Lasers Med Sci (2015) 30:165-172
DOI 10.1007/s10103-014-1618-0

ORIGINAL ARTICLE

Laser irradiation of ferrous particles for hyperthermia
as cancer therapy, a theoretical study

Jigar M. Patel - Cahit A. Evrensel - Alan Fuchs -
Joko Sutrisno

Received: 31 December 2013 / Accepted: 11 June 2014 / Published online: 1 August 2014

© Springer-Verlag London 2014

Abstract Our recent in vivo animal studies showed the
feasibility of using micron sized iron particles to induce
physical damage to breast cancer tumors and thereby trig-
gering a localized immune response to help fight the cancer.
Combining a hyperthermic treatment with this ongoing
study may enhance the immune response. As a result, a
novel treatment of inducing hyperthermia using iron parti-
cles excited by a continuous wave near-infrared laser was
analyzed. In this theoretical study, Mie scattering calcu-
lations were first conducted to determine the absorption
and scattering efficiencies of the suspended drug coated
particles. The resulting heat transfer between the parti-
cles and the surrounding tumor and the healthy tissue was
modeled using Pennes’ Bioheat equation. Predicted temper-
ature changes were satisfactory for inducing hyperthermia
(42 °C), thermally triggering drug release, and even thermal
ablation (55 °C).
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Introduction

Recent study by the World Health Organization reported
that the incidence rates of cancer are expected to grow
by 75 % in the year 2030, with breast cancer being one
of the seven most commonly occurring cancers [6]. Tra-
ditional methods of cancer treatment lead to killing of the
tumor cells along with immune effector cells [16]. Even-
tually, the tumors metastasize to other organs with little to
no resistance from the immune system. Our recent stud-
ies investigated the injection of micron sized iron particles
into the tumor followed by an application of a permanent
magnetic field to induce physical damage, and thereby trig-
gering a localized immune response [5, 16]. This treatment
resulted not only in suppression of tumor growth on the
treated primary side, but also on the untreated contralateral
side indicating a possible immune response.

This treatment can be further supplemented by a hyper-
thermia treatment, since raising the internal temperature of
the tumor above 42 °C slowly starts killing the tumor cells
and possibly enhancing the immune response [18]. Many
researchers are actively studying the temperature effects of
using gold nanoparticles or nanoshells excited by a near
infrared (NIR) laser. The most relevant technique for this
research is using the lasers to heat tumors in the range of
hyperthermia to thermal ablation [20, 30]. The advantages
of using gold nanoparticles (GNPs) are due to their strong
absorption properties (a bulk surface plasmon resonance
that is in the visible part of the electromagnetic spectrum),
biocompatibility, and ease of conjugation to proteins and
antibodies [41]. The GNPs are irradiated with pulsed laser
beams, where the laser pulsing frequency is chosen to be
greater than the GNP thermal relaxation frequency. This
results in thermal confinement within the particle instead of
heat being diffused away to the surrounding tissue. Thermal
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confinement is important since it yields a localized thermal
response, which is important for inducing damage before
heat is dissipated to the surrounding medium. Rapid laser
pulsing results in shock waves and high local pressure prop-
agating in the medium. Such high temperatures can cause
explosive vaporization of the fluid surrounding the GNPs or
iron oxide particles [27, 29, 30]. Therefore, increasing the
laser power can result in thermal responses ranging from
thermal expansion to fragmentation of the particle.

Instead of introducing GNPs to our tumor models, it is
proposed to utilize the micron sized iron particles used in
our recent study [5, 16]. The laser treatment will be used
to thermally release the coated anti-tumor drugs, induce
hyperthermia, and thereby improve the immune response
[9, 31, 40]. In this paper, the focus is on inducing hyperther-
mia, in particular, laser-particle and laser-tissue interactions,
since the temperatures needed for hyperthermia represent
the upper bound of the thermally controlled drug release.
We analyze the use of continuous wave (CW) lasers to heat
these iron particles in order to prevent thermal ablation and
to provide a controlled heating environment. The result-
ing heat transfer between the particles and the surround-
ing tissue is modeled using the Pennes’ Bioheat equation
[1-3, 11, 19, 23]. The particles are assumed to be evenly dis-
tributed prior to heating with the laser. Once this treatment
is complete, the particles can be excited by the permanent
magnet to cause physical damage. With this assumption,
the effects of magneto-optics, such as Kerr and Faraday
rotations in the presence of magnetized particles, can be
neglected.

