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Abstract: Plasmonic photothermal therapy (PPTT) has potential as a superior treatment method
for pancreatic cancer, a disease with high mortality partially attributable to the currently non-
selective treatment options. PPTT utilizes gold nanoparticles infused into a targeted tissue volume
and exposed to a specific light wavelength to induce selective hyperthermia. The current study
focuses on developing this approach within an ex vivo porcine pancreas model via an innovative
fiberoptic microneedle device (FMD) for co-delivering light and gold nanoparticles. The effects
of laser wavelengths (808 vs. 1064 nm), irradiances (20–50 mW·mm−2), and gold nanorod (GNR)
concentrations (0.1–3 nM) on tissue temperature profiles were evaluated to assess and control
hyperthermic generation. The GNRs had a peak absorbance at ~800 nm. Results showed that, at
808 nm, photon absorption and subsequent heat generation within tissue without GNRs was 65%
less than 1064 nm. The combination of GNRs and 808 nm resulted in a 200% higher temperature rise
than the 1064 nm under similar conditions. A computational model was developed to predict the
temperature shift and was validated against experimental results with a deviation of <5%. These
results show promise for both a predictive model and spatially selective, tunable treatment modality
for pancreatic cancer.

Keywords: plasmonic photothermal therapy; gold nanorods; fiberoptic microneedle; near infrared;
photothermal; COMSOL tissue model; bioheat; hyperthermia

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the most aggressive and lethal
malignancies with a median patient survival of 6–8 months after diagnosis and a five-year
mean survival rate of around 10% [1,2]. It is predicted to be the second largest cause of
cancer related death in the US by 2030 with a current mortality rate of 42,000 death per
year [2]. Despite substantial advancements in medical science, efforts in early diagnosis
techniques, and innovative therapeutic approaches, survival rates have not improved
significantly [2]. A majority of the patients (60–70%) are not surgical candidates due
to advanced age, late-stage diagnosis, or progression of cancer with proximity to major
vasculature [3,4]. Non-surgical techniques including chemo- and radiotherapy have been
proven to have low effectiveness in pancreatic cancer due to poor specificity and adverse
side effects [5–7]. Minimally invasive and selective therapeutic approaches are desperately
needed to help improve patient outcomes.

Endoscopic ultrasound (EUS) has become the gold-standard for diagnosing pancreatic
cancer due to its ability to provide high resolution imaging and a means to access the lesion
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for biopsy or therapeutics [7]. EUS-guided radiofrequency ablation (RFA) techniques utiliz-
ing a catheter directly inserted into the tumor have been proven to be feasible, although
with significant rates of pancreatitis [8]. EUS-guided laser ablation (laser interstitial thermal
therapy; LITT) in a healthy pancreas has recently been successfully demonstrated in a pig
model and a pilot clinical trial, but controlling the ablation zone was an issue due to tissue
non-selectivity [6,9]. Without tissue-selective and tumor-directed therapies, the risk of
normal tissue damage and subsequent complications such as pancreatitis remains high.

A promising emerging technology for the treatment of unresectable pancreatic cancer
is plasmonic photothermal therapy (PPTT) [10,11]. The process involves infusing gold
nanoparticles (GNPs) to the targeted tumor region followed by exposure to near-infrared
light (NIR, 750–1700 nm) to induce hyperthermia and tissue damage [12–14]. The free
electrons of GNPs resonate and convert energy to heat when exposed to a specific light
wavelength based on the geometry of the GNPs in a phenomenon known as surface
plasmon resonance [11,15]. The effect seems highly useful for cancer therapy, as it can be
tuned through modification of the size and shape of the GNPs during synthesis [11,16].
Costantini et al. reported the application of branched gold nanoparticles (BGNPs) in
colon cancer cells for the photothermal therapy at 808 nm laser [17]. In addition, 2D
nanomaterials including Pd-Au nanoplates showed promise in photothermal therapy
due to their high light to heat conversion rate, optical tunability through integration
of other plasmonic metals, and large surface area accommodating other molecules for
synergized therapy [18]. Despite numerous previous studies exploring PPTT for other
diseases, the application of this technique for the treatment of pancreatic cancer is largely
unexplored [19–22]. What little work exists has explored ex vivo benchtop and early
in vivo models, but demonstrated some promise that GNP photothermal heating can
destroy malignant cells and inhibit tumor growth [19,23]. Gold nanorods (GNRs), among
other GNP geometries, are increasingly utilized in PPTT due to their potential for high
plasmonic heat generation [16,24] and optical dose tunability [25–27]. GNRs have been
applied in numerous ex vivo and in vivo models of other varieties of cancer to explore the
efficacy of PPTT [11,13]. Pulagam et al. reported an in vivo application of radiochemically
stable GNRs in a mouse xenograft model for the photothermal therapy of gastrointestinal
cancer [28]. GNRs can be functionalized to localize specifically within and around a
tumor volume [21,29]. A recent study by Polo et al. demonstrated that plasmonic heating
significantly changes the composition of protein corona around the GNRs which can be
manipulated through surface charging of PEGylated GNRs [30]. However, the clinical
application of PPTT for pancreatic cancer treatment will require precise control of GNR
localization and thermal ablation, requiring further research to realize.

