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Abstract: Precise control of the thermal damage area is the key issue during thermal therapy,
which can be achieved by manipulating the light propagation in biological tissue. In the present
work, a method is proposed to increase the uniformity of the specific absorption rate (SAR)
distribution in tumors during laser-induced thermal therapy, which is proved to be effective
in reducing the thermal damage of healthy tissue. In addition, a better way of manipulating
light propagation in biological tissue is explored. It is found that the anisotropic scattering
characteristics of nanoparticles are strongly dependent on their shapes, sizes, orientations,
and incident wavelengths, which will strongly affect the light propagation in nanoparticle
embedded biological tissue. Therefore, to obtain a better outcome from photothermal therapy,
the scattering properties of nanoparticles are very important factors that need to be taken into
consideration, along with the absorption efficiency. Further investigation finds that nanoparticles
that predominantly scatter to the forward direction are favorable in obtaining a larger penetration
depth of light, which will improve the uniformity of SAR and temperature distributions. This
paper is meaningful for the application of nanoparticle-assisted laser-induced thermal therapy.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

As an important alternative treatment for cancer, nanoparticle-assisted laser induced thermal
therapy (LITT) has drawn much attention in recent years [1–4]. Most of the recent investigations
are focused on, but not limited to, light and heat propagation in biological tissues embedded with
nanoparticles [1,5], developing advanced nano-therapeutic agents [6–8], and new strategies for
LITT [9–12]. Very recently, Alrahili et al. reported experimental and theoretical studies of the
photothermal efficiency of gold nanoparticles in different sizes and morphologies, including
nanospheres, nanorods, nanourchins, and nanosphere conjugates [13]. It was found that decorating
a dye that absorbs 808 nm light can enhance the photothermal efficiency for nanospheres, which
paves a new way for the development of possible new candidates for photothermal therapy.
Despite the rapidly increasing research interests in this area, several remaining problems must be
solved, among which the unwanted damage of healthy tissue is a non-negligible issue that must
be settled in practice.

The most important purpose for introducing plasmonic nanoparticles to the process of LITT is
to improve the selective heating of cancerous tissue [14–16]. However, the selective effect is only
realized on a certain level. Specifically, for non-invasive cases, when the light is irradiated at the
tissue surface, it needs to transfer through healthy tissue before reaching the targeted tumor. Even
if one assumes that the superficial tissue is nearly transparent, which means the heat generation in
healthy tissue can be neglected, light still attenuates rapidly after it reaches the interface between
nanoparticle-embedded cancerous tissue and surrounding healthy tissue, which means that the
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light induced heat source is basically distributed near the tumor surface. Therefore, to induce
thermal damage of deeper cancerous tissue, the surrounding healthy tissue will be inevitably
heated due to heat diffusion. The accurate prediction and manipulation of light propagation
in biological tissue embedded with nanoparticles are the key issues to confront in solving the
above-mentioned problem.

To accurately predict light propagation and absorption in biological tissue, the anisotropic
scattering of biological tissue and nanoparticles should be taken into consideration. However, with
extensive growing interest in the study of the absorption properties of plasmonic nanoparticles
[16,17], their scattering effects, especially their scattering directivity are often neglected. In
other words, to simulate light transportation in biological tissue embedded with plasmonic
nanoparticles, the scattering contribution of nanoparticles is often overlooked or simply treated
as isotropic scattering. The anisotropic scattering properties of high-refractive-index dielectric
nanoparticles are extensively investigated due to their low dissipative losses and thermal heating
[18–23]. However, regarding plasmonic nanoparticles, researchers care more about their localized
heat generation rates, which is to say, the absorption property of plasmonic nanoparticles seems
more important than their scattering property. For applications that involve both heat and optical
propagation, the scattering properties of plasmonic nanoparticles also play an extremely important
role. The most representative example is the above-mentioned nanoparticle-assisted LITT, in
which accurate prediction of light transportation is of equal importance or even more important
than heat generation and diffusion.