Dynamic modeling

Light interacts with a particle by causing resonant oscil-
lations of the free electrons in the metal; this resonance
is described as surface plasmon resonance (SPR). When a
laser is directed at a particle, the energy is absorbed by
the free electrons in the metal (electron heating), which
then raises the temperature of the particle (electron-phonon
coupling), and finally the heat is transferred to the surround-
ing tissue (phonon-phonon coupling) [25, 30]. This heat
generation is typically referred to as SAR, or the Specific
Absorption Rate. For applications involving lasers, SAR is
linearly dependent on the particle concentration, laser irra-
diance, and the absorption properties of iron particles. Mie
theory was used to predict the scattering properties of the
iron particles with an average radius of 4 £ 2 um. Elastic
scattering was assumed to simplify the calculation process
considerably without decreasing the validity of the solution
[38]. Once the SAR value was obtained, it acted as a source
term in the heat equation. By assuming a uniform distri-
bution of iron particles inside the tumor, the temperature
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rise inside the tumor and the surrounding healthy tissue is
predicted by the Pennes’ Bioheat equation [1-3, 11, 19, 23].

Laser-particle interaction

As the electromagnetic wave propagates through the parti-
cle, the motion of the wave is dependent on the material
properties and can be described by the refractive index,
m = /iur€, where u, and €, represent the relative per-
meability and permittivity, respectively [4, 17, 21, 24]. In
the presence of dispersion, both the permeability and per-
mittivity should be treated as frequency dependent. The
permittivity as a function of the field frequency can be writ-
ten as, €, (w) = €'(w) +i€” (w), commonly referred to as the
complex dielectric constant. Kramers-Kronig Relations can
be used to relate the real and imaginary parts to each other !
in order to show that the dispersive and absorptive properties
of the metal are not independent [26]. Unlike ¢, (w), u, ()
ceases to be meaningful at low frequencies > and therefore
it can be set to unity [26]. Furthermore, the refractive index
can be written in a complex form to distinguish between an
absorbing (iron) and a non-absorbing (tissue) medium. The
complex refractive index can be written as m = n + ik,
where n indicates the refraction of light, and « is related to
absorption. As expected, both n and « can be expressed in
terms of the real and imaginary parts of the complex dielec-
tric constant [26]. Some authors prefer to use a negative
sign instead, as in m = n — ik [21, 24]. It should be noted
that these two definitions are complex conjugates of one
another, but « > 0 always represents a damped wave, i.e. an
absorbing medium. Experimentally derived values of n and
k with respect to frequency were used to study the optical
properties of iron particles [28].

The optical properties of particles can be calculated
in terms of their scattering and absorption efficiencies as
a function of the particle radius, a, refractive index, m,
and the incident wavelength, A. Mie total extinction, Qys,
scattering, Qscq, and absorption, Q,ps, efficiencies for a
homogeneous sphere are,

7 X
Qexi = , ) (2n+1)Re(an +by) (1a)
n=1
X2
Osa = 5 Y Cn+1) (a7 +57) (1b)
n=1
Qabs = Qext - Qsca (10)
l¢/(w) has an additional term of conductance divided by the field

frequency, o /w, since the material is a metal.