A fiberoptic microneedle device (FMD) was developed by our group through lever-
aging an innovative light fluid coupling technique for co-delivering high power laser
light (both visible and NIR) and liquid solutions (e.g., GNR solution) to a targeted tissue
volume [30–33]. The sharp FMD tip is capable of penetrating soft tissue to infuse fluids
and deliver light either peri- or intra-tumorally, reducing the chance of damaging healthy
tissue in the optical path. Prior work also demonstrated the local photothermal heating
with 1064 nm wavelength resulted in deep penetration and controlled volumetric dispersal
of macromolecules in rat cerebral and porcine bladder tissue [34,35]. These phenomena
inspired deploying FMD, guided through EUS, for the application of PPTT in pancreatic
cancer treatment.

A computational model for predicting the tissue–GNRs interaction with different
light wavelengths would greatly assist in determining a safe and effective PPTT approach
for pancreatic cancer. A literature review revealed numerous finite element (FEM) anal-
yses describing tissue photothermal heating by NIR light [36–39]. However, only a few
reported the FEM model describing the porcine pancreas tissue–NIR light (1064 nm only)
interaction [24,39]. However, these models utilized porcine liver tissue thermal and optical
properties instead of pancreatic tissue due to a gap in the literature on this topic [39]. More-
over, porcine pancreas interaction with ~800 nm range wavelength has not been reported
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yet. A computational model was developed earlier by our group to characterize light
absorption and photothermal heating of GNRs by the NIR light in atmospheric condition,
setting the stage for a surgical planning package [24]. However, the laser–pancreas tissue
interaction was not reported in that study due to the gap in the literature. Another recent
work of our group focused on bridging this gap in the literature by reporting porcine pan-
creas thermal and optical properties [40]. The current study utilized these tissue specific
properties and reported a computational model for the photothermal heating of porcine
pancreas tissue through collimated laser and FMD at 808 and 1064 nm. As the porcine pan-
creas tissue is analogous to humans and a suitable candidate for ex vivo modeling [41,42],
a computational model on NIR light interaction with porcine pancreas tissue would benefit
both researchers and clinicians exploring treatments for pancreatic cancer.

The aim of this study is to characterize photothermal heating of ex vivo porcine
pancreas tissue at two different wavelengths, 808 and 1064 nm. Light delivery is explored
with both a free beam and through the FMD, both with and without the presence of
GNRS. A computational model was developed utilizing tissue-specific thermal and optical
properties to predict the tissue temperature profile when exposed to 808 and 1064 nm light.
A comparison study between experimental and computational results was reported to
validate the model.

2. Materials and Methods
2.1. Tissue Sample Collection

Porcine pancreas tissue samples were obtained from a USDA-approved abattoir.
Immediately after the animals were sacrificed (<10 min), the pancreas was excised, and
placed in separate Ziploc bags. An insulated cooler box with ice was used for transporting
the samples to the laboratory. Upon arrival at the laboratory, the tissue samples were
washed in phosphate-buffered saline (PBS) solution. Samples were sliced in a 3 × 3 cm2

cross-section area using a scalpel and the dimensions were estimated using calipers and
image processing software (ImageJ) [43]. Samples used in different experiments had a
thickness of approximately 1 ± 0.05 cm. A portion of these tissue specimens was utilized
in running experiments on the same day of collection (referred to as ‘fresh’ tissue samples).
The rest of the specimens were stored individually in a −62 ◦C freezer for later use within
7–14 days (referred to as ‘frozen’ tissue samples). All study procedures were completed
following the approved protocols by the University of Texas at San Antonio’s Institutional
Biosafety Committee.

