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Mie theory explains the interaction of light with a gold nanoparticle (AuNP) through the absorption (C,), scattering (C,,), and
extinction (C_) cross sections. These parameters have been calculated in the case of AuNPs dispersed in homogeneous media,
but not for specific tissues. The aim of this research was to theoretically obtain the optical cross sections (C,, C,,, and C,,) of
functionalized AuNPs in liver and colon tissues through Mie theory and correlate them with the temperature increase observed
experimentally in tissues containing AuNPs under plasmonic photothermal irradiation using a Nd-YAG laser (A = 532 nm).
Calculations showed that C,,; represents 98.96 + 0.03% of C.,, at 532 nm. The C,,, value for a functionalized AuNP in water was
365.66 nm” (94% of the theoretical maximum value at 522.5nm), 404.24 nm? in colon (98% of the theoretical maximum value
at 525 nm), and 442.39 nm? in liver (96% of the theoretical maximum value at 525 nm). Therefore, nanoparticles irradiated at
532 nm are very close to their resonance value. These results correlated with the experimental irradiation of functionalized AuNPs
in different tissues, where the average temperature increase showed the pattern liver > colon > water. The temperature increase

observed (AT up to 13°C) is sufficient to produce cellular death.

1. Introduction

The optical properties (absorption and scattering) present
in gold nanoparticles (AuNPs) play a significant role in the
development of new photothermal ablation systems poten-
tially applicable in cancer treatment [1-3]. The photothermal
ablation process generated by AuNPs is due to the optical
absorption phenomenon present when AuNPs are exposed to
light that induces a collective oscillation of the free electrons
(surface plasmon resonance, SPR) [1, 4-6]. The temperature
around the AuNPs reaches 800°C and causes irreversible
thermal destruction to the tissue [7-11].

Gold nanoparticles (AuNPs) have been synthesized in
various sizes and shapes, for instance, spheres, rods, cubic,
and prisms forms [12, 13]. Some of these structures have been
proposed for a variety of medical applications [2, 3, 14, 15].
Many biomolecules such as DNA chains, proteins, peptides,
and aptamers can be conjugated to one AuNP [3]. The Arg-
Gly-Asp (RGD) sequence has been reported to have high
affinity and selectivity for the «(v) 3(3) integrin. This integrin
is expressed on the surface of healthy endothelial cells at low
levels but is overexpressed in the tumor neovasculature of
osteosarcoma, neuroblastoma, glioblastoma, melanoma, lung
carcinoma, and breast cancer [16-19].
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The SPR band intensity and wavelength characteristics of
the AuNPs depend on factors affecting the electron charge
density on the particle surface, such as the metal type,
particle size, shape, structure, composition, and the dielectric
constant of the surrounding medium (water, type of tissue).
In the SPR phenomenon, the electrons of gold resonate in
response to incoming radiation, causing both the absorption
and scattering of light; these processes can be explained by
Mie theory. This approach provides exact analytical solutions
to Maxwell’s equations for spheres with various diameters;
the absorption and scattering probabilities are represented by
the absorption, scattering, and extinction cross sections (C,y,,
C,er and C,) [13]. The optical absorption and scattering
phenomena strongly depend on the size of the nanoparticles
and the dielectric constant of the surrounding medium. For
small AuNPs in water (refractive indexn = 1.33 and dielectric
constant ¢ = n?), total extinction is completely ruled by
absorption; when the size increases, the scattering process
appears and intensifies [20-23].

The theoretical calculations of the C,,, C,,, and
C.y coefficients through Mie theory have been previously
reported in the case of light interacting with AuNPs dispersed
in a homogeneous medium, where the refractive index is
considered a constant. However, such parameters have not
been determined for specific tissues, where the refractive
index has to be evaluated as a function of the interacting
wavelength since the absorption and scattering cross sections
are strongly affected by the composition of the tissue (amount
of the water, hemoglobin, and melanin). The determination
of these parameters could explain the temperature increase
generated by the AuNP, which is a critical point in the
potential clinical application of the plasmonic photothermal
therapy.

This research aimed to calculate the optical coefficients
(Cyps> Cycar and Coy,) of functionalized gold nanoparticles in
different tissues (liver and colon) by Mie theory and to
determine their correlation with the temperature increase
observed experimentally in tissues containing AuNPs under
plasmonic photothermal irradiation using a Nd-YAG laser.

