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ARTICLE INFO ABSTRACT

Keywords: Optoacoustic (OA) field computation by utilizing k-Wave simulation toolbox for six commonly used nanoparti-
Optoacoustics cles (NPs) has been performed. The characterization of NPs is often accomplished by the numerical simulation
N}i‘n"Pamdes approach. Although, these simulation techniques are complicated, very costly, time-taking and arduous.
Shapes

Accordingly, there is a prerequisite for a fast, economical, and a simple simulation approach to comprehend
the OA signal produced from different shapes of NPs. The technique has been employed to calculate the OA
spectrum produced by nano size shapes [i.e. sphere, oblate, prolate, pentagon, hexagon, and star] over a large
frequency band (10-200 GHz). The shapes of NPs were generated by utilizing simple mathematical equations.
The first frequency minimum of OA spectrum approximately occurs at 48, 47, 80, 37, 58, and 57 GHz for
nano sphere, oblate, prolate, pentagon, hexagon, and star, respectively when calculated in the direction of
the symmetry axis. The same spectral feature appears nearly at 48, 22, 21, 32, 30, and 31 GHz, respectively,
for those NPs when computed from the perpendicular direction. The NPs structure can be characterized by
investigating single NP OA spectrum. The time taken by simulation for each NP is as short as the 12 min
(simulated in the desktop having Intel(R) Core(TM) i7-6700U CPU working at 3.4 GHz and having 16 GB
RAM) which is a remarkable increment over formerly communicated simulation time of a few hours employing
analytical techniques.

k-Wave toolbox

1. Introduction Pan et al., 2011; Verawaty and Pramanik*, 2016; Kaushik et al., 2020b;
Lu et al., 2010; Kim et al., 2010, 2009; Pan et al., 2009; Pramanik et al.,

Optoacoustic (OA) imaging is a combined imaging technique that 2009; X. Yang et al., 2007; Liu et al., 2007; Zhang et al., 2009).
merges the attributes of the two, ultrasound and optical imaging modal- Gold is a popular contrast agent in OA imaging (Li and Chen, 2015;

ities. The OA imaging has benefits of high level image contrast and Luke et al., 2013; Verawaty and Pramanik*, 2016; X. Yang et al., 2007;
high penetration depth (Wang and Hu, 2012; Wang, 2009; Xu and

Wang, 2006). These advantages can be used for imaging the small
animal brain, vasculature, breast cancer, and tumor angiogenesis (Li
et al., 2015b; Peng et al., 2015; Ning et al., 2015; Wang et al., 2015;
Nasiriavanaki et al., 2014; Matthews et al., 2014; Wang et al., 2013;

Zhang et al., 2009). In order to increase the optical absorption, the
properties of gold nanoparticles (NPs) like shape, size, functionality are
tuned (Hahn et al., 2011). The spherical shape of the gold NPs is used as
an OA contrast agent for tumor diagnosis (Zhang et al., 2009). The gold

Cai et al., 2011; Pramanik and Wang, 2009). When tissue is illuminated NP with oblate and prolate shapes can be employed in medical imaging
with a short laser pulse of suitable energy, the chromophores present in and microfluidics applications (Zhang et al., 2009). The NPs can also
the tissue absorbs the light and cause local heating. As a consequence, be coated with silica. This has a potential application for lymphatic
thermoelastic expansion occurs followed by the generation of acoustic imaging (Luke et al., 2013). The cylindrical carbon nanotubes, when
waves (OA signal). The ultrasound detectors are used to sense these OA present in the imaging system, were found to give stronger OA sig-
waves (Xu and Wang, 2006). For deep tissue imaging, the near-infrared nal (Pramanik et al., 2009). A NP identical to red blood cell (RBC) shape
region is used. The optical absorption in this region is weak (Wang and has been found to circulate for a longer duration. It has also proved as

Wu, 2012). So, we cannot have higher absorption at deeper depths.
In order to enhance the amount of absorption, contrast agents are
employed (Li and Chen, 2015; Nie L. and Chen, 2014; Luke et al., 2013;
Xi et al., 2012; Pan et al., 2012; Luke et al., 2012; Manohar et al., 2011;

an effective contrast agent (Zhang et al., 2009). Many researchers have
also put efforts by designing experiments to synthesize different shapes
and sizes of NPs following an OA analysis (Feis et al., 2014).
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Fig. 1. Demonstration of OA wave generation from a nanoparticle.