Therefore, the light scattering of plasmonic nanoparticles is worth further investigation. In
the studies of absorption properties of plasmonic nanoparticles, wavelengths corresponding to
the localized surface plasmon resonance (LSPR) have always been paid special attention [8,24],
due to its high photothermal conversion efficiency, which means that in LITT the wavelength
corresponding to the LSPR of nanoparticles is the first choice to enhance the light absorption
in targeted area. However, it is not the only optical characteristic that one must take into
consideration. In the present work, we mainly focused on the impact of anisotropic scattering
of nanoparticles on the temperature field of biological tissue during photothermal therapy, in
which the particles concentration is kept as constant. The influence of light-to-heat conversion
efficiency and concentration of nanoparticles have been investigated in our previous work and
other relative works [1,25–27], which will not be discussed here.

2. Theoretical approaches

The scattering and absorption properties of isolated nanoparticles with different geometries and
materials are calculated by the discrete dipole approximation (DDA). The basic principle of
DDA is to discretize nanoparticles into a cubic array of virtual N-point dipoles [28]. Then, the
scattering field of the entire particle can be approximated as the summation of all the dipoles,
which means that it can be applied to obtain the optical properties of arbitrarily shaped targets.
The polarization of the ith dipole can be expressed as Pj =αjEj, where αj is the polarizability of
the jth dipole and Ej is the electric field in position rj, which can be obtained by [28]:

Ej = Einc
j −

∑︂
k≠j

AjkPk (1)

where Einc
j is the incident electric field, which is given by Einc

j = E0exp(ik · rj − iωt). E0 is
the amplitude of the electric field intensity and k can be expressed as ω/c. Ajk stands for the
interaction matrix, where j and k are the number of dipoles. AjkPk is the electric field at position
rj, which is triggered by the dipole at position rk. It is given as [29]:

AjkPk =
exp(ikrjk)

r3
jk

{︄
k2rjk × (rjk × Pk) +

(1 − ikrjk)

r2
jk

× [r2
jkPk − 3rjk · Pk]

}︄
, j ≠ k (2)



Research Article Vol. 12, No. 2 / 1 February 2021 / Biomedical Optics Express 895

If Ajj is defined as Ajj = −α−1
j , then the scattering problem can be described as a set of linear

equations as follows:
N∑︂

k=1
AjkPk = Einc

j (3)

The extinction, absorption, and scattering cross section can be calculated by:

Cext =
4πk
|E0 |

2

N∑︂
j=1

Im(Einc,∗
j · Pj) (4)

Cabs =
4πk
|E0 |

2

N∑︂
j=1

[︃
Im(Pj · α

−1
j · P∗

j ) −
2
3

k3 |Pj |
2
]︃

(5)

Csca = Cext − Cabs (6)

where P* is the polarization of each dipole. The corresponding extinction, absorption, and
scattering efficiency is the ratio of the cross section and πR2

eff, where Reff is the effective
radius. Reff is invariably utilized to characterize the size of an arbitrarily shaped small particle,
which can be expressed as Reff = (3 V/4π)1/3, where V is the volume of the particle. Then,
the corresponding absorption (Qabs), scattering (Qsca), and extinction (Qext) efficiencies can
be expressed as Qabs =Cabs/(πReff

2), Qsca =Cabs/(πReff
2), and Qext =Cabs/(πReff

2), respectively.
The detailed description of DDA can be found elsewhere [29–31].

The light propagation in biological tissue is calculated by the Monte Carlo method (MCM),
which is widely applied [1,32,33]. The basic principle of the MCM is shown in Fig. 1. The details
will not be repeated here and can be found in other studies [32–34]. It should be noted that the
anisotropic scattering characteristic of both nanoparticles and tissues is taken into consideration
in the present work. Therefore, before deciding the scattering direction of light during the
execution of the MCM, it should be judged first that whether the light is interacting with tissue
or nanoparticle. In the present work, this is achieved by generating a random number Nrand. If
Nrand > βn/( βn + βt), the light is interacting with tissue, where βn and βt are the attenuation
coefficients of nanoparticle system and tissue, respectively. Otherwise, the light is interacting
with nanoparticles. Afterwards, the scattering directions can be decided accordingly by the
following equation if Henyey-Greenstein function (H-G) is applied [34]:

cos θ =
1
2g

[︃
1 + g2 −

(︃
1 − g2

1 − g + 2gNrand

)︃]︃
(7)

where g is the asymmetry factor of tissue matrix or nanoparticles. In the present work, a
three-parameter analytic phase function based on H-G phase function is also applied. The details
can be found in the supporting information.