2. Materials and Methods

2.1. Materials. Gold nanoparticles (20nm) were obtained
from Sigma-Aldrich (6.54 x 10" particles/mL). A 50 uM
solution of c[RGDfK(C)] and PBS pH 7 was prepared in type
I grade water. Homogeneous suspensions of pork liver and
chicken intestinal viscera (for simulating colon tissue) were
blended with a small volume of water. The mixtures were then
passed through a strainer for sieving and homogenization.

2.2. Preparation of the AuNP-c[RGDfK(C)] Conjugate. The
synthesis of cyclo[Arg-Gly-Asp-Phe-Lys(Cys)] (c[RGD{K(C)])
was carried out according to the method reported by Ferro-
Flores et al. [14]. In the c[RGDfK(C)] molecule, the sequence
Arg-Gly-Asp-(-RGD-) acts as the active biological site. The
D-Phe (f) and Lys (K) residues completed the cyclic and
the pentapeptide structure, and Cys (C) is the spacer that
contains the active thiol group that interacts with the gold
nanoparticle surface. For conjugate preparation, a 50 yM
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solution of c[RGDfK(C)] was prepared using type I grade
water, and then 0.02mL (6.023 x 10 molecules) was
added to 1mL of the AuNP suspension (20 nm, 6.54 x 10!
particles/mL) followed by stirring for 5min. No further
purification was required.

2.3. Characterization before and after Laser Irradiation.
Before laser irradiation, the chemical conjugation was con-
firmed by UV-Vis, medium- and far-IR, Raman spectroscopy,
and Transmission Electron Microscopy (TEM), as previously
reported [16, 19].

After laser irradiation, TEM and the absorption spectrum
in the range of 400-800 nm were also obtained. The UV-
Vis analysis was performed with a Perkin-Elmer Lambda-Bio
spectrometer using a 1 cm quartz cuvette to monitor the size
and the AuNP surface plasmon band around 520 nm.

2.4. Absorption Cross Section Evaluation

2.4.1. Complex Dielectric Constant. The complex dielectric
constant (sp = 8; + is}',') of the AuNP was obtained from the
complex refractive index of gold (77, = n,, + ik,) at different
wavelengths (450 to 700 nm), according to Werner et al. [20].
These values were corrected by the nanoparticle size using a
cubic interpolation and calculated as

1, =n, +ik,. )
The complex dielectric constant 81’9 + is‘;' was obtained as
follows:
gy = ()" = (np + iky)
, 2)
gp=(n,) = (kp) +i2(n, 2 ky),
where
& = (”p)z - (kp)2
(©)

s‘;' :Z(np *kp).
For the ¢,, media (liver or colon tissue), the complex dielec-
tric constants were obtained following the same procedure
employed for AuNP but using the complex index reported
by Giannios et al. [22, 23]. The experimental data was used
to obtain the values for the refractive index as a continuous
function dependent on the wavelength.

2.4.2. Calculations of Optical Properties of AuNP-RGD-Tissue
by the Mie Theory. Theoretical calculations were carried
out using the generalized Mie theory considering spherical
nanoparticles (r = 20 nm) whose diameter is lower than the
irradiation wavelength (532 nm). In this case, the Mie-Drude
theory was not employed. Therefore, free electron density
was not directly considered. However, electron movement is
taken into account indirectly in the dielectric functions of
materials.

Mie theory explains the interaction between the light
and AuNPs where the absorption and scattering probabilities
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FIGURE 1: Laser arrangement.

process are represented by the absorption cross section C,

(m?), the scattering cross section C,., (m?), and the extinction

cross section C,y,, which is the sum of both (C,, = C,, +
C.bs)- These cross sections were calculated as follows:
"
247 R, €
Cext = A = * ' . 2 72
(sp + 2£m) te,
27 RS e;) —¢, (4)
Csca = 2 * ] P
&, +2¢,

Cabs = Cext - Csca’

where R is the radius of the particle and A is the incident
wavelength.

All the calculations were carried out considering the real
and imaginary parts of the dielectric constant of the AuNP
and tissue.

2.5. Laser Arrangement. Laser experiments were conducted
using an Nd-YAG laser (Qsmart-100, Quantel laser) pulsed
for 5 ns at 532 nm (energy = 45.9 m]J/pulse), with a repetition
rate of 5, 10, and 15Hz. The power of each laser pulse
was measured by a Dual-Channel Joulemeter/Power Meter
(Molectron EPM 200, Coherent). A diverging lens was used
in the path of the laser beam in a way that the well plate was
fully covered by the laser (diameter = 7 mm; area = 0.38 cm”)
(Figure 1). The well plate was placed on a heating plate at
37°C (Microplate Thermo Shaker, Human Lab MB100-2A,
Hangzhou Zhejia, China) during laser irradiation.

