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Featured Application: The optimization approach presented in this study can be directly
applied to other metals by changing the parameters in the size-dependent refractive index.
Complex shaped nanoparticles can also be optimized by using the discrete dipole approximation
and the finite-difference time-domain method.

Abstract: Previous investigations devoted to the optimization of nonspherical gold nanoparticles for
photothermal therapy (PTT) encountered two issues, namely, the appropriate selection of objective
functions and the processing of particle random orientations. In this study, these issues were resolved,
and accurate optimization results were obtained for the three typical nonspherical gold nanoparticles
(nanospheroid, nanocylinder, and nanorod) by using the T-matrix method. The dependence of the
optimization results on the excitation wavelength and the refractive index of tissue was investigated.
Regardless of the excitation wavelength and tissue type, gold nanospheroids were found to be the
most effective therapeutic agents for PTT. The light absorption ability of optimized nanoparticles
could be enhanced by using a laser with a longer wavelength. Finally, the design tolerance for the
different sizes of nanoparticles was provided.
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1. Introduction

Gold nanoparticles can strongly absorb the incident light at the resonance wavelength. Almost all
of the absorbed light is converted to heat via a series of nonradiative processes [1]. Moreover,
gold nanoparticles are biocompatible and nontoxic. Therefore, they can easily penetrate a tumor
upon systemic delivery and can be easily conjugated to cancer cells. Based on the above-mentioned
properties, gold nanoparticles can be used as an effective therapeutic agent for the photothermal
therapy (PTT) of cancer [1-4]. The enhancement of the light absorption ability of gold nanoparticles
reduces the dosage of gold, shortens the illumination time, and decreases the damage of healthy
cells. The light absorption ability of gold nanoparticles with a fixed shape is strongly dependent
on the particle size [5-7]. Therefore, it is necessary to find the optimal size of gold nanoparticles by
maximizing their light absorption ability at the excitation wavelength.

It is well known that experimental investigations on PTT are limited with respect to the prepared
samples. Some of the samples can strongly absorb light at the target laser wavelength without ensuring
their maximum light absorption ability. In order to find the optimal size of gold nanoparticles for
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PTT, some numerical optimizations were performed on gold nanoparticles [8-12]. However, to the
best of our knowledge, we found two issues which led to inaccurate optimization results. Firstly, it is
unreasonable to use the absorption efficiency Qs as an objective function in optimization. The Qs
is defined as C,s/S, where Cgy; is the absorption cross-section which represents the light absorption
energy by a single particle, and S is the particle cross-sectional area projected onto a plane perpendicular
to the incident light [13]. Assuming that a fixed volume of bulk gold is used to prepare nanoparticles,
the appropriate size of the nanoparticles which can most effectively absorb light of a given wavelength
should then be selected. Clearly, C.s/V (V is the particle volume) should be computed as a function
of size rather than of Qs [14], in order to fulfill the above-mentioned criteria. Secondly, the random
orientation of nonspherical particles, which is an important parameter affecting their light absorption
abilities, is not considered in optimization. Kessentini and Barchiesi [10] considered the circular
polarization of incident light to take into account the random orientation, but it was a conceptual
mistake [13]. In this study, the above-mentioned two issues were solved and accurate optimal size
parameters of three typical nonspherical gold nanoparticles (nanospheroid, nanocylinder, and nanorod)
were obtained for PTT.

The remainder of this paper is organized as follows: Section 2 describes the calculation of light
absorption by nonspherical gold nanoparticles. Section 3 presents the method for obtaining the optimal
size of gold nanoparticles at typical laser wavelengths used in PTT. The effects of the laser wavelength
and the refractive index of tissue on the optimization results are discussed. Moreover, the ranges of
size parameters that keep the volume absorption coefficient greater than a threshold are computed.
Finally, Section 4 concludes the paper.

2. Light Absorption by Nonspherical Gold Nanoparticles

The geometrical models of a gold nanospheroid, nanocylinder, and nanorod are shown in Figure 1.
The gold nanorod is considered to have the geometry of a cylinder capped with two hemispheres.
Two size parameters, length L and diameter D, are used to describe all three types of shapes. The length
L and the aspect ratio R = L/D are used for the optimization of these nanoparticles. Notably, a prolate
spheroid and cylinder, with their length larger than their diameter (L > D), are considered in this study.

-~
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(a) nanospheroid (b) nanocylinder (c) nanorod

Figure 1. Geometrical models of gold (a) nanospheroid, (b) nanocylinder, and (c) nanorod. The L
represents length and the D represents diameter.