The Pennes bioheat transfer equation with light induced volumetric heat source Qr is applied
to solve the heat transfer problem in nanoparticle-embedded biological tissue [1]:

ρcp
∂T
∂t
= k∇2T + Qb + Qm + Qr (8)

where ρ, cp, T, and k denote the density, specific heat, temperature, and thermal conductivity of
the tissue, respectively. Qb and Qm stand for the heat transfer from the blood and the volumetric
metabolic heat generation rate, respectively, where Qb can be expressed as [35]:

Qb = wbρbcpb(Tb − T) (9)

where w is the blood perfusion rate of the tissue. The subscript ‘b’ denotes blood.
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Fig. 1. Flowchart of Monte Carlo method.

3. Results and discussion

3.1. Non-uniform temperature distribution of laser-irradiated nanofluid

A very important issue that limits the development of laser induced thermal therapy is the
non-uniform temperature distribution in the cancerous area, which may lead to inadequate
treatment of tumors or overheating of the surrounding healthy tissue. This is decided by the
propagation nature of light in semi-transparent media, which means that the energy carried by
light attenuates while it travels through the medium. The attenuated energy can be divided into
two parts which are either absorbed or scattered by the medium. Most of the previous studies are
focused on solving this problem by manipulating the first part, which is usually realized by adding
nanoparticles into the cancerous tissue to increase the absorption of the tumor, and therefore to
distinguish cancerous tissue from healthy tissue. However, this approach is not sufficient since it
may cause non-uniform temperature distribution inside the tumor, since the penetration depth of
light in nanoparticle-embedded tissue can be very limited.

Fig. 2 shows the temperature distribution of nanofluid under the illumination of a 532 nm CW
laser. It can be seen that the high temperature zone is located in the nanofluid side, near the
air-fluid interface. In the photothermal therapy case, it will appear around the interface between
cancerous and healthy tissue. The reason is that light attenuates rapidly after it reaches the
nanofluid. Therefore, the expansion of the high temperature zone is driven by the light induced
heat source and heat diffusion. During photothermal therapy, to avoid unwanted damage to
surrounding healthy tissue, the effect of heat diffusion must be minimized. To gain deep insight
into the light and heat transfer problems involved, a light and heat transfer model considering the
anisotropic scattering of nanoparticles is established. Fig. 2(d) shows the temperature distribution
along the center line of the cuvette surface. g represents the asymmetry factor in H-G scattering
phase function. g= 0.9 and -0.9 denote forward and backward scattering, respectively. When g
is set as 0.336, the scattering characteristic is very similar to that of a gold nanoparticle with
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radius r= 80 nm (see Fig. S1 in the Supporting Information). It can be seen from the numerical
results that for the nanoparticles with backward scattering (g< 0), the temperature homogeneity
is worse than those with forward scattering (g> 0), which means that by adjusting the scattering
characteristic of the embedded nanoparticles, the temperature homogeneity can be improved.
It is worth noting that the temperature homogeneity of the experimental results is worse than
that of the numerical ones. It may be induced by the slight aggregation of nanoparticles [see
Fig. 2(f)], which may increase the extinction coefficient of the nanofluid, and therefore reduce
the penetration depth of light. However, this still needs to be further investigated for specific
condition.

Fig. 2. Temperature change of nanofluid under the illumination of 532 nm CW laser.
(a) Experimental setups; (b) schematic diagram of experimental system; (c) Measured
temperature distribution of the cuvette surface using infrared camera with laser illuminated
for 240 s; (d) Comparison of simulation (g= -0.9, 0.336, and 0.9) and experimental results
of temperature change in the center line of the cuvette surface, where g represents the
asymmetry factor of the H-G phase function. The initial temperature is considered as 298 K;
(e) Maximum temperature rise as a function of time; (f) SEM images of nanofluid with
nanoparticles of radius r= 80 nm.