21t is meaningful in the range where the wavelength of oscillation is
much greater than the atomic dimension of the material.
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where a, and b, are scattering coefficients given by
(4,21, 24],

@ = [Dn(mx)/m + n/x]%(X) - 1»hn—l(x) (2a)
" [Dy(mx)/m + n/x1p(x) — {1 (x)
_ [mDy(mx) 4+ n/x]u(x) = Y1 (x)

b, = .
[mDy,(mx) +n/x15p(x) — &p—1(x)

(2b)

Here, x is the size parameter (ratio of the meridional circum-
ference of the scattering sphere to the wavelength of light in
the scattering medium, 2wa/A), ¥, and ¢, are the Riccati-
Bessel functions, and D,, is the logarithmic derivative equal
to d(frll X) log ¥, (mx) [13]. The inclusion of the logarithmic
derivative is strictly to reduce the numerical computation
time. These scattering coefficients better help predict the
absorption and scattering behavior of the injected ferrous
particles based on the particle radius and refractive index.
There are two additional scattering coefficients, ¢, and dj,,
which are related to the components of the electric and
magnetic fields. However, these were neglected since both
ap and b, modes dominate d, and ¢, modes respectively
[4, 21, 24, 34]. In addition, there is also radiation pressure
acting on each particle. When the photons strike the parti-
cle, there is a momentum transfer and they exert a force in
the direction of propagation. With the particles suspended
inside the tissue, this force is quite minimal in comparison
with the restoring viscoelastic force acting on the particle
and can be neglected.

It is important to note that the scattering coefficients
presented above are only valid for an uncoated homoge-
nous spherical particle. The iron particles considered in
this study were coated with poly(N-isopropylacrylamide),
whose thickness varied between 50 - 100 nm. DeRosa et al.
investigated phase separations of P(NIPAm) solutions and
gels using a NIR laser [12]. The absorbance of water alone
and P(NIPAm) was fairly close, and the relative refractive
index of P(NIPAm) and the surrounding water was 1. Since
the refractive index of the tumor is similar to that of water,
the scattering coefficients of a coated sphere would simply
reduce to Egs. 2a and 2b.

Laser-tissue interaction

Before the incident light can interact with the suspended
iron particles, it will interact with both the tissue and sur-
rounding air at the air-tissue interface. When irradiating the
tissue with light, either the light is reflected or refracted,
and the refracted light is either absorbed or transmitted
through the tissue. Since tissue is a heterogeneous mate-
rial with multiple layers, modeling tissue optics is very
difficult. By assuming each layer is homogeneous and has
isotropic properties, this non-linear problem can be simpli-
fied by analyzing the absorbing and scattering properties of
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Fig. 1 Heat transfer geometry for simulation

the chromophores present in the tissue. A majority of chro-
mophores inside the tumor or tissue can be broken down
into three categories: water, oxyhemoglobin, and deoxyhe-
moglobin. By minimizing their absorbance, the suspended
particles have a higher probability of absorbing the scat-
tered light. Between 600 nm - 1300 nm, these chromophores
display very low absorbance with maximum laser penetra-
tion depth. As a result, this range of wavelength is referred
to as the optical biological window [7, 30, 36, 37]. Many
researchers have experimentally found the breast tissue and
tumor to be dominated by forward scattering, and having a
low absorbance (k ~ 0) with a refractive index, m;,mor, tO
be 1.33 + 0.05 [8, 10, 14, 20, 32, 33, 36].

After the photon makes its way through the highly scat-
tering media and excites the particle, the final stage of
relaxation process is the energy transfer between the hot
electron-phonon system and the tumor. Since the Biot num-
ber (ratio of the conduction resistance within the body to the
convection resistance at the surface of the body, ~ha/k) of
an iron spherical particle surrounded by water is much less
than 0.1, temperature can be assumed uniform throughout
the particle. Heat transfer between the tissue and the parti-
cles was modeled using the Pennes’ Bioheat equation. The
model geometry in this study was considered to be of a 1
cm tumor surrounded by an infinite region of healthy tissue
(Fig. 1).

