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Abstract

Induced hyperthermia has been demonstrated as an effective oncological treatment due to the
reduced heat tolerance of most malignant tissues; however, most techniques for heat generation
within a target volume are insufficiently selective, inducing heating and unintended damage to
surrounding healthy tissues. Plasmonic photothermal therapy (PPTT) utilizes light in the near-
infrared (NIR) region to induce highly localized heating in gold nanoparticles, acting as exogenous
chromophores, while minimizing heat generation in nearby tissues. However, optimization of
treatment parameters requires extensive /n vitroand /n vivo studies for each new type of pathology
and tissue targeted for treatment, a process that can be substantially reduced by implementing
computational modeling. Herein, we describe the development of an innovative model based on
the finite element method (FEM) that unites photothermal heating physics at the nanoscale with
the micron scale to predict the heat generation of both single and arrays of gold nanoparticles.
Plasmonic heating from laser illumination is computed for gold nanoparticles with three different
morphologies: nanobipyramids, nanorods, and nanospheres. Model predictions based on laser
illumination of nanorods at a visible wavelength (655 nm) are validated through experiments,
which demonstrate a temperature increase of 5 °C in the viscinity of the nanorod array when
illuminated by a 150 mW red laser. We also present a predictive model of the heating effect
induced at 810 nm, wherein the heating efficiencies of the various morphologies sharing this
excitation peak are compared. Our model shows that the nanorod is the most effective at heat
generation in the isolated scenario, and arrays of 91 nm long nanorods reached hyperthermic levels
(an increase of at least 5 °C) within a volume of over 20 zm3.

Graphical Abstract
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INTRODUCTION

The first applications of heat in tumor treatment are dated at least 3000 years back to the
ancient Egyptians, where a glowing tip of a firedrill was used to treat a breast cancer tumor.
1-5In recent years, new techniques have been developed to enable hyperthermia, which is
defined as heating tissue to a temperature between 41 and 47 °C for at least 20-30 min,3- to
treat different malignant cancers. This approach is considered selective due to the reduced
heat tolerance typical to most malignancies, but most methods have still been demonstrated
to cause collateral damage within surrounding healthy tissue.” Among the techniques
developed and refined over the past few decades, those using light absorption have received
substantial attention due to their capabilities of superior control and confinement of thermal
damage within tumor tissue.3® The use of lasers in medicine was first introduced in the field
of ophthalmology back in the 1960s,3° with the most commonly employed laser gain media
being neodymium-—yttrium aluminum garnet (Nd:YAG, 1.06 xm) and CO, (10.6 zm) A
collimated laser beam reaches a wavelength-dependent tissue depth determined by the
scattering and absorption of the tissue chromophores, which has a local minimum in the
near-infrared (NIR) region.1? The absorbed light generates heating of the tissue, thus
inducing hyperthermia.l1