The experimental analysis of OA signals is difficult and time-
consuming. Many mathematical studies have been developed recently
to study the OA signal characteristics for cells and NPs (Feis et al., 2016;
Kaushik et al., 2019b,a, 2020a; Li et al., 2015a; Saha et al., 2014; Saha,
2015). In one such computational study, the OA waves from RBCs and
Michigan Cancer Foundation7 (MCF7 — a breast cancer cell line) nuclei
were explained using spheroidal wave function (Li et al., 2015a). In
another work, by employing the Green’s function technique, the charac-
teristics of OA signal were demonstrated for mixture of melanoma and
RBCs (Saha, 2015). The OA response from cells with endocytosed gold
NPs increased significantly without any alteration in thermophysical
parameters and this simulation was carried out using Green’s function
approach (Saha et al., 2014). The finite element method was used to
predict OA signals from Gold-Silver alloy NPs (Hatef et al., 2015).
These computational methods aid in understanding the OA signal
generation in a biological tissue without doing actual experiments.
However, the computations can be complex and can take a longer time
to execute. So, there is a requirement of a fast and simple method to
simulate the OA signals. Our aim is to work to present such as fast and
simple technique. We used six shapes of NPs to understand their OA
signal characteristics. Only one type of NP was considered at a time.
The OA spectrum is also given herein to demonstrate the variation of
OA signal characteristics with different NP shapes.

The structure of this article as follows, Section 2 presents the
materials and methods. The contour generation of each NP and physical
parameters employed during OA field computation are briefly discussed
in Section 3. Section 4 contains the results of this in silico study. The
discussion and conclusions of this research paper are given in Section 5.

2. Materials and methods
2.1. OA signal calculation with k-wave
The mathematical background for the k-Wave toolbox is described

in the literature (Treeby and Cox, 2010). Here, we briefly present it
for culmination. The acoustic waves traveling through a compressible
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medium produce an effectual change in temperature, particle velocity,
density and pressure, etc. These changes are included in the cou-
pled first order partial differential equations. These coupled equations
govern the conservation of mass, energy and momentum inside the
medium. These three laws are combined to form a single second-
order wave equation with acoustic pressure being the single variable
in the equation. Classically, the first-order equations for a small-scale
amplitude ultrasonic wave propagating through a nondispersive and
homogeneous fluid media are written as Treeby and Cox (2010),

ou 1

— =—-—Vp, 1
o o p €y
dp

5 = PoV 2
p=c2p. 3)

Here, u, p, p, py and c, are the particle velocity, the acoustic pressure,
the acoustic density, ambient density, and the isotropic sound-speed,
respectively. The acoustic waves are generated when a portion of the
fluid medium is heated due to the absorption of the laser pulse. In a
immobile fluid medium with direction invariant acoustic properties,
the sound generation is of thermoelastic nature. The viscosity and
thermal conductivity of such a medium could be ignored. Under the
said conditions, the acoustic wave equation can be obtained as,
2 1 0%p _

Vip— el 0. 4

In k-Wave simulations, the coupled first-order equations are solved
instead of equivalent second order wave equation. There are several
reasons for doing this. The mass and force terms can be incorporated
into these discrete equations easily. Also, pressure values and the
particle velocity can be simulated on staggered grids for more accurate
numerical solutions. It allows us to put an anisotropic absorbing layer
around the computational domain to absorb the acoustic waves. This is
called as a perfectly matched layer [PML]. Lastly, the acoustic intensity
can also be computed using the particle velocity calculations.

An open source k-Wave toolbox (Treeby and Cox, 2010) was used
for OA simulations in this study. The k-Wave when integrated to
MATLAB allows a platform to create various geometric shapes, control
detectors, and excitation laser parameters used in the OA simulations.
The acoustic waves are seen propagating during the simulation process
in the k-Wave. These waves coming from a geometric shape (mimicking
a tissue or NP) appear as time domain OA signal. The schematic of
an OA setup is shown in Fig. 1. It consists of a 2D computational
grid having 1024 x 1024 pixels with a surrounding perfectly matched
layer (PML) to prevent boundary reflections. The size of each voxel is
taken as 1 nm. A homogeneous medium has been considered for this
study i.e. the medium having no acoustic absorption/attenuation or
dispersion of sound.