2.2. GNRs Synthesis and Photothermal Heating

GNRs were synthesized by a seed-mediated growth protocol described in the liter-
ature [25,44,45]. The detailed method of the synthesis process was described previously
by this group [24]. The optical absorbance of the nanorods was confirmed via UV-Vis
spectroscopy (400–1100 nm) and their geometry (length, width, aspect ratio) was measured
via SEM (scanning electron microscopy) imaging and analyzed in ImageJ. As-synthesized
GNRs (i.e., non-functionalized) were utilized in this experiment where GNRs were sus-
pended in CTAB solution (Cetyltrimethylammonium bromide). The initial concentration
of the solution was 3.2 nM, which was evaluated from the mass percentage of gold in a
known volume of GNR solution (3.5 mL cuvette). The mass percentage was measured
by quantifying the weight of gold through centrifuging the solution and subtracting the
weight of water. This concentrated solution was serially diluted by adding 10 mL of
distilled water in each increment. The optical absorbance of each diluted solution was
obtained from the UV-Vis spectrometer. An absorbance vs. GNR concentration graph
was plotted from these optical measurements which was the basis for identifying any
unknown GNR concentration from the optical absorbance measurement (see Figure S1 in
Supplementary Materials).

Next, the maximum steady state temperatures of different GNR concentrations (0.1,
0.25, 0.5, 0.75, 1, 3 nM) were measured at fixed laser irradiations (30 mW·mm−2 at 808 nm).
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The experimental setup included a transparent cuvette (3.5 mL) filled with a known
concentration of GNR solution exposed under the collimated laser beam (Figure 1). The
distance between the laser pointer lens and the GNR top surface was fixed at 3 cm. The
cuvette cross-sectional area (100 mm2) was significantly larger than the collimated beam
area (24 mm2), which ensured the unobstructed interaction between the laser and GNRs. A
thermal camera (E5, FLIR, Wilsonville, OR, USA) was positioned 30 cm away to capture
a lateral image of the cuvette and laser. The camera setting was adjusted to measure
temperature at three different spots on the cuvette: 2 mm, 12 mm, and 20 mm below the
top surface of the GNR solution (as shown in Figure 1). The purpose was to observe the
temperature distribution as a function of depth into the GNR solution and evaluate the
mean value of these three measurements. The thermal camera was connected to a computer
for real-time data collection at 5 Hz. Laser irradiation continued until the GNR temperature
reached a steady state (temperature change <0.05 ◦C for 5 min). The experiment was
repeated 5 times for each concentration of the solution (n = 5). A control test was conducted
following a similar procedure with distilled water (blank) for comparison.
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Figure 1. Gold nanorods (GNRs) photothermal heating with 808 nm laser.

2.3. Tissue Photothermal Heating with Collimated Laser Beam

The photothermal heating experiments utilized two different continuous wave laser
sources with collimated beam outputs at 808 nm (LRD-0808-PFR-01000-03, Laserglow
Technologies, Toronto, ON, Canada) and 1064 nm (YLR 10-1064-LP, IPG photonics, Oxford,
MA, USA) wavelengths. The collimated beam areas for both laser sources were estimated
by taking a thermal image (E40, FLIR thermal camera) of the beam reflection and post-
processing the image using ImageJ. The beam areas were measured at 24 and 19.6 mm2

for the 808 and 1064 nm, respectively. Collimated beam output power was measured by
an integrating sphere (photo detector, 819D-UV-2-CAL, Newport, Franklin, MA, USA)
and an optical power meter (1936-R, Newport, Franklin, MA, USA). The beam areas were
used to set the beam intensity within the range of 20–50 mW·mm−2 (in 10 mW·mm−2