The use of this technology enabled physicians to reach deep-seated targets, but it has one
major disadvantage: the high power density needed to effectively ablate tumors causes
damage to the healthy tissue in the path of the beam.312-14 One technique leveraged to
overcome this issue is photodynamic therapy (PDT), which uses a photosensitizer that reacts
with tissue oxygen upon exposure to a specific wavelength in the visible or NIR region. This
photochemical reaction occurs at much lower light fluence levels, causing cell destruction
via toxic singlet oxygen. However, these sensitizers (mainly porphyrin-based) stay in the
body for long periods of time, leaving patients highly sensitive to light and likely to
experience related complications while undertaking this treatment.3
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As an alternative to these treatments, photothermal therapy (PTT) leverages localized
photoabsorbing chromophores to achieve spatially selective heating.1> PTT typically uses
chromophores with absorption peaks within the NIR range, due to the high physiological
transmissivity observed at those wavelengths, minimizing undesired tissue absorption and
subsequent heating.1® The agents used in this therapy include natural tissue chromophores,
added dye molecules, and, more recently, nanoparticles.1’” Research and advances in the
field of nanotechnology have provided a variety of nanostructures with unique and tunable
optical properties, providing utility to a broad range of applications in medicine. Metallic
nanoparticles, when exposed to light at their resonance wavelength, experience a coherent,
collective oscillation of the conduction-band electrons that leads to significant light
scattering or absorption.318 This oscillation is known as localized surface plasmon
resonance (LSPR), which yields a light absorption that is about five times larger than that
offered by conventional photoabsorbing dyes.3 Gold nanoparticles (GNPs) are studied and
used in a variety of applications; some of the most commonly used geometries for
oncological treatment are nanospheres, nanorods, and nanoshells. The popularity of these
geometries lies in their ease of preparation, their high light-to-heat ratio, and the possibility
of providing an alternative treatment for chemotherapy-resistant tumors.1”-19 Among the
aforementioned variants, gold nanorods (GNRs) are frequently preferred due to their optical
response tunability, which can be achieved by changing their aspect ratio, and efficiency in
large-scale synthesis.20 The capabilities of these nanoparticles to undergo surface
modification have also allowed PTT to be combined with other treatment strategies such as
molecular targeting, chemotherapy, and gene therapy.21-23 It is important to note that
cytotoxicity due to synthesis methods was a historic limitation to /n vivo implementation of
GNPs. However, advances in recent years have demonstrated that the incorporation of
polyethylene glycol (PEG), dense silica (d-SiO,), and titanium dioxide (TiO,) coatings
dramatically mitigates cell injury.24

There are three primary factors that affect the optimization space for wavelength selection to
induce nanoparticle hyperthermia: penetration depth, off-target absorption within healthy
tissues, and the optical properties of the nanoparticles (e.g., absorption). Absorption levels of
tissue chromophores in the 800-1100 nm range are about 2 orders of magnitude lower than
absorption in the visible range. Additionally, penetration depth at these NIR wavelengths is
several folds higher than in the visible range. These properties, in addition to the tunable
versatility of GNRs, make NIR light the ideal candidate for plasmonic photothermal therapy
(PPTT).18’25_27

Light—-nanoparticle interactions, as well as light-tissue and nanoparticle-tissue interactions,
can be studied using computational modeling to further understand the effect of light
diffusion in tissue and the temperature change induced by the heating of nanoparticles when
excited with light.28-34 The window opened by computational modeling enables the
optimization of therapies like PPTT as the size and shape of GNPs can be easily modified in
search of the type of nanoparticles that will enhance the thermal effects within a target.
Other computational methods, such as the one presented by Baffou et al., implement shape
factors to simplify the calculation of the power absorbed by nonspherical nanoparticles and
their subsequent heat generation.2%:35 Another method, proposed by Hogan et al., studies the
effect of multiple scattering in heat generation. This is due to the use of nanoshells with a
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relatively large size (~150 nm), which possess a scattering-dominated extinction cross-
section.36

In this work, we take advantage of the tools provided by computational modeling and
compare the effects of size and shape by creating computational models of different types of
nanoparticles, more specifically gold nanorods, gold nanobipyramids (GBPs), and gold
nanospheres (GNSs). The light-nanoparticle interaction can be explored using these
computational models, as the power absorbed by the nanoparticles, when excited by an
incident light wave, can be calculated from the solutions of Maxwell’s equations.
Furthermore, the subsequent nanoparticle heating due to the absorption of light and its effect
on temperature change of the surrounding medium (water) can be assessed by using the
power absorbed as a heat source to solve the heat equation. Our computational model uses a
novel approach to calculate the power absorbed by the nanoparticles and their subsequent
heat generation. It incorporates a full electrodynamics simulation to solve the light—
nanoparticle interaction and couple the results into a heat transfer model without
implementing shape simplifications. Additionally, we focus on nanoparticles whose
extinction cross-section is dominated by absorption and exhibits relatively little scattering,
making multiple scattering effects less significant in our models. These simulations are
verified by comparing with an analytical solution obtained using Mie theory and validated
by comparing the simulated results with those obtained experimentally.

METHODS

Computational Methods.