All three types of nanoparticles belong to the class of rotationally symmetric particles.
Moreover, the nanoparticles are randomly oriented in therapeutic applications. Fortunately, the light
absorption properties of randomly oriented, rotationally symmetric metal nanoparticles can be easily
simulated by the T-matrix method [15]. Furthermore, the absorption cross-section of homogeneous,
randomly oriented, and rotationally symmetric particles is given by the Formula (1) [16] as follows:
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where k is the wavenumber in the surrounding medium and T is a matrix. The details of the T-matrix
method can be found in a book written by Mishchenko et al. [16]. The absolute magnitude of the
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absorption cross-section does not provide a reliable measure for the light absorption of an ensemble of
nanoparticles employed in real-life applications, because smaller particles can be loaded in a given
volume in greater numbers compared to particles with a larger size. Therefore, the more meaningful
parameter for comparison across a range of sizes includes the absorption cross-section per unit particle
volume called volume absorption coefficient a,;;. Volume absorption coefficient a, is calculated
herein to compare the light absorption ability of the three types of nanoparticles. The o, is given by

Formula (2) as follows:
Cubs

Qabs = A 2)
where V is the particle volume.

The refractive index of particles is an important parameter for the calculation. When the light
interacts with the metal nanoparticles, especially for sizes smaller than the mean free path of the free
electrons, the complex refractive index of the nanoparticle deviates from the bulk value because the
collision of the free electrons with the particle surface becomes important and cannot be neglected [17].

The complex refractive index becomes size-dependent, and it can be expressed as [17]:
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where 1y, is the complex refractive index of bulk metals, w is the angle frequency of incident
light, wp is the plasma frequency, vy denotes the Fermi velocity, I represents the mean free path
of the free electrons, A is a dimensionless parameter, usually assumed to be equal to 1, and L.y is
the reduced effective mean free path of the free electrons which equals the particle effective radius
(equal-volume-sphere radius) [17]. For gold, iiw, = 9.03 eV, which is obtained from the literature
report [18], vr =140 X 10'® nm/s and ls = 42 nm, which are acquired from the literature study [19].
The values of ny, at different wavelengths are obtained from the data published by Johnson and
Christy [20]. Cubic spline interpolation was used to calculate the complex refractive indices at
intermediate wavelengths, when the data are not available directly from Johnson and Christy.

The computer codes for the calculation of @, were developed based on the free T-matrix
codes developed by Mishchenko (https://www.giss.nasa.gov/staff/mmishchenko/t_matrix.html) [21].
Furthermore, the shape of the nanorods and the size-dependent complex refractive index of the metal
nanoparticles were added to the source code. The main input parameters for the code included the
light wavelength A, the aspect ratio R, the length L of particles, and the refractive indices of particles
and the surrounding medium, 1, and n,,, respectively. In most calculations, the refractive index of
the surrounding tissue was taken as 1.44, which is the refractive index of the subcutaneous fat [22].
Nanoparticles with length within the range of 30-130 nm were considered, and the aspect ratio was
selected between 2 and 8. The step sizes of the length and the aspect ratio were considered to be 1 nm
and 0.1, respectively.

3. Results and Discussion

To obtain the optimal size parameters, the values of the volume absorption coefficient a,; of
the gold nanospheroid, nanocylinder, and nanorod were calculated at an excitation wavelength of
800 nm as a function of the aspect ratio and length (Figure 2). Clearly, all three particles exhibited
a distinct peak corresponding to the maximum a,;,. Data obtained in this study indicate that the
optimized nanospheroids with an aspect ratio of 3.7 and a length of 59 nm exhibited the best light
absorption ability compared to that of the optimized nanocylinders and nanorods. The maximum a,s
of a nanospheroid is 8.7% higher than that of a nanocylinder, and 9.7% higher than that of a nanorod.
Kessentini and Barchiesi [10] reported that the absorption efficiency of optimized nanorods was slightly
higher than those of optimized nanospheroids and nanocylinders. Their results were inconsistent
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with the results of this study because of the different selections of objective function and processing of
particle random orientation.
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Figure 2. Volume absorption coefficient a,;;,; of gold (a) nanospheroid, (b) nanocylinder, and (c¢) nanorod
at an excitation wavelength of 800 nm as a function of the aspect ratio and length. The plus sign (+) is a
point corresponding to the maximum «,y;, and the numbers in the brackets are the values of optimal
aspect ratio, optimal length, and maximum a,, respectively. The refractive index of tissue is 1.44.