increments) for both laser sources. This range was selected through a set of preliminary
tests with different laser irradiations which demonstrated that >60 mW·mm−2 irradiation
would cause unwanted tissue burning (see Figure S2 in Supplementary Materials). The
tissue specimen was placed on a glass slide (12 × 12 × 0.5 cm) beneath the laser attached
to an adjustable holder (Figure 2). The distance between the tissue top surface and the
laser was kept constant at 4 cm. Two K-type thermocouples (Fluke Co; Everett, WA, USA)
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were inserted into the tissue at 3 and 6 mm below the tissue surface while ensuring they
were 1–2 mm from the collimated beam path. An Omega thermometer (OM-HL-EH-TC,
Omega Engineering, Norwalk, CT, USA) was utilized to record the temperature reading
from the thermocouples at a set frequency of 5 Hz. Both thermocouples were calibrated
against a cold junction (ice) before conducting the experiments. A glass thermometer was
used to measure the room temperature. The experiment started when the tissue’s initial
temperature reached room temperature (22 ◦C). Laser emission continued until the tissue
temperature reached a steady state maximum range, i.e., temperature fluctuation was
<0.05 ◦C for 5 min. At this point, the laser was turned off to allow the tissue specimen to
cool normally (no forced convection) to room temperature. The experiment was repeated
5 times with different specimens (n = 5). A similar procedure was followed for experiments
with two different laser sources and four different light intensities.
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2.4. Tissue Photothermal Heating with FMD and with/without the GNRs

The fabrication process, optical performance, and mechanical characterization of the
FMD were described previously by members of this group [31]. In brief, the FMD utilized
a flexible light guiding capillary (fused silica, 365 µm outer diameter, and 150 µm inner
diameter) which can co-deliver light (both visible and NIR) through the annular silica
core and liquid through the hollow bore (Figure 3). The tip of the FMD can be either
flat polished or beveled at a specific angle for easy penetration of soft tissue. The device
was designed for connecting to a laser source and a syringe for co-delivering light and
fluid, respectively. The goal of using FMD in this study was to assess its utility as a
delivery vehicle for GNRs and thereby PPTT. The cross-section area of the annular silica
core of a flat polished FMD tip was evaluated from capillary geometry (0.086 mm2) to
identify the applied laser intensity. FMD tips were inserted horizontally (2–3 mm) into the
tissue top surface lying on a glass slide at room temperature (22 ◦C) (Figure 3). The laser
exposure time of 60 s was decided upon through discussion with clinical collaborators at
the University of Texas Health Science Center at San Antonio. The aim was to complete the
procedure in a short time to avoid the unwanted heating of healthy surrounding tissue. A
set of preliminary tests were conducted to evaluate the threshold light intensity from the
FMD tip that would induce tissue carbonization, which would be an unwanted outcome to
avoid. It was observed from the preliminary tests that laser intensities >60 mW·mm−2 from
the FMD tip for both 808 and 1064 nm wavelengths could cause tissue carbonization within
the 60 s exposure period. Hence, the FMD tip output laser intensity was set sequentially at
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30, 40, and 50 mW·mm−2 for this test. A thermal camera was positioned above the tissue
sample at a fixed height of 30 cm to capture the tissue temperature profile (Figure S4 of
Supplementary Materials shows the thermal camera images taken during the experiments).
The camera was connected to a computer for recording temperature data at a 2 Hz sampling
rate. After 60 s, the laser was turned off, and the tissue was allowed to cool down to room
temperature. The test was repeated five times with different tissue samples for each light
intensity at both 808 and 1064 nm (n = 5).
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GNR Infusion and Tissue Photothermal Heating through FMD

Another set of experiments were conducted to assess the combined effect of laser irra-
diation and GNR concentration on ex vivo porcine pancreas tissue photothermal heating.
The experimental setup was similar to the previous experiments except for the addition of
the GNR solution transfused through the FMD by a syringe pump (Figure 3). The FMD was
also coupled by a free coupler to the 808 or 1064 nm laser, which was delivered at the same
irradiances as before (30, 40, and 50 mW·mm−2). GNR concentrations infused included
0.1, 0.25, 0.5, 0.75, and 1 nM delivered at 1 mL/min for 60 s. Laser irradiation initiated
right after the infusion of GNRs at 60 s. Tissue temperature was monitored through the
thermal camera following the same instruction as mentioned earlier. Laser irradiation
continued for 60 s followed by the natural convective cooling to room temperature (22 ◦C).
The experiment was repeated five times for each laser irradiation and GNR concentration
(n = 5). The tissue specimen was replaced between each experiment.