The equations governing the temperature distribution in
the domain considered can be written as,

pici aaTzl = I;i Bar (’2 BaTrl> —wpcp(Ti = Tp) (3a)
+gm +SAR  for0 < r < arumor

02C2 337;2 = ]:% Bar (7'2 BaTrz) - wbcb(TZ - Tb) (3b)
+ gm for arumor <1 < biissue
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Table 1 Thermal properties of Iron and Tissue

Iron Tissue
Thermal conductivity, kK [W/(m-K)] 80.4 0.567
Density, p [kg/m3] 7.87E+03 1050
Specific heat, ¢, [k]/(kg-K)] 0.45 1.5
Thermal diffusivity, o [m?2/s] 2.3E-05 1.5E-07

where p, ¢, T, k, and w are the density, specific heat,
temperature, thermal conductivity, and volumetric blood
perfusion rate, respectively. Subscripts 1, 2, and b refer to
the tumor, surrounding tissue, and blood in both media,
respectively. Additionally, g, is the metabolic heat rate
(~33800 W/m? [11]), @rumor is the tumor radius, byjssye 1S
the surrounding tissue radius, and r is the distance from the
center of the tumor [3, 11]. Some of the thermal properties
used for the numerical simulations are given in Table 1.

The temperature at the center of the tumor was assumed
to be finite, i.e. |77(0,¢)] < oo. Additionally, continu-
ity condition at the boundary of the tumor and the tissue
is enforced, such that Ti(arumor,t) = To(arumor,t), and
ki 3(;1 (Grumor, t) = ko BBCz (atumor» t). Also, the temperature
at the boundary of the healthy tissue was the normal body
temperature Ty, which was also the temperature used for the
initial condition across both boundaries, i.e. 15 (bsissye, t) =
Ti(r, 0) = T»(r, 0) = T [3]. The Specific Absorption Rate
is given by,

SAR = N - Caps - (3¢)

where N is the particle concentration (number of
particles/m3), C,ps is the absorption cross section calcu-
lated by multiplying the absorption efficiency, Q,ps, With
the scattering area of the particle, wa?, and [ is the incident
irradiance (W/m?). Equations 3a and 3b were solved numer-
ically using COMSOL for a NIR laser an average irradiance
of 4 W/cm? at 820 nm wavelength.

Results

The iron particles chosen for this study were 8 £ 4 um
in diameter due to a Gaussian distribution. Since the parti-
cles are suspended inside the tumor, the relative wavelength,
Ar = Aincident/ Mumor, Was used for Mie calculations and
the resulting solution is shown Fig. 2. Varying the refractive
index of the tumor had very little effect on the efficiency val-
ues. For example, at 4 pm, 0.05 error in the tumor refractive
index resulted in an error of 0.012 and 0.008 for scatter-
ing and absorption efficiencies, respectively. However, as
the particle radius increased, all three efficiencies decreased
and approached asymptotic values. Thus, in order to have
the highest absorption efficiency, smaller particles must be
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Fig. 2 Efficiency calculations for an iron particle with varying size
parameter (log-scale) for myymor = 1.33 and Ajpcidens = 820 nm. For
a = 4pum and A, = 616.5 nm, x & 41 with an absorption efficiency
of 0.601

used. There is only one maximum in Q. in the Fig. 2
above, which shifts to smaller x with increasing x with only
a few minor oscillations in the beginning. These oscillations
are governed by the resonant electromagnetic normal modes
in a sphere due to the denominators of @, and b,, being min-
imum [4, 34]. In practical applications, this would be hard
to observe in polydispersions, but it does show the effect the
absorption coefficient has on damping this resonant behav-
ior. Comparing these to efficiency calculations for a gold
particle in Fig. 3, the absorption for iron is definitely greater,
as shown in Fig. 2. Max absorption for GNPs occurs at
lower wavelengths, typically outside the optical biological
window [30]. As a result, by using core-shell gold nanopar-
ticles, it is possible to tune the SPR of the particle to obtain
the highest absorption at the desired wavelength by vary-
ing the core-to-shell ratio [22]. Hence, instead of using just
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Fig. 3 Efficiency calculations for a gold particle with varying size
parameter (log-scale) for m,mor = 1.33 and Ajycidens = 820 nm
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Fig. 4 Absorption efficiency
for a varying core (Fe) and shell
(Au) with m;y;,0r = 1.33 and
Ainciden: = 820 nm. Both the
core radius and shell thickness
are shown in units of um