Geometry Models of GNPs: Nanorod, Bipyramid, and Nanosphere.—
Computational models of different GNPs were developed using computer-aided design
(CAD) software SOLIDWORKS (Dassault Systemes SolidWorks Corp;
www.solidworks.com). The models were based on transmission electron microscopy (TEM)
images of GNRs and GBPs.

Each one of the models was set up so that different sizes and aspect ratios could be analyzed
by modifying specific parameters. In the case of the GNS, this parameter is the radius. For
the GNR, the parameters include the length and width. Lastly, the modifiable parameters for
the GBP are the length, width, and tip radius.

Optical Absorbance by GNPs.—Analytical solutions to Maxwell’s equations can be
obtained using Mie theory in the case of spherical particles.3” However, to obtain solutions
to Maxwell’s equations for nonspherical geometries, numerical approaches are needed. In
this study, we imported the SOLIDWORKS models of different geometries into the finite
element method (FEM) simulation software COMSOL Multiphysics (COMSOL;
www.comsol.com) using LiveLink and used COMSOL’s RF Module to solve Maxwell’s
equations. Additionally, an absorbing boundary, or perfectly matched layer (PMLS), with a
thickness of A/2 (A is the wavelength) was implemented to truncate the computational
domain. Details on the mathematical model and computational setup can be found in the
Supporting Information.
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An example of the PMLs truncation for our setup is shown Figure 1a.

In addition to the absorbing property of the PMLs and to reduce the impact of the
discretization, a scattering boundary condition was assigned to the outermost surface,
meaning that the waves reaching the external boundary of the computational domain would
not travel back into the domain of interest.

Illumination at the nanoparticles’ LSPR could result in either light scattering or light
absorption. The amount of scattered and absorbed light was determined using the cross-
section calculations3® and summed up to obtain the extinction cross-section of the
nanoparticles (Figure 2). However, for the scope of this work, we focused on the absorption
of light and the resulting localized heating. The absorption cross-section of the particle, oaps
can be calculated from the Poynting theorem as

Wab
Oabs = ﬁ (1)

where S, is the Poynting vector magnitude and where the power absorbed by the

nanoparticle is
Was= [ [ [onv @

Here, @ is defined as the total power dissipation density [%] (i.e., the total losses of the
m

system) based on the calculated EM fields. We obtained the total power absorbed by
integrating over the volume, V, of the GNP.35:39

Calculating Heat Source Power of a GNP.—The absorbing properties of nanoparticles
play an important role in photothermal heating. At the LSPR wavelength, the light absorbed
is maximized, and so is the photothermal heating effect. To calculate the photothermal
heating generated by a spherical nanoparticle,3® eq 3 yields an accurate approximation based
on the absorption cross-section, the volume of the particle, and the irradiance of the light
source.

Oy = T‘ @)

This approach, however, yields inconsistent results when treating complex geometries such
as the nanobipyramid or the nanorod; in these cases, a more general approach is undertaken
as shown in eq 4%

Wb
Oaps = ; - 4

with Qyps being the power per unit volume generated by the nanoparticle and considering
that the effect of other losses due to atomic effects is negligible. It is clear to see how the
power absorbed by the GNP is readily transformed into heat.
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Heat Transfer for GNPs in a Homogeneous Environment (Single GNPs and
Arrays).—COMSOL’s Coefficient Form PDE module was used for our heat transfer
model, due to its versatility for adding or neglecting different effects in the simulations. With

a heat source, Qyps, measured in % and temperature, 7, being the dependent variable, the
m

steady state heat equation reads

- V(KVT) = QOabs (5)

where « is the diffusion coefficient [%] Equation 5 is where the absorption calculations

from the optical properties model feed into the heat transfer model. Initially, Qyps is

computed using the RF module (eq 4). This value is then used as the heat source in eq
5.35,40,41

For anisotropic nanoparticles such as the GNR, their optical absorption is polarization
dependent. The RF module was used to calculate the average heat power across all possible
orientations and use this value as the heat generated by a nanoparticle in any orientation or
even in an array where nanoparticles are randomly oriented.

Considering that we are not working with propagating waves anymore, the truncation
method (PMLS) is no longer required, and so the size of the domain is not restricted. A 3 ym
sphere was placed around the particle to act as a surrounding medium (water) as shown in
Figure 1b.