2.5.1. Laser Irradiation Experiments. The effect of laser irra-
diation on the temperature increasing rate was measured in
the following treatments:

(a) Control (200 uL of type I grade water or 200 4L of PBS
pH7)

(b) 100 uL liver tissue and 100 L of control solution

(c) 100 uL colon tissue and 100 uL of control solution

(d) 100 uL of AuNP-c[RGDfK(C)] and 100 uL of control
solution

(e) 100 pL liver tissue and 100 uL of AuNP-c[RGDfK(C)]

(f) 100 uL.  colon 100uL.  of AuNP-
c[RGDfK(C)].

tissue and

The described treatments were exposed individually to
the laser (n = 6). The temperature was measured using a type
K-thermocouple (model TPK-01) of immediate reaction that
had been previously calibrated (probe diameter = 0.8 mm).
A thermocouple was introduced into the well plate, and the
temperature was registered every single second using a cold-
junction-compensated K-thermocouple fixed to a digital
converter (MAX6675, Maxim Integrated TM) connected to a
microcontroller board (Arduino Uno) with a USB computer
connection.

The total delivered energy (DE,,, J/cm®) to the well plate
was calculated as follows:

DE,, = DP,, *t, (5)

where t is the irradiation time and DP,, is the irradiance or
density power in W/cm? and is calculated by
P

DP,, = 2, (6)
where P, is the average power (P, = Ex f), f is the repetition
rate in Hz, E is the energy by pulse in Joule/pulse, and A is
the irradiation area in cm?. The density power DP,, was kept
constant at 0.65 W/cm” for each irradiation time point (6.5,

3.5, and 1.5min) which corresponds to the 5, 10, and 15Hz
frequencies, respectively [8, 24].

2.6. Statistical Analysis. Differences among treatment data
were evaluated with Student’s ¢-test (grouped analysis; signif-
icance was defined as p < 0.05).

3. Results and Discussion

3.1. Characterization before and after Laser Irradiation

3.1.1. Before Laser Irradiation. Spectroscopy techniques and
TEM images demonstrated that AuNPs were functionalized
with the ¢[RGDfK(C)] peptide accordingly with previous
reports [16, 19]. The average particle diameter was 21.56 +
0.06 nm.

The UV-Vis spectrum showed the surface plasmon reso-
nance band at 520 nm for AuNPs, and a red shift to 522 nm for
AuNP-c[RGDfK(C)] was observed. This shifting is attributed
to the changes in the refraction index as a consequence of the
interaction between the peptide and the AuNP surface [16].

Raman spectroscopy and medium- and far-infrared
showed several well-defined bands characteristics of the
AuNP-c[RGDfK(C)] conjugate [16]. The Far-IR spectrum
of the AuNP-c[RGDfK(C)] showed a characteristic band at
279+1 cm™}, which is representative of the Au-Sbond [18,19].
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3.1.2. After Laser Irradiation. TEM images after laser irra-
diation demonstrated that the [RGDfK(C)] peptide remains
functionalized to AuNPs surface. The particle average diam-
eter changes from 21.56 + 0.06nm to 2113 + 0.07 nm
(Figure 2). The observed size modification after laser irradi-
ation on AuNP citrate-stabilized was from 20 + 1.6 nm to
19.38 £ 0.02 nm, which can be explained as a consequence of
molecular steric rearrangement on the nanoparticle surface.

TEM measurements were supported by SPR band on UV-
Vis spectra. The SPR for AuNP-c[RGDfK(C)] shifted from
522nm to 519.8 nm after irradiation, while for AuNP the
shifting was from 520 nm to 517.5 nm (Figure 2). These shifts
to a lower wavelength are also an indication of a reduction in
the nanoparticle size.

3.2. Absorption Cross Section Evaluation

3.2.1. Complex Dielectric Constant. Figure 3 shows the differ-
ences between the real and imaginary parts of the refractive
index and dielectric constant of (a) gold, (b) liver tissue, and
(c) colon tissue. The real part of the dielectric constant is
related to the stored energy, and the imaginary part is related
to the dissipation of the energy within the medium.