3.2. Anisotropic scattering of plasmonic nanoparticles

To manipulate the scattering characteristic of nanoparticles, one must first know how the factors
(shape, size, and material) affect the scattering directivity of nanoparticles. In this section, the
anisotropic scattering of plasmonic nanoparticles is investigated. In the following content, the
refractive index of the matrix media (water) is set as 1.33, which is frequently used in other
references [2,11,36]. The aspect ratio (AR) of nanorods is defined as the ratio of cylinder length,
not including end-caps, and cylinder dimeter. Regarding the triangular prism, AR is defined as
the ratio of sides of the triangular cross section and the length of the prism.

It can be easily predicted that the radiation pattern of non-spherical nanoparticles will exhibit
severe anisotropism. Here, the radiation patterns of a gold triangular nanoprism and nanorod
with different incident directions of light are shown as an example (see Fig. 3). It can be seen
that scattering phase function can be extremely anisotropic depending on the orientations of
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the nanoparticles, especially for triangular nanoprisms. Moreover, for nanorods, totally forward
scattering and isotropic scattering can be achieved in certain conditions. It is worth mentioning
that in biological tissues, the nanoparticles are distributed and oriented randomly. Therefore, to
calculate the light scattering in biological tissues, the scattering phase function of non-spherical
nanoparticles should be averaged by the results of several different orientations (see Fig. S4).
Moreover, the number of the orientations considered should be selected carefully to obtain a
sufficiently accurate solution, while at the same time it should be kept to a minimum to reduce
computational costs. Here, we studied scattering properties of six different types of nanoparticles,
spherical and non-spherical, including nanospheres, triangular nanoprisms, nanocubes, nanorods,
and nanoshells (Au@SiO2 and SiO2@Au), aiming to develop a better solution for a more
reasonable light delivery system in biological tissues. Fig. 4 illustrates the radiation patterns for
the above-mentioned types of nanoparticles in different sizes averaged from 20× 20 orientations
irradiated by 532 nm and 808 nm lasers. It should be noted that 532 nm is selected specifically
to illustrate the forward scattering properties, since forward scattering is more likely to appear
under high frequency wave illumination. However, for thermal therapy, the wavelength located in
the near-infrared region, such as 808 nm, is favorable for larger tissue penetration depth. It is very
interesting to note that by averaging the directional scattering intensities, the radiation patterns for
different shapes of nanoparticles seem to exhibit similar shapes, except for nanorods. However,
the radiation patterns can all be described by the three-parameter analytic phase function (see
Figs. S2 and S3), which can be attributed to that obtained by averaging the scattering intensities
of different incident directions, and the non-spherical particles can be equivalent to spherical
particles with an equivalent radius.

Fig. 3. Radiation patterns for (a-b) triangular nanoprism and (c-d) nanorod when laser is
irradiated from different directions. The effective radius of nanoparticles is 50 nm. The
incident wavelength is 532 nm. The aspect ratio of triangular nanoprism and nanorod are 2.0
and 3.0, respectively. FWD and BWD stand for forward and backward direction, respectively.

It also can be seen that the radiation pattern seems to also be related to the particle size.
Taking the triangular nanoprism as an example, with decreasing particle radius, the radiation
pattern turns from forward scattering to nearly isotropic scattering [see Fig. 4(b)]. Moreover,
the incident wavelength is also an important factor that needs to be considered, which is of
great importance for the scattering properties of nanoparticles. Fig. 5 illustrates the radiation
patterns of gold nanospheres and Au@SiO2 nanoshells as the function of wavelength. It is
obvious that with increasing wavelength the radiation pattern of nanospheres goes from forward
scattering to backward scattering, which is consistent with the conclusion for larger particles
[37]. Interestingly, for nanoshells, two scattering peaks and one dip in the spectral scattering
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Fig. 4. Radiation patterns for (a) nanosphere; (b) triangular nanoprism; (c) nanocube; (d)
nanorod; (e) nanoshell (Au@SiO2); and (f) nanoshell (SiO2@Au). The effective radius
of the nanoparticles is set as 50 nm for the 2D radiation patterns with incident wavelength
λ= 808 nm. The insets are 3D radiation patterns for corresponding nanoparticles for
λ= 532 nm (upper) and λ= 808 nm (lower). The aspect ratio of triangular nanoprism and
nanorod are 2.0 and 3.0, respectively. For nanoshell, the ratio of inner and outer diameters
are 4 : 5.