Experimental Methods.

Synthesis of the GNPs.—Synthesis of gold nanobipyramids and gold nanorods followed
seed-mediated growth protocols. For the GNRs, seeds were synthesized using a method
modified from Nikoobakht et al., and the growth solution preparation was modified from
Vigderman et al. To make seed solution, CTAB (5 mL, 0.2 M) was added to HAuCl, (5 mL,
0.5 mM) in a 15 mL Falcon tube while gently stirring, creating a bright orange solution.
Freshly prepared, ice cold NaBH, solution (600 L, 0.01 M) was then added and thus
changed the solution to a pale brown color. The seed solution was set aside at room
temperature for at least 2 h before use. For the growth solution, CTAB (5 mL, 0.2 M) was
added to HAuCl, (5 mL, 1 mM) in a fresh 50 mL Falcon tube. AgNO3 (70 £, 0.01 M) was
added and inverted several times to mix. Hydroquinone (500 /L, 0.1 M) was then added,
followed by gently inverted mixing until the solution turned clear and colorless. Afterward,
the seed solution (160 z1) was finally added to the growth solution, inverted to mix, and
allowed to incubate overnight for nanorod growth.#2-45 For the GBPs, synthesis was carried
out as in Liu and Guyot-Sionnest.46

UV-vis Spectroscopy and Imaging of the GNPs.—Characterization of the LSPRs
was performed via UV-vis using a FLAME-CHEM-VIS-NIR spectrometer (Ocean Optics;
Largo, FL) for nanoparticles in the range of 500-550 nm in order to compare the simulated
results and those obtained experimentally. Images of the different nanoparticles were
obtained using a TEM with the JEM-1400 Plus (JEOL USA, Inc. Peabody, MA). ImageJ

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2021 August 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Manrique-Bedoya et al. Page 8

was used to measure the dimensions of the nanoparticles so that the computational models
accurately resemble the nanoparticles synthesized in the lab.

Photothermal Heating Experiments.—The nanoparticle heating measurements were
carried out using a red laser at 655 nm wavelength and 150 mW (DL655-150, Crystal aser;
Reno, NV). We measured the heating in two samples with nanoparticles at OD = 1 and one
control sample with water only. The nanoparticle samples were nanorods and
nanobiopyramids synthesized to have resonance at the laser’s wavelength, and the
temperature measurements were taken using a Temp-300 thermocouple datalogging
thermometer (Oakton Instruments; Vernon Hills, IL) until a steady state was reached (~22
min).

RESULTS AND DISCUSSION

Verification of the Computational Models.

The computational models were verified by comparing the results obtained computationally
with the analytical results obtained following Mie theory.4” Since the analytical solution is
available only for spherical nanoparticles, we used Mie theory to calculate the spectra of
various GNSs accross several wavelengths and with different surrounding media. These
analytical solutions were then compared with the numerical simulations obtained when
using a computational model with the same surrounding media and a spherical geometry of
the same dimensions. Figure 2 shows an excellent agreement between the computational and
the analytical results for spheres of two sizes: a 150 nm sphere in air and a 50 nm sphere in
water. The average error is 2.3% and 4.2% for the nanoparticle in air and water, respectively.
It can be noticed that, as expected, a smaller particle has a higher absorption cross-section,
whereas the scattering cross-section is more predominant in the larger-sized particle.

Validation of the Computational Models.

To validate the computational models measuring light—nanoparticle interactions (light
absorption), we compared the UV-vis absorbance spectra obtained from samples of GNRs
and GBPs synthesized in our lab, with the spectra obtained from corresponding
computational models of individual GNR and GBP.

TEM images of the samples were taken (left column of Figure 3), and the individual GNPs
were generated based on the average dimensions (length, £; width, W/ and tip radius, R)
measured from the images. The experimental UV-vis spectra (center column of Figure 3)
were measured in arbitrary units, and the calculated spectra (right column of Figure 3) were
computed following eq 1. The optical efficiencies were obtained for the simulated spectra as
the ratio between the power absorbed by the particle (o,,s) and the cross-sectional area of a
sphere with equivalent volume (Aeg).