2.5. Computational Modelling of Laser–Tissue Interaction

A computational model was developed to predict the tissue temperature rise induced
by photothermal heating at the 808 nm and 1064 nm wavelengths. The modelling procedure
was adapted from Feng et al. [38,46] and Saccomandi et al. [39] with the inclusion of the
tissue-specific thermal and optical properties at both laser wavelengths from our previous
work [40]. The 3D model was developed using the FEA software COMSOL Multiphysics®



Pharmaceutics 2021, 13, 2133 7 of 18

with a 3 × 3 × 1 cm3 block representing the tissue sample and collimated laser beam
simulated by a circular area at the center of the block. Due to axial symmetry, only a quarter
of the model is required to perform the simulations (Figure 4).
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The effect of photothermal heating induced by the laser beam can be modeled by
the Pennes bioheat transfer equation [47]. Assuming the model is a representation of
laser heating in ex vivo tissue, the blood perfusion and metabolism contributions can be
neglected. Thus, the bioheat equation reads:

ρCp
∂T(x, t)

∂t
−∇.(k∇T(x, t) = Qlight(x, T) (1)

Here, ρ (kg·m−3), Cp (Jkg−1K−1), and k (Wm−1·K−1) are the tissue density, specific
heat, and thermal conductivity, respectively. For simplicity, the tissue was considered
homogeneous and isotropic. T(x, t) is the tissue temperature, expressed as a function of
space and time. Qlight(x, T) (W·m−3) is the heat source term due to photon absorption
caused by the laser–tissue interaction, which can be expressed as follows [38]:

Qlight(x, T) = µa.Φ(x, t).E (2)

Here, µa (mm−1) is the absorption coefficient of tissue at a specific laser wavelength,
Φ(x, T) (m−2·s−1) is the photon fluence (number of photons passing through a unit area at
a point in space per unit time), and E (J) is the photon energy. The photon energy can be
evaluated as

E =
hc
λ

(3)

with h (6.63 × 10−34 J·s) being Plank’s constant, c (2.99 × 108 m·s−1) the speed of light,
and λ (m) the laser wavelength. Additionally, the photon fluence in the tissue (i.e., Φ(x, t)
in Equation (2) can be estimated from the time-dependent light diffusion approximation
derived from the radiative transfer equation [48]. With no additional sources apart from
light absorption, the equation reads:

1
c

∂

∂t
Φ(x, t) +∇.(−D∇Φ(x, t)) = −µa.Φ(x, t) (4)
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Here, µa (m−1) is the absorption coefficient of tissue at a specific light wavelength, and
D is the optical diffusion coefficient which depends on tissue-specific optical properties.
The diffusion coefficient can be expressed as [49,50]:

D =
1

[3(µa + µ′s)]
(5)

where µ′s (m−1) is the reduced scattering coefficient of tissue at a specific laser wavelength.
Equations (1) and (4) were solved using the heat transfer and general form PDE

modules in COMSOL Multiphysics®, respectively. Tissue initial temperature (T|t = 0) was
set at 22 ◦C to mimic the ex vivo experiment. The collimated laser beam on the tissue
surface was modeled using a Dirichlet boundary condition [51]:

Φ|source = (1− R)
w0

πr2
0(1− E)

(6)

with R being the light reflectance at the air–tissue interface for a specific laser wavelength,
w0 (W) the laser power, and r0 (m) the collimated beam radius. In the current model, the
laser power was assumed to be uniform over the source boundary. Thermal insulation
boundary conditions (Neumann boundary condition [51]) were imposed at the symmetry
planes (left and front boundaries). Lastly, free convective cooling (qconv) was imposed at
the top, right, and back boundary area of the tissue (Figure 4).

qconv = hconv(T(x, t)− T∞) (7)

Here, hconv (5 Wm−2·K−1) is the convection heat transfer coefficient, and T∞ (295.15 K)
is the ambient temperature. Furthermore, porcine pancreas tissue properties were obtained
from both literature (e.g., ρ = 1040 kg·m−3 and Cp = 3630 J·kg−1·K−1) [39,52] and our
team’s previous work on characterization of tissue thermal and optical properties (e.g.,
k = 0.45 Wm−1·K−1, µa, µ′s, and R (detailed optical properties are shown in Table S1 of
Supplementary Materials)) [40]. After setting up the equations and boundary conditions,
two temperature probes were placed at 3 and 6 mm below the tissue’s top surface and
2 mm away from the beam path to mimic the experimental setup described in Section 2.2
(Figure 4). The model was run to assess the steady state tissue temperature for a 0–60 min
period when exposed to different laser irradiations (20, 30, 40, 50 mW·mm−2) at both 808
and 1064 nm wavelengths.