curve exist. From the radiation patterns corresponding to the peaks and dip, it can be seen that
this conclusion is also valid.

Fig. 5. Wavelength dependence of radiation patterns for (a) gold nanosphere and (b) gold
nanoshell (Au@SiO2). For nanoshell, the ratio of inner and outer diameters are 4 : 5.

From the above analysis, I can be concluded that the desired scattering characteristic can be
obtained by tuning the incident wavelength or particles sizes. However, the laser wavelength
applied in thermal therapy is usually limited to the “optical window”. As can be seen from
Fig. 5, the boundary for both backward scattering dominating and forward scattering dominating
is the scattering peak, which means that when the incident wavelength is shorter than the
wavelength corresponding to the scattering peak the nanoparticle will exhibit a forward-scattering
characteristic. This is also valid for nanoparticles of other materials (see Fig. S7). Fortunately,



Research Article Vol. 12, No. 2 / 1 February 2021 / Biomedical Optics Express 900

the scattering peak can be tuned continuously in the near-infrared range [38], which means that
the desired scattering patterns can be achieved by changing the size, shape, and component
of nanoparticles without altering the applied laser wavelength. It should be noted that this
conclusion is also consistent with previous investigations that Rayleigh scattering occurs in all
directions when the particle size is much smaller than the light wavelength. However, when
the particle size is comparable to the light wavelength (Mie scattering regime), incident light is
predominantly scattered in the forward direction [37,39]. Therefore, from the point view of light
propagation, it is suggested to use a kind of nanoparticle with larger radius or short wavelength
laser during photothermal therapy. Meanwhile, despite the scattering properties, the light-to-heat
conversion efficiency (Qabs/(Qabs+Qsca)) of nanoparticles should also be taken into consideration.
It should be noticed that the peak of the absorption and scattering profiles do not always match
(see Fig. 6). Even if they match, the photothermal conversion efficiency is always strongly related
to wavelength. More importantly, under some circumstances, absorption dominates (Qabs/Qsca >
1) and sometimes scattering dominates (Qabs/Qsca < 1). This has a crucial influence on the SAR
in biological tissues when irradiated by laser. However, in former studies, the wavelength close
to the corresponding absorption peak is always the first choice, which may be not the optimal
one since the SAR distribution is an important factor in LITT [1].

Fig. 6. Absorption and scattering efficiency for gold nanoparticles: (a) nanosphere; (b)
triangular nanoprism; (c) nanocube; (d) nanorod; (e) nanoshell (Au@SiO2); (f) Nanoshell
(SiO2@Au) with different effective radius. The aspect ratio of triangular nanoprism and
nanorod are 2.0 and 3.0, respectively. For nanoshell, the ratio of inner and outer diameters
are 4 : 5.

3.3. Temperature increase analysis of tissue embedded with anisotropic scattering
nanoparticles

In this section, the inhomogeneity of temperature distribution in biological tissue embedded
with nanoparticles during LITT is investigated. An efficient and practical way to control the
temperature distribution in biological tissues is to manipulate the heat source distribution induced
by laser irradiation, since the heat conduction process in tissues is very difficult, if not impossible,
to control. The most favorable heat source distribution would be that the heat source induced
by laser is totally concentrated in the tumorous zone, which enables heating of the tumor zone
to hyperthermia conditions in a very short time without influencing the nearby healthy tissue.
However, due to the scattering and absorption effects, the light penetration depth in tissues is very
limited even for the wavelength within the near-infrared window, which will be further reduced
with the injection of nanoparticles. This means that when irradiated by laser the superficial tissue
or the interface between the tumor and biological tissue will be heated first without heating the
inner part of tumor. Therefore, to improve the penetration depth of light in tumors will reduce the
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overheating of nearby healthy tissue. Obviously, the asymmetry factor g of biological tissue will
greatly affect light propagation and heat generation in tissues (see Fig. 7). The optical properties
of tissues were obtained from Ref. [33] and the input parameters are listed in Table 1. It can
be seen that for backward scattering, most of the incident light is absorbed by the superficial
tissue. The SAR distribution is highly heterogeneous, which may lead to the damage of healthy
tissue. However, for the forward-scattering tissue, SAR distribution is nearly uniform, which
means uniform heating of the tumor.