3.3. Optical Coefficients of AuNP-RGD-Tissue by the Mie
Theory. In agreement with previous reports [1, 4] the results
shown in this research demonstrated that C,, is mainly
due to the absorption process contribution (Figure 4). The
effective absorption section represents the 98.96 + 0.03% of
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FIGURE 3: Real and imaginary parts of the refractive index (n, k) and dielectric constant (€', €") of the (a) gold, (b) liver tissue, and (c) colon
tissue.
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the total extinction effective section (C,,,). Therefore the scat-
tering one can be considered negligible. The maximum C,,
value is observed at the irradiation wavelength of 522.5 nm
for AuNP-RGD in a water medium and 525nm when the
nanoparticles are deposited or embedded in the tissues. This
result means that the maximum energy absorption occurs
at those wavelengths; consequently, the highest temperature
increase rate should be reached at such wavelengths as well.
In this research, the experimental part was carried out
using a 532nm Nd-YAG laser. For this wavelength, the

AuNP-RGD in water (n = 1.33) has a C,, = 365.66 nm?,
while these values were 442.39 and 404.24 nm? for AuNP-
RGD-liver and AuNP-RGD-colon, respectively. This result
means that the irradiation of these three media containing
nanoparticles would increase the temperature in the pattern
liver > colon > water.

3.4. Laser Irradiation. The ratio between the temperature
increase and the irradiation frequencies in each one of the
treatments is shown in Figure 5. Except for colon tissue,
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there is no significant difference (p < 0.05) between the
AT values reached with 10 or 15Hz. However, there are
significant differences between the higher frequencies with
the lowest tested (5Hz). To generate the greatest amount
of temperature, it is necessary that the pulse duration and
repetition frequency be in the same order as the relaxation
time of the SPR expansion wave, which is of femtoseconds.
For the three frequencies studied, the temperature increase
produced in the system AuNP-RGD-liver is significantly
higher than the AuNP-RGD-colon and AuNP-RGD-water
systems. These increments followed the same trend of the
theoretical C,,, calculated before.

C.y values obtained at 532nm for AuNP-RGD in the
water media, colon tissue, and liver tissue are, respectively,
94%, 98%, and 96% of the C,,, maximum values obtained at
522.5 nm and 525 nm. In other words, the nanoparticles were
irradiated with A very close to that of the resonance value.
This incident energy reached the nanoparticle at all the tested
frequencies (5, 10, and 15Hz), so the higher the frequency,
the higher the energy deposited in the nanoparticle. This
energy deposited is absorbed at 98.96%, meaning that almost
all the absorbed energy is converted into heat, leading to
temperature increase. Therefore, the calculation of C, C,ps»
and C,., helps in the prediction of a pattern of tempera-
ture increase when AuNP-RGD immersed in a medium is
irradiated.

Figure 6 shows the total temperature increase reached in
each of the treatments at the different repetition frequencies.
There is no statistically significant difference between the
temperature values reached by the control sample as the

frequency changes. The temperature reaches a maximum and
remains constant over time, which indicates that the increase
in the control sample does not depend on the repetition
frequency.

Holmer et al. reported that the optical absorption of
liver tissue is higher than that of colon tissue because the
former contains more blood irrigation than the latter [25].
Therefore, liver and colon were employed in this work as
models of high and low blood irrigation tissues, respectively.
Tissues showed statistically significant difference between
them regarding the temperature values reached by varying
the frequency. Higher temperature values are obtained with
theliver (=13.7°C). This difference is attributed to the different
hemoglobin concentration between liver and colon and
agrees with the Holmer et al. results. Hemoglobin is the tissue
component of greater absorbance to wavelengths close to
532 nm. Consequently, liver tissue has higher absorption (C.,
and C,;,), and the AuNP-RGD-liver system has the highest
temperature increase.

Several authors have mentioned that the local tem-
perature near the AuNP is increased up to approximately
700-800°, which is lower than the fusion temperature of
gold (1063°C) [7-11]. Therefore, a temperature increase of the
order of 10°C at macroscopic levels could be expected. In this
work, gold nanoparticles (6.54 x 10'" AuNP/mL) generated a
temperature rise of approximately 13°C (200 s of irradiation
at 10 Hz or after 90 s of irradiation at 15 Hz).

If a temperature increase of 13°C occurs in cells or tis-
sues above basal body temperature (37°C), several processes
could lead to cellular death. These processes are related to
transitions of lipid phases, denaturalization of proteins, and
conformational changes of RNA and DNA, among others.
This is the reason why the use of AuNPs could be useful
for photothermal therapy using a Nd-YAG laser at 532 nm
because the therapy efficiency (cell death) is directly related
to the amount of heat produced.

4. Conclusions

The calculation of C., C,, and C,, for the AuNP-
RGD-water, AuNP-RGD-colon, and AuNP-RGD-liver sys-
tems helps to understand the temperature increase observed
when they are irradiated with a Nd-YAG laser at 532 nm.
The temperature increase obtained (approximately 13°C) is
sufficient to produce cellular death by photothermal therapy.
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