To assess the effect of photothermal heating using the FMD, the collimated beam area
of the model was replaced by the annular core of the FMD (Figure 4). It was assumed that
photons are uniformly distributed throughout the core area of the FMD and scattered at
the tip. A quarter of the FMD tip was modeled using the same procedure described earlier
for the collimated beam. Uniform laser power over the source boundary was assumed. The
rest of the boundary conditions remained the same. The model was run for 60 s using 30,
40, and 50 mW·mm−2 laser irradiations at both 808 and 1064 nm. Finally, the simulation
results were compared with the experiments as described earlier in Sections 2.3 and 2.4 to
validate the model.

3. Results and Discussion
3.1. Results of GNRs’ Synthesis and Photothermal Heating

SEM images of the GNRs were utilized to obtain the average dimension of nanorods
(Figure 5). The measured length and width of the GNRs were 95.2± 4.7 nm and 24.8± 1.5 nm
respectively. A spectrometric analysis showed the resonance wavelength (peak absorbance)
of the GNRs to be 813 nm. At 1064 nm, the GNRs’ optical absorbance reduced to less
than half of the peak absorbance. Theoretically, these GNRs should exhibit high photon
absorption and heat generation at 808 nm which was assessed in this experiment. In the
photothermal heating experiment of different GNR concentrations (0.1–3 nM) at 808 and
1064 nm, the 30 mW·mm−2 collimated laser beam showed different temperature gradients
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(Figure 5). A statistical analysis (Student’s T-test) was conducted between the results from
each set of two consecutive GNRs concentrations to assess significance. It was observed
that at 808 nm, the significance was higher (p < 0.001) for concentrations ranging from
0.1 to 1 nM. The maximum temperature did not increase as dramatically from 1 to 3 nM
concentrations (p < 0.01). This may be attributable to the saturation of photon absorbance
by GNRs at a higher concentration for a fixed power density. In contrast, at 1064 nm,
GNR temperature did not increase as much as the 808 nm wavelength, though the control
test with distilled water demonstrated a significant increase in ∆T (4.8 ◦C). This could be
attributed to the higher light absorption rate of water at the 1064 nm range. The thermal
camera captured temperatures at different spots of the cuvette filled with GNRs. During the
experiment, it was observed that maximum heat was generated at a 12 mm depth from the
top surface of the GNR solution in the cuvette (Figure 1). GNRs absorbed more light and
gradually increased the temperature within this top layer as the concentration increased.
Most of the light scattering and absorption occurred within the upper layer (~20 mm) of
GNRs while the bottom of the cuvette showed very little temperature increase (1–2 ◦C).
A low concentration (0.1 nM) GNR solution raised the temperature (∆T) by 5 ◦C, which
increased almost three-fold for the 1 nM solution. The rate of temperature rise was directly
proportional to the GNR solution concentration. The 3 nM solution rapidly increased the
temperature by 10 ◦C within 1 min, a rate which may be too fast to control during the
application of PPTT. Choosing the correct GNR concentration and laser exposure will be
critical for generating sufficient heat to cause tissue hyperthermia while minimizing dam-
age to nearby healthy tissues. This experiment demonstrated the light-to-heat conversion
efficiency of different GNRs’ concentrations at 808 nm, the targeted wavelength for PPTT
application in this study.

3.2. Results of Tissue Photothermal Heating by Collimated Laser Beam

In this experiment, ex vivo tissue samples were photothermally heated by 808 and
1064 nm laser irradiation within the 20–50 mW·mm−2 range with a 50% increment rate.
Thermocouples inserted into the tissue detected temperatures at 3 and 6 mm depth from
the top surface. Maximum steady-state temperature and time were recorded for each laser
irradiance. Results from the separate sets of experiments were compiled together in a
single plot to facilitate the comparison of tissue photothermal heating at a fixed depth and
laser irradiation for both wavelengths (Figure 6). Figure 6 represents the mean value of
five experimental repetitions with an error bar representing one standard deviation (1σ). A
graph showing the tissue temperature fluctuations vs. time is exhibited in Supplementary
Materials (Figure S3).