Fig. 7. Heat generation rate in a 2D biological tissue without nanoparticles embedded:
(a), (b), and (c) show the heat generation rate distributions of biological tissue without
nanoparticles for forward scattering (g= 1.0), isotropic scattering (g= 0), and backward
scattering (g= -1.0), respectively. The upper boundary of the physical model is exposed to
laser irradiation. The left boundary of the biological tissue is set as symmetrical. Other
boundaries are set as transparent.

Table 1. Physical parameters in optical transfer model.

Parameters Value

Optical properties of tissue

Absorption coefficient 41 m−1

Scattering coefficient 500 m−1

Absorption coefficient (with nanospheres R= 50 nm) 116 m−1

Scattering coefficient (with nanospheres R= 50 nm) 708 m−1

Properties of gold nanoparticles
Absorption efficiency 0.167

Scattering efficiency 0.462

Volume fraction 3.0× 10−5

Other properties

Laser intensity 5000 W/m2

Heating time 50 s

Length 0.025 m

Height 0.01 m

Grid number 100× 250

Number of photons in each grid 106
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Unfortunately, to the best of our knowledge, manipulating the asymmetry factor of tissue is
very difficult to achieve, if it is possible at all. However, the asymmetry factor of the injected
nanoparticles can be easily tuned according to the above analysis. Thus, the influence of
the asymmetry factor of nanoparticles on the light and heat transportation in laser-irradiated
tissues was studied. The nanoparticles are assumed to be uniformly distributed in the tumorous
area. To simplify the problem under consideration, the asymmetry factors of nanoparticles
are approximately set as 1.0, 0, and -1.0, corresponding to forward, isotropic, and backward
scattering, respectively. Moreover, the actual g value of the asymmetry factor of gold nanospheres
with a radius 50 nm was also considered. It should be notice that the scattering pattern of
nanosphere with R= 50 cannot be described using the traditional H-G function. It should be
fitted using a three-parameter function, which is introduced in the Supporting Information. It is
found that, even when keeping the asymmetry factor of the tissue constant, the scattering pattern
of a nanoparticle alone can contribute substantially to the light propagation pattern in tissue
(see Fig. 8). To be specific, forward-scattering nanoparticles are favorable for a more uniform
distribution of the heat source. It is worth noting that when the asymmetry factor of the tissue
matrix is set as 0.9, the influence of the asymmetry factor of nanoparticles is weakened, but is
still noticeable. Moreover, when the asymmetry factor of nanoparticles is set as an actual gold
nanosphere with R= 50 nm instead of being treated as isotropic scattering, the distribution of
the heat generation rate is almost the same. This is because the radiation pattern of R= 50 nm
nanoparticles at 808 nm is almost isotropic. However, as mentioned above, this can be tuned by
selecting the nanoparticle size and shape or the applied laser wavelength.

Fig. 8. Heat generation rate in a 2D biological tissue with nanoparticles embedded: (a1)
and (a2) forward scattering (g= 1.0); (b1) and (b2) actual scattering properties of gold
nanosphere with R= 50 nm under 808 nm laser irradiation; (c1) and (c2) isotropic scattering
(g= 0); and (d1) and (d2) backward scattering (g= -1.0). In (a1)-(d1), the asymmetry factor
of tissue are set as 0, which means isotropic scattering. In (a2)-(d2), the asymmetry factor
of tissue are set as 0.9, corresponding to forward scattering.