Absorption efficiency

plain gold nanoparticles for this type of hyperthermia appli-
cation, nearly all researchers resort to using these core-shell
nanoparticles. Some researchers have coated iron oxide par-
ticles with gold for biomedical applications [35]. The gold
shell thickness was varied in the same range as P(NIPAM),
from 50 - 100 nm as shown in Fig. 4. Our results indicated
that there was no possible advantage in coating the iron par-
ticles with gold, and it lowered absorption efficiency by an
order of magnitude. Even lowering the core-shell size in the
few nanometer range did not increase the absorption effi-
ciency. However, the benefit of using these large particles
lies in their scattering direction. One of the biggest chal-
lenges in treatment of tumors using this technique is laser
depth penetration. Since the radius of the particles is big-
ger than the wavelength, scattering involves higher orders of
the angular functions, resulting in a more forward directed
scattering, and thus a deeper light penetration. This can be
shown by the asymmetry parameter, (cos ). Averaging the
asymmetry parameter is simply the result of an average
deflection angle. It vanishes if the scattering is isotropic, but
it is positive if more light is scattered in the forward direc-
tion and negative if scattering is backwards [4]. In Fig. 5,
(cosf) < O for a particle radius of 66 nm for iron, 112
nm for gold, and 104 nm for the gold nanoshell. For parti-
cle sizes below these numbers, backward scattering will be
favored. Most hyperthermic applications use gold nano par-
ticles or nanoshells below these size limits [30]. The tissue
is already forward scattering; however, it can be argued that
using these large particles ensures we generate similar inter-
nal temperatures by scattering the incident light deeper into
the cancerous tumor.

Pennes’ Bioheat Eqs. 3a and 3b were solved numerically
to predict the temperature changes in the tumor (1 cm) and
the surrounding medium (4 cm). As with most problems
of such type, the surrounding medium was assumed to be
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infinite in nature with the boundary temperature fixed at
Ty = 37 °C. Healthy tissues typically respond to hyperther-
mia by increasing the blood perfusion rate, and sometimes
even exceeding the normal healthy rate by an order of
magnitude [38]. However, once the heating stresses the tis-
sue, vascular stasis occurs and the blood perfusion drops.
Hence, this model can be studied by taking a small pertur-
bation around the mean value for blood perfusion [11]. But
the tumor consists of a leaky vasculature and the increase
in blood perfusion is quite small. Thus, the perturbation
method was ignored, and two values representing a mean
average (1 kg/m3 s) and a maximum (5 kg/m3 S) were numer-
ically investigated, as shown in Fig. 6. The characteristic

2
. . a
time of the transient process, Tmgcro = toner ~ 160 s,
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Fig. 5 Asymmetry vs. size parameter (log-scale) for mymer = 1.33
and Ajncidens = 820 nm. The plot was constructed using refractive
indices for iron and gold [28]; whereas, the dielectric function was
used for the gold nanoshell with an inner and outer radius of 20 nm
and 25 nm, respectively [15]
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Fig. 6 AT (K) vs Time (s) for N = 2.85 x 10'! particles/m?, and
Ip = 4 W/cm?. Solid lines represent a blood perfusion rate of 1 kg/m?s,
and the dotted lines represent a blood perfusion rate of 5 kg/m?s for the
same conditions. Simulations are shown for 60 s and above to note the

net temperature rise between the blood perfusion rates at the smallest
particle size

provided a good estimate on the time needed to reach 2/3
of the steady state temperature [23]. The concentration, N,
and the radius of the particles, a were varied to see their
effects on the steady state temperature, as shown in Fig. 7.
The blood perfusion rate, wp, the concentration, N, and the
radius of the particles, a, were varied to see their effects on
the steady state temperature. Increase in the blood perfu-
sion rate decreased the maximum temperature considerably;
whereas, an increase in both the particle concentration and
radius resulted in a higher net temperature. It is important
to note that even though the value taken from the litera-
ture for the metabolic heat rate may not be very accurate

100

—Two microns
—Four microns
—Six microns

AT

1

2.85E+09 2.85E+10 2.85E+11

Particle Concentration (#/m?)