UV-vis spectroscopy measures the absorbance as the amount of photons that do not pass
through the sample at a given wavelength, whereas the calculated spectra indicate how
strong the absorption is for a single nanoparticle. Keeping this difference in mind, the
comparison made between experimental and computational spectra is in terms of the
plasmon peak location. It can be noticed that the plasmon resonance wavelengths are similar
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between the simulated and measured spectra for both nanoparticle types. However, due to
the inhomogeneity in the samples (particles of different sizes and shapes as well as
additional byproducts and aggregates resulting from the synthesis process), the breadth of
the peaks observed in the experimental spectra is different from the ones observed in the
simulations.

The measured dimensions (avg + Std Dev) obtained from the TEM images of the nanorod
sample were L =97 + 20 nm, W= 25+ 2 nm, and R =8 = 3 nm. The measured dimensions
(avg = Std Dev) from the bipyramid sample were L =97 £ 20 nm, W=25+ 2 nm, and R=
8 £ 3 nm. Based on these measurements, the computational GNR model had dimensions of
L =91 nm, W=26 nm, and R= 11 nm, while the dimensions of the computational GBP
model were L = 158 nm, W=58 nm, and R= 8 nm.

It is observed, however, that the calculated spectra yield a similar resonance wavelength only
in the case of the nanorod sample (peak at 807 nm). The blue shift observed when
comparing the experimental and simulated bipyramid (experimental peak at 850 nm and
calculated peak at 820 nm) can be attributed to the fact that the nanobipyramids found in the
experimental sample are heterogeneous in shape, whereas the simulations were carried out
with only one particle. For the remainder of this work, we will focus on the simulation
results, and thus we assume that the resonance wavelength of the GBP is 820 nm.

Potential PPTT Implementation.

For implementation as photothermal agents, the desired GNPs must exhibit high absorptive
properties in the NIR (~800 nm). For this purpose, six different computational models of
nanoparticles were compared: two rods, two bipyramids, and two spheres.

The GNR and GBP samples synthesized in the lab (Figure 3) showcase resonance
wavelengths appropriate for NIR implementation; however, the peaks were not close enough
to conduct a one-to-one comparison between the two samples (GNR peak at 807 nm and
GBP peak at 820 nm), so two new models were generated: a GNR that peaks at 820 nm and
a GBP that peaks at 807. These additional models were developed by modifying only the
length of the TEM-based model in order to match the desired resonance wavelength.

The spherical models were generated based on the volume measured from the TEM of the
gold nanorods and the gold bipyramids. The radii of the modeled spheres were chosen so
that their volume would be equal to the volume of the modeled GNR and GBP (Req = 34 nm
in the case of the GBP and Req = 22 nm in the case of the GNR).

It is worth noting that both width and tip radius remain unchanged for the two nanorod
models (W= 26 nm; £=11 nm) as well as for the two nanobipyramid models (/= 58 nm;
R =8 nm). For this reason, the dimensions column of Table 1 reports only the length, L, of
the GNR and GBP and the diameters of the GNS

Depending on the size and shape of the nanoparticle, it will exhibit either the highest
absorbance or the highest scattering when the longitudinal modes are excited at the
resonance wavelength. With our model, the maximum light absorption is measured when the
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wave’s propagation vector (k) is perpendicular to the longitudinal axis of a nonspherical
nanoparticle, and the polarization of the wave (E) is parallel to the longitudinal axis. The
opposite configuration yields the minimum amount of power absorbed: k parallel to the

longitudinal axis of the GNP and E perpendicular.

The orientation-dependent nature of the power absorption was accounted for by calculating a

Avg

mean power absorbed (Qabs

) as the average between three configurations of light

propagation: the first configuration is where E and the longitudinal axis of the particle are
parallel (Q;’;s), and the other two configurations, grouped together as they yield the same

value, are where E and the longitudinal axis are perpendicular (Qzﬁ):). This average absorbed

power density can be written as

0° 90°
Avg Oabs + 20,05
Qabs = - 3 ©

and is reported in Table 1 for each nanoparticle.