A single NP, placed at the center of the computational domain, was
used as a target object. The number of time steps was 1000 with a time
step of duration of 92 femtoseconds. The incident light pulse exciting
the NP was considered to be homogeneous and hence a homogeneous
initial pressure distribution within the NP is assumed. An ideal delta
pulse is assumed for excitation. We placed the ideal point detector at
a distance of 512 nm from the center of the computational domain. In
order to check the variation in OA spectrum with the location of the
sensor, we placed the detector at two different locations, one along the
axis of symmetry and the other perpendicular to this axis of symmetry.
We employed six geometric shapes of NPs. These were sphere, prolate,
oblate, pentagon, hexagon, and star as illustrated in Fig. 2. These shapes
exhibit suitable characteristics as contrast agents in OA imaging. The
diameter of sphere shaped NP was 120 nm. Due to the restriction of
pixel size, wide range dimensions were unavoidable.
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Fig. 2. (a-f) Representative plots of nano sphere, oblate, prolate, pentagon, hexagon and star shapes.

3. Numerical simulation parameters
3.1. Physical parameters

A 3240 m/s was taken as the speed of sound of the medium (this is
the speed of sound in gold metal) and p = 19300 kg/m> was chosen
as the density of the medium (Li and Chen, 2015). For simplicity,
no dispersion of sound or absorption condition has been employed to
make an acoustically homogeneous medium. The k-Wave itself fixed
the other optical and thermo-mechanical properties. The OA source was
too positioned at the center of simulation grid. All calculations were
done on a personal computer with specifications (Intel(R) Core(TM) i7-
6700U CPU working at 3.4 GHz and having 16 GB RAM). To calculate
the OA field amplitude for each NP shape, approximately 12 min were
taken by the computer.

3.2. Shape parameters

3.2.1. Nano sphere, oblate and prolate shapes

A spheroid can be generated by rotating an ellipse either about
its major axis or its minor axis. Accordingly, they are known as nano
prolate and oblate spheres, respectively. The radial distance of a point
on the surface of such an object is given by (see Fig. 2(a—c)),

ab
[62 sin® 0/ + a2 cos? 0']1/2
with a and b are the semi-axes. For prolate sphere b > a and for oblate
sphere b < a. Three representative shapes of spheroidal NPs are shown
in Fig. 2(a—c). In this work, we have studied how OA spectrum changes
for different spheroidal NPs. All the shape-related parameters are given
in Table 1.

H) = (5)

Table 1
Numerical values for shape parameters used in calculation. (The unit for
length parameters is in nm.)

Objects Surface area Shape parameters
(nm?)
Nano sphere 1.13 x 10* a = 60.0, b = 60.0
Nano oblate 1.13 x 10* a = 84.84, b = 42.42
Nano prolate 1.13 x 10* a = 4242, b = 84.84
Nano pentagon 1.13 x 10* R. =60, e=008, n=>5
Nano hexagon 1.13 x 10* R, =60,¢=008 n=6
Nano star 1.13 x 10* R,=60,¢=030,n=5

3.2.2. Nano pentagon, hexagon and star particles
The nano pentagon, hexagon and star shapes were produced utiliz-
ing the following equation,

r(0") = R.[1+ €T, (cos 0)], (6)

where T,(cos6’) = cosnf’ is the Chebyshev polynomial of degree n, n
indicates to the waviness parameter, R, is the radius of the unperturbed
sphere and ¢ is the deformation parameter (Mugnai and Wiscombe,
1986). The pentagon, hexagon, and star shapes were obtained for n
=5, 6,5 and ¢ = 0.08, 0.08, and 30, respectively.

4. Results

The spectral behavior of the nano sphere is presented in Fig. 3(a)
along and perpendicular to the symmetry axis, respectively. It is ob-
served that OA spectral features are the same for both the detector
locations. It is because of the symmetrical shape of nano sphere. In
this case, the first minimum appears at 48 GHz for both the positions
of ultrasonic detector. From 1 to 10 GHz, the OA spectrum is flat and
featureless for a nano sphere as illustrated in Fig. 3(a).
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(a) Graphs of the OA spectral power computed at 0 and z/2 as a function of frequency (10-200 GHz) for nano sphere. (b) Same as (a) but for nano oblate.
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Fig. 4. (a) Plots of the OA field magnitude calculated at 0 and /2 as a function of frequency (10-200 GHz) for nano prolate. (b) Same as (a) but for nano pentagon.
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Fig. 5. (a) Graphs of the OA spectral power calculated at 0 and 7/2 as a function of frequency (10-200 GHz) for nano hexagon. (b) Same as (a) but for nano star.

The graphs of |[M(f)|?> for a nano oblate and prolate is presented
in Figs. 3(b) and 4(a) for two sensor positions (¢ = 0 and 0 = z/2)
relative to the Z-axis, see Fig. 1. The first spectral dip for oblate exhibits
at 47 and 22 GHz, respectively. This object is really thin along this
direction (see Fig. 2(b)) and that pushes the first dip to appear at a
high frequency. Though, the first dip for the second plot occurs at
around 80 GHz. The thickness of the prolate in this direction is 41.4%
greater than the nano sphere, respectively. That is why the dip pops
up before as compared to nano sphere. The spectra corresponding to
the pentagon, and hexagon are demonstrated in Figs. 4(b) and 5(a),
respectively. The first minimum position for these NPs occurs at 37 and
58 GHz, respectively.

