nm). A spherical shape of
the tumor tissue of (D=100 nm) in diameter is proposed as shown in Figure 2.

The thermal properties of the tissue are listed in Table 1. In addition, the dielectric properties of
the tissue play an important role in the investigation of the propagation characteristic of the plasmonic optical
nanoantenna. These properties are mainly depending on tissue type and the wavelength of interest.
The designed tissue is subjected to the plasmonic nanoantenna radiation at different distances, the resulted
pattern is shown in Figure 3.

Table 1. The properties of the tissues [22]

Tissue Thermal Conductivity K (W/m) Specific HeatC (kJ/K/kg) Mass Density p (kg/m3)
Skin 0.2 3.6 1200
tumor 0.5 3.6 1050
Skin
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Figure 2. 3D Schematic view of the tumor embedded in the skin tissue
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Figure 3. The final pattern of bowtie nanoantenna in front of the designed tissue

3. RESULTS AND ANALYSIS
The performance of the plasmonic bowtie, SAR calculations and temperature estimation in

the tissue are investigated and analyzed.

3.1. Performance of plasmonic bowtie nanoantenna

The reflectivity in dB as a function of the wavelength is shown in Figure 4. The maximum
reflectivity is detected at the wavelength of 1064 nm where it reaches -27.70 dB. The length of nanoantenna
plays an important role in the shifted resonance wavelength. Figure 5 shows that the electric field is highly
confined in the gap of the bowtie structure. The enhanced near electric field is 2 *10% VV/m and the gap width
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of 20 nm expected. The far electric field in three dimensions for the antenna at different distances
(100, 200, 300, and 400) nm, was investigated as shown in Figure 6 (a, b, ¢, and d). The estimated far field
(5.9*107, 2.95*107,1.97*107 and 1.47*107) V/m at distances (100, 200, 300, and 400) nm, respectively.
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Figure 4. The reflectivity of plasmonic bowtie Figure 5. Electric field distribution at the LSPR
nanoantenna at 1064 nm frequency of plasmonic bowtie nanoantenna at a
gap of 20 nm
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Figure 6. The far-field pattern of nanoantenna at different distances;
(a) 100 nm, (b) 200 nm, (c) 300 nm, (d) 400 nm
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3.2. SAR calculation
SAR is a measure of electromagnetic power density and subsequent absorption of electromagnetic
radiation and conversion to heat by human tissue. It is expressed as [23].

SAR = 6|E[?/2p (@h)

where:

o = the conductivity of the tissue-simulating material (S/m)
E = the total RMS field strength (V/m)

p = the mass density of tissue-simulating material (kg/m*®)

The resonance wavelength 1064 nm was detected for the design nanoantenna alone but when
the proposed tissue is exposed to the antenna at different distances, the estimated SAR values could be varied
due to the variation in the reflectivity and hence in the far field pattern. Now, the irradiated tissue by bowtie
nanoantenna at different distances (100, 200, 300, and 400) nm is shown in Figure 7. The variation in
the reflectivity of the designed antenna is studied for every distance. Where the reflectivity measured is
(-15.33, -19.71, -27.57, and -43.84) dB for the distances (100, 200, 300, and 400) nm respectively. It is
observed that the detected reflectivity is red shift starting from 100 nm. The maximum wavelength shift was
detected at a distance of 400 and may be reached to the resonance wavelength at a certain distance as in
Figure 8. The far field distribution in the proposed tissue at different distances from the nanoantenna was
investigated where the maximum far-field measured is (6.87*107, 3.14*107, 2.42*107, and 2.15*107) V/m for
the distances (100, 200, 300, and 400) nm respectively. The far-field pattern for every distance is shown in
Figure 9, which indicated that the far-field decreased as the distance increased.
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Figure 7. Side view of the proposed tissue exposed to plasmonic bowtie nanoantenna at different distances;
(a) 100 nm, (b) 200 nm, (c) 300 nm, (d) 400 nm
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Figure 8. The reflectivity of plasmonic bowtie nanoantenna at different distances from the tissue;
(a) 100 nm, (b) 200 nm, (c) 300 nm, (d) 400 nm
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Figure 9. The far-field pattern in the proposed tissue at different distances;
(a) 100 nm, (b) 200 nm, (c) 300 nm, (d) 400 nm
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After the reflectivity and the far-field pattern are studied, the point SAR inside the proposed tissue
could be estimated. As (1.92*10%, 8.76*10%°, 6.23*10%°, 6.13*10%°) at distances (100, 200, 300, and 400) nm
respectively. The calculated SAR at different distances is observed in Figure 10. It seems that the calculated
SAR is decreased with distance.

W/ ki
(@) w/kg () e
8.76e+10
1.92e+11 w G510
1.6e+11 ] 7e+10
1.4e+11— 6e+10
1.2e+11 ] 5e+10

le+11 — ¥ | j 4e+10
8e+10 — . 3e+10
6e+10 —] ) 2e+10
4e+10 — 1e+10

2e+10 ﬂ 0
0
z

L.