Solving Maxwell’s equations in the light-nanoparticle system allowed for the calculation of
the electric field enhancement induced by the plasmon excitation in the GNPs. The
magnitude of both absorbed power and field enhancement also depends on the light intensity
used. Based on the typical values found in the literature,354041 we chose an irradiance of 1
mW/um? and a wavelength of 808 nm. Given the size difference between the laser beam
spot and the nanoparticle, a plane wave model was implemented, and the amplitude was
calculated using the relationship between the wave’s amplitude and irradiance (see eq 3 of
the Supporting Information). The effect of size and shape in the electric field enhancement
for a single GNR, GBP, and GNS can be observed on the left column of Figure 4, and a
volume map of the total power dissipation density (power absorbed by the same particles) is
shown on the right column of Figure 4. This power density was then utilized in eq 4 and
ultimately in eq 6.

The results observed in both Table 1 and Figure 4 indicate that the nanorods absorb the
highest amount of power when under illumination of a 808 nm laser. More specifically, the
91 nm long GNR absorbs more power than the 94 nm GNR due to the close proximity
between the particle’s resonance wavelength and laser’s wavelength. Furthermore, it is
observed that the bipyramid models show a considerable amount of absorbed power, despite
being over 50% larger than the rods. Thus, we may assume that both the rod and the
bipyramid geometries could be good candidates for plasmonic heating applications.
However, size limitations inherent to the particular application need to be taken into
consideration. Additionally, shape effects are observed as the individual spherical models do
not absorb a significant amount of power despite having the same volume as the GNR and
GBP models and, therefore, are not suitable for plasmonic heating in the NIR region due to
their low power absorption levels at these wavelengths.
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Nanoparticle Heating.

We have shown that both the GNRs and the GBPs absorb significant amounts of power in
the NIR region, and now we will measure the change in temperature achieved by each
particle due to the amount of absorbed power under 808 nm laser illumination. The average
power absorbed by the individual particles will be used as a heat source in the heat transfer
model (eq 5).

The maximum temperatures reached by the six nanoparticles used in this work, along with
the average absorbed power used for the calculations, are reported in Table 2. The heat maps
of the three nanoparticles exhibiting the highest temperature reached (within each type) are
shown in Figure 5.

As expected, since the nanorods absorbed the highest amount of power, they also reach the
highest temperature out of the three shapes compared, with the 91 nm nanorod being the one
that reached the highest temperature (101 °C). These results correlate to the trends observed
experimentally, where a 655 nm laser was used to heat three samples: GNRs, GBPs, and
pure water. After 22 min, the system reached a steady state, and it was observed that the
nanorods induced a temperature change of ~5 °C; however, the GBPs induced a temperature
increase of ~2 °C. Water alone did not show any temperature increase under laser
illumination (Figure 6).

Interestingly, both the experiments and the simulations show that the bipyramids can also
induce a temperature increase. Table 2 shows that the smaller GBP reaches a higher
temperature than the larger GBP. Similar to the GNR, the smaller bipyramid has a plasmon
resonance wavelength closer to the wavelength of the laser; thus, the plasmonic effect is
enhanced, and the subsequent heating is higher. This finding provides a sound argument to
the initial thought presented earlier: both GNRs and GBPs can achieve significant heating
under NIR illumination, thus making them good candidates for plasmonic heating
applications. Because they exhibited the highest temperature increase, we select the 91 nm
GNR as the best morphology for plasmonic heating under NIR illumination.

Ensemble Effect.