To provide more comprehensive data for experimental workers, the optimized size parameters
and the corresponding maximum volume absorption coefficients of gold nanospheroids, nanocylinders,
and nanorods were computed at four typical excitation wavelengths (800, 808, 820, and 1064 nm)
commonly used in PTT (Table 1). The results indicated that the light absorption ability of optimized
nanoparticles could be enhanced by using lasers with longer wavelengths. The volume absorption
coefficient of an optimized nanospheroid at a wavelength of 1064 nm was found to be 26.8% higher
than that at 800 nm. The optimal size parameters of the gold nanoparticles became larger with the
increase of the excitation wavelength. Gold nanoshells are the most commonly used nanoparticles in
PTT. The light absorption ability of a hollow gold nanoshell, calculated by using the Mie theory of
coated sphere [13,14], was compared with that of a gold nanospheroid (Table 2). The maximum volume
absorption coefficient of a gold nanospheroid was found to be three times that of a gold nanoshell at a
wavelength of 800 nm. With an increase in the wavelength, the gap between the two nanoparticles
became larger. In short, the optimized nanospheroids exhibited the best light absorption ability at all
excitation wavelengths.

Table 1. Maximum volume absorption coefficients aps ;4 and the corresponding optimal aspect ratio
Ropt and optimal length Lyp; of gold nanospheroid, nanocylinder, and nanorod at four typical excitation
wavelengths (800, 808, 820, and 1064 nm). The refractive index of tissue is 1.44.

A (nm) Shape Ropt Lopt (nm) @ gbs,max (M)
nanospheroid 3.7 59 348.7
800 nanocylinder 3.1 47 320.7
nanorod 3.5 52 317.8
nanospheroid 3.7 66 352.1
808 nanocylinder 3.1 52 3249
nanorod 3.5 58 3229
nanospheroid 3.8 68 359.0
820 nanocylinder 32 53 332.2
nanorod 3.6 59 330.0
nanospheroid 5.9 94 442.0
1064 nanocylinder 5.1 74 409.5

nanorod 5.4 84 407.5
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Table 2. Maximum volume absorption coefficients a,ps ;uqx Of gold nanospheroids and nanoshells
(hollow core) at four typical excitation wavelengths (800, 808, 820, and 1064 nm). The refractive index
of tissue is 1.44.

Xabs,max (Hm_l)

A (nm) nunospheroid/anunoshell
Nanospheroid Hollow Nanoshell abs,max abs,max
800 348.7 117.4 3.0
808 352.1 114.9 3.1
820 359.0 111.4 32
1064 442.0 62.5 7.1

To investigate the effect of the excitation wavelength on the optimization results, wavelengths from
800 to 1100 nm were selected because they are the main wavelength range for lasers used in PTT.
The optimization results for the three types of gold nanoparticles at the wavelength range between 800
and 1100 nm are shown in Figure 3. Due to the increase of the excitation wavelength, the light absorption
ability of each nanoparticle becomes higher (Figure 3a), the optimal aspect ratios of nanoparticles
increase almost linearly (Figure 3b), and the optimal lengths of nanoparticles increase in a stepwise
manner (Figure 3c). The optimized nanospheroids exhibited the highest light absorption ability at all
wavelengths, while the optimized nanocylinders showed a slightly higher light absorption ability than
that of the optimized nanorods. Both the optimal aspect ratio and the length of a nanospheroid were
larger than those of a nanocylinder and nanorod, while the optimized nanocylinder displayed smaller
size parameters than that of the optimized nanorod. Due to the increase in the wavelength from 800 to
1100 nm, the maximum volume absorption coefficient of the nanospheroid increased from 348.7 to
450.3 um~!, the optimal aspect ratio of the nanospheroid increased from 3.7 to 6.2, and its optimal
length exhibited an increase from 59 to 100 nm.
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Figure 3. (a) Maximum volume absorption coefficient s 4y, (b) optimal aspect ratio Ropt, and (c)
optimal length Lot of gold nanospheroid, nanocylinder, and nanorod at excitation wavelengths from
800 to 1100 nm at a step size of 10 nm. The refractive index of tissue is 1.44.

The refractive index of the surrounding medium is an important parameter impacting the light
absorption property of gold nanoparticles. In the calculations performed in this study, the surrounding
medium was considered to be biological tissue with a refractive index between 1.35 and 1.7 [22].
Figure 4 demonstrates the effect of the refractive index of tissue on the optimization results. Due to the
increase of the refractive index of tissue, the light absorption ability of each nanoparticle decreases
almost linearly (Figure 4a), and the optimal size parameters of the nanoparticles become smaller
(Figure 4b,c). Clearly, the change of the refractive index of tissue does not make the light absorption
ability of a nanospheroid lose its dominant position. Both the optimal aspect ratio and the length of a
nanocylinder are smaller than those of a nanospheroid and a nanorod. An optimized nanospheroid
has larger size parameters than an optimized nanorod. With the increase in the refractive index from
1.35 to 1.7, the maximum volume absorption coefficient of a nanospheroid decreases from 369.8 to
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305.2 um™!, the optimal aspect ratio of a nanospheroid decreases from 4 to 2.9, and its optimal length
decreases from 69 to 49 nm.
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Figure 4. (a) Maximum volume absorption coefficients a;ps nax, (b) optimal aspect ratio Ropt, and (c)
optimal length Ly of gold nanospheroid, nanocylinder, and nanorod at an excitation wavelength of
800 nm. The refractive index of tissue is varied from 1.35 to 1.7 in a step size of 0.05.