An analysis of the results revealed that the tissue temperature increase (∆T = difference
between the tissue initial and final temperature) at 808 nm was lower than 1064 nm
wavelength for similar irradiations: 51.4 ± 5.5% and 65.8 ± 3.2% lower at 3 mm and 6 mm
tissue depths, respectively. ∆T increased linearly with respect to laser power for both
wavelengths. The maximum ∆T was 15.1 ◦C for 1064 nm, 50 mW·mm−2 irradiances at
3 mm tissue depth. No visible tissue damage was observed during the experiment. For
similar laser irradiations, the rate of temperature increase (∆T/time for tissue heating) was
95.6 ± 4.8% and 87.7 ± 6.1% higher for 1064 nm relative to 808 nm at 3 and 6 mm tissue
depths, respectively. This finding is in good agreement with literature reports and prior
work from our group on porcine pancreas tissue optical properties measurements [15,16,42].
It is evident from Figure 6 that low irradiation by 808 nm, i.e., 20/30 mW·mm−2 would not
increase the tissue temperature as much as 1064 nm. It also implies that if the laser exposure
time is reduced, the 808 nm wavelength would be less harmful to the healthy surrounding
tissue than the 1064 nm. Hence, the 808 nm will be more selective for the photothermal
ablation of pancreas tissue than the 1064 nm when paired with functionalized GNRs of the
appropriate resonance to specifically target the tumor region only. The 1064 nm wavelength
may be helpful for approaches wherein deep penetration and rapid temperature rise
are desirable.
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Figure 5. (A) SEM image of the GNRs; representation of GNRs’ size-frequency histogram of n = 100 distribution as
determined from SEM image analysis: (B) GNR length (95.2 ± 4.7 nm), (C) GNR width (24.8 ± 1.5 nm), average aspect ratio
(length/width): 3.83; (D) UV-vis absorption spectrum of a sample GNR solution (1 nM concentration) with an absorption
peak at 813 nm wavelength; temperature rise (∆T) vs. GNR concentration graph when exposed to 30 mW·mm−2 beam at
(E) 808 nm, and (F) 1064 nm laser wavelengths. The error bars represent mean ± 1σ (standard deviation) for n = 5 trials.
Student’s T-test showed the statistical significance between two consecutive GNRs’ concentrations and control (distilled
water) which are represented by F symbol. F = p < 0.05, FF = p < 0.01, and FFF = p < 0.001.
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Figure 6. Steady-state temperature of ex vivo porcine pancreas tissue at 3 mm and 6 mm depth from
top surface during photothermal heating at different laser irradiations (20, 30, 40, 50 mW·mm−2) of
both 808 and 1064 nm wavelengths. The error bar represents mean ± 1σ (standard deviation) for
n = 5 trials. Statistical analysis (T-test) was conducted between results from 3 mm and 6 mm tissue
depths for a fixed laser wavelength and irradiation. The significance of the data is represented by F
symbol where F = p < 0.05, FF = p < 0.01, FFF = p < 0.001.
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3.3. Results of Tissue Photothermal Heating by FMD and with/without GNRs

The purpose of this set of experiments was to evaluate the FMD’s effectiveness in
the photothermal heating of ex vivo porcine pancreas tissue with and without a local
GNR solution. The small size of the FMD tip (silica core area = 0.25 mm2) focused the
high-energy laser to the specific tissue area, which resulted in rapid and concentrated
heating. Concentrated irradiation caused tissue burning and carbonization at the FMD tip
when the applied laser intensity was >60 mW·mm−2 or the exposure time was too long.
Preliminary tests established the range of laser intensities (30–50 mW·mm−2) and exposure
times (60 s) for both 808 and 1064 nm wavelengths to avoid tissue burning at the FMD tip.
The results of these experiments are illustrated in Figure 7A–D. The first set of experiments
(Figure 7A,B) evaluated FMD irradiation without GNRs while the next set (Figure 7C,D)
explored irradiation with locally infused GNRs.
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Figure 7. Ex vivo porcine pancreas tissue temperature profile during photothermal heating by FMD only without GNRs at
(A) 808 nm, (B) 1064 nm; and with infused GNRs (1 nM, 1 mL) at (C) 808 nm, (D) 1064 nm wavelengths. Three different laser
irradiations were tested: 30, 40, and 50 mW·mm−2 with an exposure time of 60 s followed by free convection cooling. Error
bars represent mean ± 1σ (standard deviation) for n = 5 trials. Statistical analysis (Student’s T-test) between the maximum
tissue temperatures of each set of two consecutive laser irradiations for a given wavelength showed the significance of the
data (p < 0.01).