Now that we have chosen the 91 nm nanorod as the ideal geometry, we can study the effect
induced by multiple particles of the same size and shape (i.e., ensemble effects) in different
arrangements: a 3-dimensional array to represent a nanoparticle distribution throughout a
volume and a 2-dimensional array to represent the nanoparticles deposited on a surface.
Both the 2D and 3D models measure the effect posed by changing the distance between the
nanoparticles (i.e., changes in the concentration). We tested two different concentrations, 1
and 22 nM: the former resulted in an interparticle spacing of ~1100 nm, whereas the latter
resulted in an interparticle spacing of ~420 nm. These interparticle spacings are much larger
than the nanoparticle size, so we expect that interparticle near-field interactions are
insignificant. An approximation of the randomly distributed nanoparticles can be obtained
by modeling a perfect cubic (3D) or square (2D) lattice array where the distance between
nanoparticles is controlled by the concentration of the solution. Both arrays are composed of
a finite amount of nanoparticles: 27 GNRs in the 3D array and 9 in the 2D array, allowing us
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to simulate the effects in the micron scale. Crucially, the heat power calculated from one
nanoparticle in the nanoscale simulation (as described in the Nanoparticle Heating Section)
is input into the micron-scale simulation as the new heat source power, thus bridging the two
length scales in our computational model. The interparticle spacing in these systems is much
smaller than the laser beam spot and the light decay length in the solution, so it can be
assumed that each particle absorbs the same amount of power as its immediate neighbors.36
It is worth noting that a randomly distributed array of nanoparticles may enable increased
interparticle interactions; future work is underway to evaluate this effect. For this reason, and
to account for the random orientation observed experimentally, the average power density
absorbed by a single 91 nm long GNR (Table 2) was assigned to each particle in the array,
and the heat transfer for the different configurations was calculated using a steady state
model. Figure 7 shows the temperature maps computed for the 3D model in both
concentrations.

As mentioned above, the average power absorbed by the 91 nm GNR (311.52 mW/zm3) was
assigned to each one of the particles in the array. Each of them contains 27 NRs arranged on
a cubic lattice. The steady state heat transfer simulations from the 3D arrays at different
concentrations show that the area where hyperthermia levels are reached (7> 43 °C) is
similar in size for both systems: the 1 nM system induced hyperthermia levels over a region
of 24.4 1m3, whereas the region affected by the heating of the 22 nM system has a volume
of 28.7 zm3. Although the volume experiencing the plasmonic heating is similar, the highly
concentrated system reached higher temperatures than the diluted one, indicating that a
solution with higher concentration of GNPs absorbs greater amounts of light,36 thus
inducing hyperthermia levels much faster while containing the effect within one micron
from the center of the array. Comparing these results to those observed in the photothermal
heating experiment (Figure 6), where the measured temperature increase observed in the
GNR sample was about 5 °C (measured 5 mm away from the laser spot), and considering
that the experimental sample had an optical density of approximately 1 at the resonance
wavelength, it can be compared to the 1 nM simulated system which also shows a
temperature increase of at least 5 °C around the boundaries of the simulation domain, as
well as an average temperature increase of 7 °C throughout its volume.

For the 2D case, it is important to consider possible interface effects, e.g., for nanoparticles
on a substrate or at the interface between two different substances or tissues.*84? To check
whether interface effects would be significant, one simulation was run with a 2D array of
nanorods placed at a water—glass interface, and another simulation contained the 2D array
surrounded by water only. There was a negligible difference between the optical absorbance
between the array at the glass—water interface and the one surrounded by water. For this
reason, and to reduce computational time, the heat maps of the 2-dimensional arrays at 1 and
22 nM are calculated without substrate and are shown in Figure 8. These maps show a
behavior comparable to the one observed with the 3D array, but the regions where
hyperthermia levels are reached are significantly smaller: the 1 nM system induced
hyperthermia in the areas surrounding the particles but no further than 400 nm away from
each particle. The 22 nM array induced hyperthermic levels within a region of ~1.5 xm,
smaller than its 3D counterpart but significantly larger than the 2-dimensional array at 1 nM.
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This indicates that the heating effect of GNPs in 2D, similar to the 3D case, is enhanced with
increased concentration.