© W/kg @ W/kg
6.23e+10 6.13e+10

5.5e+10
5e+10
4.5e+10
4e+10
3.5e+10
3e+10
2.5e+10
2e+10 2e+10
1.5e+10

le+10

400 nm S5e+9
0

"

5e+10

4e+10

3e+10

1le+10

0

L. L.

Figure 10. The calculated point SAR in the proposed tissue at different distances from the antenna;
(a) 100 nm, (b) 200 nm, (c) 300 nm, (d) 400 nm

3.3. Temperature calculation

The absorption of power from electromagnetic fields causes a temperature rise in tissues. The high
levels of absorbed power can cause irreversible tissue damage. The temperature could be calculated from
the SAR estimation values related to (2) [24].

AT= (SARx At)/ C @)

where:-

T = the temperature in Kelvin (K)

At = the time period

C = the specific heat (J /K. kg)

From the obtained results of point SAR, the temperature distribution in the tumor could be calculated.
The estimated temperature variation in the proposed tissue is 580 C° at 100 nm, 116 C° at 200 nm, 4 C° at
300 nm and 0 C° at 400 nm respectively.
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4. DISCUSSION

The optical plasmonic nanoantenna proves high ability to destruct the tumor tissues especially
the cancer cells due to these antennas are regarded as a hot point source which means that the desired tissue
could be destroyed without affecting surrounding healthy tissues. Our purpose is to estimate the thermal
distribution in the tissue at different distances from the nanoantenna. The designed of plasmonic nanoantenna
working in near-infrared is directly influenced by different parameters (the shape, the length, and the gap
dimension) in addition to the material used where the resonance wavelength plays an important role in
the field enhancement. In recent work, the bowtie shape of plasmonic nanoantenna is selected because
the sharp tips of the bowtie antenna, the group and phase velocities of surface plasmonic waves decrease with
the distance of propagation and finally become zero at the sharp tips of the bowtie [25]. The generated field
could be enhanced several order of magnitude in the gap, so the gap width should be selected accurately.
The maximum near field is generated at the resonance wavelength. The gold metal is the best choices in
the plasmonic structure in the medical applications for different reasons, non-toxic material, anti oxidized and
working at resonance wavelength 530 nm. The optical wavelength gives a higher intensity field which
repressed a good source to treat the tumor cells. The dielectric material (SiO;) is selected to affect
the wavelength shift in the resonance wavelength. It is worth mentioned here that the interaction of
the incident field with nanoantennas is a nonlinear interaction. so, we usually expected that the two-photon
absorption occurs because of the resonance wavelength in the NIR region, the resonance wavelength of
the gold cannot be obtained unless the two-photon absorption takes place. The resonance wavelength is
obtained after different tries where the affected parameters (thickness, gap, length, width, flare angle)
are varied many times. The more effective parameter in the design of bowtie nanoantenna is the gap width.
It is useful to mention that the variation of every parameter effects directly on the others so,
the compromisation between those parameters should be regarded. The tumor tissue dimensions are designed
related to the bowtie nanoantenna taken in to account three main factors the position of the tumor inside
the skin, the location of the tumor in the skin human body and the distance between nanoantenna and
the tumor cells. It is observed that the distance effects on the field reaching to the tissue where the field
reduced when the distance increased which means the temp distribution in the tissue is decreased as seen
later. The SAR calculation for different cases is important to estimate the temperature distribution in
the tissue. The calculated results of the SAR proved that the best value of the SAR is the closest to the tissue
which causes to the higher temperature generated in the tissue, knowing that the resonance wavelength is
varied related to every distance and doesn't represent the best. The calculated SAR in the waveguide which is
used in this research is higher than used by [26]. which proves that NIR resonance wavelength is better than
millimeter wave region that generates less SAR.

The main goal of the current research work is to estimate the thermal distribution in the tissue which
is investigated through the temperature calculation in the tissue and the reaction of the tissue against
plasmonic bowtie nanoantenna. The estimated pattern of far field distribution in the tissue showed that
the distribution of far field is varied depending on the distance from the antenna. The maximum temperature
generated in the tissue under the effect of plasmonic bowtie nanoantenna is detected at a distance of 100 nm,
which gives a clear indication that the distance from bowtie nanoantenna Influences on the distribution field
in the tissue and hens on the generated temperature.

5. CONCLUSION

The temperature distribution in the tumor tissue attracted many researchers due to its effect on
the destruction of the cancer cells. The field confinement generated by plasmonic bowtie nanoantenna was
the main tool to destruct the cancer cells leaving the healthy tissue unaffected. From the obtained results,
we can conclude that: the NIR (1064 nm) resonance wavelength of plasmonic bowtie nanoantenna is
recommended in the treatment of cancer cell because higher intensity field is generated. The closer distance
to the nanoantenna gives higher temperature in the tissue which regards over the allowed increasing
temperature in the tissue.
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