The above-mentioned discussion clearly indicates the presence of only one group of optimized
size parameters for a fixed excitation wavelength and a known biological tissue. However, it is difficult
to prepare the gold nanoparticles of the same size in the actual particle synthesis as the optimized
results. Therefore, it is necessary to obtain the ranges of size parameters that keep the volume
absorption coefficient greater than a threshold. Herein, a threshold of 90% of the maximum volume
absorption coefficient was considered for each nanoparticle. Figure 5 shows the size parameters of gold
nanoparticles, ensuring that the volume absorption coefficients are larger than 90% of the maximum
coefficients, at an excitation wavelength of 800 nm. The range of length is much wider than that of
the aspect ratio for each nanoparticle. Compared to the nanocylinder and nanorod, the nanospheroid
exhibited a slightly wider range of length and a larger aspect ratio. The min-max and mean-std
values of the aspect ratio and length of the gold nanoparticles, ensuring that the volume absorption
coefficients are larger than 90% of the maximum coefficients, at four typical excitation wavelengths
(800, 808, 820, and 1064 nm), are listed in Table 3. The results indicate that the nanoparticles have larger
size parameters and wider ranges at the longer excitation wavelength.

sizes ensuring 90% of o sizes ensuring 90% of o sizes ensuring 90% of o

10 abs,max 100 abs,max 10 abs,max
a) nanospheroid b) nanocylinder ¢) nanorod
oq | (2) nanosp op | (0 manocy 00 ©
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Figure 5. Aspect ratio and length of the gold (a) nanospheroid, (b) nanocylinder, and (c) nanorod at an
excitation wavelength of 800 nm, ensuring that the volume absorption coefficients are larger than 90%
of the maximum coefficients. The refractive index of tissue is 1.44.
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Table 3. Min, max, mean, and std values of aspect ratio R and length L, ensuring that the volume
absorption coefficients are larger than 90% of the maximum coefficients, at four typical excitation
wavelengths (800, 808, 820, and 1064 nm). The refractive index of tissue is 1.44.

A (nm) Shape [Ryins Rinax] Rinean + OR [Lyins Linax] (nm) Linean £ o1 (nm)

nanospheroid [3.5, 3.8] 3.7+0.1 [43, 80] 61 +10

800 nanocylinder [2.9,3.2] 31+0.1 [34, 63] 48 + 8
nanorod [3.3, 3.6] 35+0.1 [38, 72] 54+9
nanospheroid [3.6,3.9] 3.7+0.1 [44, 82] 62 + 10

808 nanocylinder [3.0, 3.3] 3.1+0.1 [35, 65] 50 + 8
nanorod [3.4,3.6] 35+0.1 [39, 73] 57 +9
nanospheroid [3.7,4.0] 3.9+0.1 [45, 84] 64 + 10

820 nanocylinder [3.1,3.4] 32+0.1 [36, 66] 51+8
nanorod [3.5,3.7] 3.6+0.1 [40, 74] 57 +9
nanospheroid [5.6, 6.2] 59+0.2 [64, 122] 93 +15

1064 nanocylinder [4.8,5.3] 51+02 [52,99] 75+ 12
nanorod [5.2,5.7] 55+0.2 [56, 106] 80+ 13

4. Conclusions

In this study, the light absorption ability of a gold nanospheroid, nanocylinder, and nanorod was
investigated in the near-infrared region. The optimal size parameters of nanoparticles were obtained
by maximizing the volume absorption coefficient. Four typical excitation wavelengths (800, 808, 820,
and 1064 nm) used in PTT were considered. The results showed that the optimized nanospheroids with
an aspect ratio of 5.9 and a length of 94 nm exhibited the best light absorption ability at the excitation
wavelength of 1064 nm. In this case, the light absorption ability of optimized nanospheroids was found
to be 7.1 times that of optimized nanoshells. Furthermore, the effects of the excitation wavelength and
the refractive index of tissue on the optimization results were analyzed. Both the light absorption
ability and the size parameters of optimized nanoparticles increased with the increase of the excitation
wavelength, while they decreased as the refractive index of tissue increased. Finally, the ranges of the
size parameters that maintained the volume absorption coefficient greater than a threshold of 90% of
maximum value were calculated. The optimized particles are suitable for continuous wave and pulsed
laser illumination because the T-matrix method is independent of the laser output mode. This study
offers a purely theoretical treatment of the optimization of gold nanoparticle manufacture for PTT.
Undeniably, more systematic explorations are demanded to investigate factors such as particle toxicity,
melting threshold, and cellular uptake, which play important roles in the efficiency of PTT techniques.
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