CONCLUSIONS

We have developed computational models that successfully describe the plasmonic
excitation of single gold nanoparticles, the subsequent heat generation due to power
absorption from laser illumination, and its effects on temperature distribution throughout the
surrounding medium. We developed these models in a FEM framework such as in COMSOL
Multiphysics to provide the community with a complete and detailed set of procedures to
enable a widespread of such a type of PPTT modeling. Comparing GNPs of different sizes
and shapes confirmed the gold nanorod as the particle shape with the greatest heat power per
unit volume; more specifically, the 91 nm GNR was found to have optimal heat generation.
Additionally, due to the small size of the nanoparticle and the location of its resonance
wavelength in the NIR, the GNR can be used as a photothermal agent in applications such as
PPTT. Furthermore, the concentrations chosen for this study represent realistic
concentrations of nanoparticles which would be used in medical applications, and it was
found that arrays of nanorods can induce hyperthermic levels in the surrounding medium at
low and high concentrations. Moreover, highly concentrated solutions induce hyperthermia
over a larger volume. We note that our computational model showcases qualitative
agreement with the experiments regarding the localized temperature increase, as well as the
trend of GNRs exhibiting the highest amount of heating, followed by the GBPs. Locally
concentrated GNRs, especially through methods like molecular targeting, will enhance the
clustering effects and enable higher temperature increase within the target region as is the
purpose of plasmonic heating applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Computational model used in (a) the electrodynamic simulations, showing the PMLs around

a nanorod, and (b) the heat transfer simlations, showing a water sphere around a
nanobipyramid.
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Figure 2.
Optical spectra obtained numerically using FEM (extinction in blue, absorption in green,

and scattering in red solid lines) with the analytical solution from Mie theory for (a) 150 nm
gold nanosphere in air and (b) 50 nm gold nanosphere in water.
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TEM images of (a) nanorods and (d) bipyramids were measured to generate computational
models (scale bars are 100 nm). Panels (b) and (e) show the UV-vis spectra of GNRs and
GBPs, respectively, at an optical density close to unity at the resonance wavelength. The
right column shows the absorption efficiency spectra calculated for a single (c) nanorod and
(f) nanobipyramid. The efficiency was calculated as oaps/ Aeq, With Aeq being the cross-
sectional area of a sphere with volume equivalent to that of the nanorod (Req = 22 nm) or the

nanobipyramid (Req = 34 nm).
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Figure 4.
On the left column: electric field magnitude under a plane wave illumination of 808 nm

wavelength and 1 mW/um? irradiance for (a) a 91 nm nanorod, (c) a 153 nm nanobipyramid,
and (e) a 68 nm nanosphere. On the right column: Power absorbed by (b) a 91 nm nanorod,
(d) a 153 nm nanobipyramid, and (f) a 68 nm nanosphere under the same illumination. Scale
bars are 50 nm.
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Figure 5.
Steady-state temperature maps of (a) a 91 nm GNR, (b) a 153 nm GBP, and (c) a 68 nm

GNS. Scale bars are 50 nm.
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Figure 6.
Plasmonic heating experiments using a 655 nm laser to induce heating in nanorods,

nanobipyramids, and pure water.
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Figure 7.
Temperature spatial distribution around an array of 91 nm long nanorods concentrated at 1

nM (top row) and 22 nM (bottom row). (a) and (c) show the 3D heat maps on a quarter
section of the arrays. (b) and (d) show the distribution of heat in the plane where
hyperthermia levels ( 7> 43 °C) are reached. The heat sources are set at 311.52 mW/um3.
The surrounding medium is a 5 um sphere of water.
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Heat generated by a 2D array of nanorods at (2) 1 nM and (b) 22 nM. Each particle was
assigned an average heat source power of 311.52 mW/m3 as reported for the average power
absorbed by a single 91 nm GNR. The surrounding medium is a 5 zm sphere of water
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Table 2.

Page 26

Average Absorbed Power Density Per Unit Volume for Different Types of Nanoparticles and the Maximum

Temperature

Reached

nanoparticle type

dimensions [nm]

avg. absorbed power density [mW/um?3]

max. temperature [°C]

nanorod
nanorod
nanobipyramid
nanobipyramid
nanosphere

nanosphere

91
94
153
158
68
44

311.52
259.44
83.22
78.45
0.80
0.67

101.1
917
80.2
78.4
375
37.1
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