2.85E+12

Fig. 7 AT (K) (log-scale) vs. Particle Concentration (#m3) (log-
scale) for varying particle radius shown at + = 360 s and Iy = 4
W/em?
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[11], its contribution is small compared to the dominating
source term in the Pennes’ Bioheat equations. In compari-
son, neglecting the metabolic heat rate completely results in
a maximum of 10 % difference for AT at the source origin.
This difference is further reduced with the increasing radial
distance away from the heat source.

Throughout this study, the term irradiance has been used
to define the incident radiation. By definition, irradiance
is the rate of energy delivered per second per unit area of
the tissue surface, and for CW radiation, this is the most
applicable definition. Fluence rate has the same units as
irradiance, but is representative of the radiation over all
directions, since an absorber inside the tissue will encounter
radiation scattering off of multiple directions. Using experi-
mental data for absorption and reduced scattering properties
of breast tissue and tumors, Beer’s law was modified to
obtain an average fluence rate of 2.01 W/cm? where it
attenuated by a factor of e~! at ~7 mm tissue depth, and
the resulting temperature changes are given in Table 2
[8, 33, 38]. Clearly, a decrease in the incident radiation
yields a decrease in the SAR, and thus a decrease in the
max temperature increase. However, there is a significant
problem with this analysis. Studies have shown that the
backscattered light emerging from deep tissue raises the
irradiance right below the surface of the skin, and ampli-
fies the incident irradiation by 140 % [20, 38, 39]. This is
the reason why most in vivo studies report highest temper-
ature gains ~1 mm below the apical surface. Regardless
of the irradiance, experimental results show thermal dam-
age spanning a depth of several millimeters to even 1 cm.
This depth can be increased with a higher laser irradiance,
and lowering the particle concentration to allow for further
light penetration [7, 20, 30, 38]. An argument could be made
that the aforementioned heat transfer model is not accurate
enough to account for these changes. However, tumor and
tissue properties vary for each individual based on fat con-
tent, muscle density, etc, and due to this non-linearity, only
approximations can be modeled at best.

Table 2 Max AT (K) for varying blood perfusion rate, wp, and
concentration, N, with a constant irradiance of 2.01 W/cm?, particle
radius, a, equal to 4 um for simulation times ¢ equal to 60, 240, 360
seconds

ATmax

wy, (kg/m3s) N #m?) 60 s 240 s 360 s

1 2.85E+09 1.194 2.755 2.766
1 2.85E+11 3.227 5.392 5.751
1 2.85E+12 22.460 30.324 31.493
5 2.85E+09 0.916 1.343 1.317
5 2.85E+11 3.053 3.385 3.384
5 2.85E+12 18.923 22.323 22.504
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Conclusion

The purpose of this theoretical study was to investigate the
use of iron particles, instead of GNPs, excited by a con-
tinuous wave near-infrared laser for inducing hyperthermia
to enhance previously proposed cancer therapy using simi-
lar particles. The results showed that the efficiencies of the
micron sized iron particles were large enough for inducing
hyperthermia, triggering possible drug release, and in high
concentrations, even thermal ablation. Both the absorption
and scattering efficiencies of the particles decreased with
an increasing particle radius to an asymptotic value. While
preparing the iron particles for in vivo studies, oxide coating
may be unavoidable. Although the coating may reduce the
absorption efficiency in the NIR range, this effect could be
accounted for by using a higher concentration of particles.
Core-shell method typically used in GNPs was shown to
have no beneficial effect on the iron particles, thus indicat-
ing a need for a detailed SPR analysis in order to maximize
the absorption efficiency. Laser penetration depth is pre-
dicted to be about ~7 mm, or where the fluence rate had
attenuated by a factor of e~ !, for human tissue. In contrast
to the GNPs, micron sized iron particles were shown to be
dominated by forward scattering, which would result in two
major advantages: thermal damage spanning on the order of
centimeter or more, and absence of the high temperatures
observed while using gold nanoshells ~1 mm below the
surface, thus providing a more controlled heating environ-
ment. However, these theoretical simulations still need to be
supplemented with experimental results. Penetration depth
may be increased for treating deeply embedded tumors by
either lowering the particle concentration or increasing the
incident irradiation.
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