The width of star NP along the direction of symmetry is little more
than that of nano sphere. That is why the first dip of the star is observed
at 57 GHz in the direction of § = 0. The first minimum becomes
noticeable at 31 GHz, when computed perpendicular to the direction of
symmetry, the location of this minimum is explained by the broadness
along the side view.

Along with the location of first dip, the number of minimum po-
sitions also differentiate the various shapes. The number of dips are

different for each NP along each measurement direction. The number
of minimum corresponding to the sphere, oblate, prolate, pentagon,
hexagon, and star is 4, 5, 4, 7, 6, and 5, respectively.

5. Discussion and conclusions

Different spectrum representing lines for nano sphere, oblate, pro-
late, pentagon, hexagon, and star have been produced at two sensor
locations (9 = 0 and x/2). For this purpose k-Wave simulation toolbox is
employed. Here we computed all simulations in two-dimensional (2D)
environment. It is observed that spectral lines are unique for all NPs
taken in this paper. However, acoustic properties for the source and
surrounding medium are considered same in the k-Wave simulations.
The wave number of a wave depends upon the speed of sound in
the NPs and hence moves the locations of minimum. Here we con-
stricted this study up to six different shapes. However, there are many
shapes like cube, triangle etc. We can too perform this simulation in
three dimensional (3D) computational grid, but that will be tedious as
compared to 2D computational grid.
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The spectrum trademark reflected in the frequency spectrum could
be truly valuable in recognizing the shape of a NP too. Additionally,
these sorts of simulation demanded less intricate coding and computa-
tionally less requesting. With the expressed PC specifications utilized,
it took around 12 min to finish one set of simulations for one structure
of NP. This simulation time is much faster than recently revealed
analytical techniques, which needs a couple of hours to produce the
OA signals (Hatef et al., 2015). An ideal point ultrasonic sensor was
used to capture the acoustic waves. This investigation can also be done
with more realistic and complex ultrasonic detectors depending upon
the need. At present just the impact of shape and size are examined
here, the properties of the NPs, for example, absorption coefficient can
likewise be modified for more detailed investigation. An ideal laser
pulse excitation is employed for each simulation. Although, in practical
applications the pulse width of laser excitation is in the range (2—
12 ns). These adjustments can easily be included in the solution of the
Helmholtz wave equation (in k-Wave). Different pulse width can be
applied based on the satisfaction of thermal confinement conditions.
However, here the width of pulse is very small and hence satisfy
the thermal confinement condition even for a nanoscale target size.
We also assumed that the ultrasound detector has infinite detection
bandwidths. However in practical approach, ultrasound detectors of
finite bandwidth are utilized to capture the OA signals. For OA imaging
of single cells, ultra-high frequency transducers were employed. In
such a work, transducers with a center frequency of 1.2 GHz was
used (Strohm et al., 2013). In our study, we have considered ideal point
detectors with infinite bandwidth.

The joint impact of infinite ultrasound detection bandwidth and
an ideal excitation laser pulse width generates a very wide frequency
spectrum of the captured OA signals. However, with finite ultrasound
detector bandwidth and finite excitation laser pulse width, we cannot
obtain such a high frequency OA spectrum. Overall, we have observed
that there is a identifiable spectral signature of the shape of the NP to
the optoacoustic signal produced and its frequency spectrum. Albeit,
quantitatively differentiation has not been made for all shapes. As the
point of the investigation was to exhibit that, it is conceivable to utilize
an user-friendly toolbox to generate optoacoustic signal from NPs.

In conclusion, the k-Wave simulation toolbox is utilized to capture
the OA signal and accordingly the OA spectrum has been produced
by a single NP (having various shapes). Six different structures of NPs
is simulated namely sphere, oblate, prolate, pentagon, hexagon, and
star. The frequency spectrum was computed using simulation means. It
was seen that there is a distinguishable alteration in the OA spectrum
depending on the shape of each NP. These distinctions can be valuable
to identify the shape of NP. This simulation technique is inexpensive,
simple, and does not need any prior complex mathematical modeling.
Further, the properties (i.e. the surrounding medium and absorption
coefficient) of NPs may be varied if required. This simulation technique
allows a better understanding on which shapes of NPs might act as
contrast agents for OA imaging.
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