To examine the contribution of non-uniform distribution of the heat generation rate on
the temperature distribution, the heat transfer problem of tissue under laser irradiation was
investigated. Fig. 9 shows the physical model and boundary conditions of the bio-heat transfer
problem under consideration. The tissue surface is assumed to be irradiated by laser vertically.
The temperature distributions of biological tissue with tumor embedded with nanoparticles
for different scattering patterns are illustrated in Fig. 10. The solid line is the boundary of a
heating area. ∆T < 10 K means that the temperature difference (the highest temperature minus
the lowest temperature in the marked region) is less than 10 K, which is used as an indicator
to show the temperature uniformity in the present work. It can be seen that for the forward
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scattering, the temperature distribution inside tumor has the best uniformity, when the asymmetry
factor of tissue matrix is set as 0.9. Furthermore, it can be seen that the results of practical
nanoparticle are similar to those of the isotropic scattering cases in the present situation. However,
it should be known that the asymmetry factor of actual nanoparticles can be further improved by
tuning the size, shape, or component of the nanoparticle. The normalized temperature of the
left-hand boundary is shown in Fig. 11, in which the normalized temperature means that the
temperature along the left-hand boundary for different cases is divided by the highest temperature
corresponding to that situation. It can be seen more clearly that with the asymmetry factor g of
nanoparticles changing from backward to forward scattering, the temperature distribution inside
the tumorous area will become more uniform. Similar results can be obtained for biological

Fig. 9. Physical model and boundary conditions of bio-heat transfer.

Fig. 10. Temperature distribution of biological tissue with tumor embedded with nanoparti-
cles when irradiated by laser for 50 s: (a) forward scattering (g= 1.0); (b) actual scattering
properties of gold nanosphere with R= 50 nm under 808 nm laser irradiation; (c) isotropic
scattering (g= 0); and (d) backward scattering (g= -1.0) nanoparticles, respectively. The
asymmetry factor of tissue is set as 0.9. The nanoparticles are assumed to be distribution
uniformly and oriented randomly inside tumor. Other optical properties and conditions
are the same as Fig. 8. The white lines are the boundaries of tumor and the black lines
separate the region that with temperature difference less than 10 K compared to the highest
temperature in the tissue surface.
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tissue embedded with gold nanorods (see Figs. S10 and S11). Therefore, it can be concluded
that by carefully selecting the asymmetry factor of the embedded nanoparticles, the temperature
uniformity can be improved in tumor during laser induced thermal therapy.

Fig. 11. Normalized temperature along the left boundary of biological tissue with tumor
with nanoparticles.

4. Conclusions

In the present work, the influence of anisotropic scattering of nanoparticles on the uniformity
of SAR distribution in tumors during LITT is investigated, aiming to increase the temperature
uniformity insider tumors. The anisotropic scattering properties of different nanoparticles are
also explored. On this basis, the SAR and temperature distributions of biological tissue embedded
with nanospheres and nanorods for different scattering patterns during laser irradiation are
presented. It was found that the anisotropic scattering characteristics of nanoparticle are strongly
dependent on its shape, size, orientation, and the incident wavelength. To obtain a better outcome
from photothermal therapy, the scattering properties of nanoparticles are also very important
factors that need to be taken into consideration along with the absorption efficiency. Further
investigation found that nanoparticles that predominantly scatter in the forward direction are
beneficial to the forward propagation of light, which can improve the uniformity of SAR and
temperature distributions. In conclusion, the anisotropic scattering properties of nanoparticles
should also be considered when selecting nanoparticles as thermal contrast agents. To be specific,
from the aspect of light propagation, it is suggested that larger nanoparticles or short wavelength
laser should be applied in the application of photothermal therapy to obtain a more uniform
temperature distribution in the tumorous area. In the meantime, it should be noted that it is a
very complicate problem for the selecting of nanoparticles in clinical applications. There are
also many other factors that need to be taken into consideration, such as the deliver and uptake
of nanoparticles in biological system. A comprehensive future work is also need to show the
outcome of nanoparticles selection under this guideline.
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