Initial irradiation experiments without GNRs exhibited faster rates of temperature
increase (∆T/time) for 1064 nm wavelengths than the 808 nm at different intensities. For
808 nm, ∆T after 1 min was measured at 2.3 ± 0.6, 4.1 ± 0.4, and 5.1 ± 0.5 ◦C for 30, 40, and
50 mW·mm−2 irradiances, respectively. For similar irradiances at 1064 nm, ∆T was almost
double (4.3 ± 0.4, 6.1 ± 0.7, and 8.2 ± 0.6 ◦C). These results followed a similar trend as
observed in previous experiments with collimated beam photothermal heating (Section 3.2)
for similar laser irradiations. The differences between the photothermal heating through
the collimated beam and FMD are the photons distribution and the exposed tissue area.
The collimated beam uniformly distributes the photons over a larger area compared to
the FMD tip where photons spread out in a much smaller tissue area resulting in a rapid
temperature increase. During the application of the PPTT, this phenomenon will help in
selectively heating a tissue volume of interest.
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The next set of experiments included the local infusion of the GNR solution prior
to irradiation with the same wavelengths and irradiances as the prior set of experiments.
The GNR concentrations were increased (0.1, 0.25, 0.5, 0.75, and 1 nM) while keeping
the total infused volume constant (1 mL). Figure 7C,D exhibits the results for 1 nM GNR
solution, as it provides a good representation of the observed trends. At 1064 nm, ∆T
increased by 2.6± 0.4, 3.1± 0.5, and 3.6± 0.3 ◦C due to the inclusion of GNRs at 30, 40, and
50 mW·mm−2, respectively. In contrast, at 808 nm, ∆T increased significantly by 8.8 ± 0.5,
12.5 ± 0.5, and 19.1 ± 0.6 ◦C while comparing the results between Figure 7A,C for similar
irradiances. Following 808 nm exposure to pancreatic tissue with infused GNRs, visible
bleaching around the FMD insertion area was evident. However, no tissue carbonization
was observed during the 60 s irradiations for any of the experiments.

Figure 8 depicts the effect of GNR concentration on ex vivo tissue photothermal
heating (t = 60 s) at 808 and 1064 nm for three laser irradiances (30, 40, and 50 mW·mm−2).
A linear trend was observed between tissue temperature rise and GNR concentration
(R2 = 0.98). Interestingly, the gradients at 808 nm were approximately 3–5 times higher than
1064 nm (for example, at 40 mW·mm−2 irradiation, the slopes were 12.1 ± 0.5 ◦C/nM and
3.2 ± 0.3 ◦C/nM at 808 and 1064 nm, respectively). Slopes of the trendlines for 1064 nm
were nearly identical whereas they demonstrated a slightly increasing trend for 808 nm.
The steeper slope at 808 nm indicates a higher degree of temperature increase for a small
increment of GNRs concentration. It is evident that the 1064 nm temperature increase
overreached the 808 only when no GNRs were present, but that GNR infusion had a far
more significant effect on the 808 nm irradiation. It is also worth noting that, within the
laser irradiances and GNR concentrations studied, there was no visible plateauing of the
heating obtained. This indicates that these experiments did not reach a saturation point, or
a concentration wherein nearly 100% of the light was absorbed, and that further increases
would not lead to increases in absorption.
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Figure 8. Ex vivo porcine pancreas tissue temperature vs. GNR concentration graphs for three different laser irradiations
(30, 40, and 50 mW·mm−2) at (A) 808 nm and (B) 1064 nm wavelengths. Laser exposure time was fixed at 60 s. Error bars
represent mean ± 1σ (standard deviation) for n = 5 trials. Statistical analysis (T-test) between tissue temperatures from
different irradiations for a fixed wavelength and GNR concentration showed the significance of the data (p < 0.01).

3.4. Results of Computational Modelling

A computational model was developed in COMSOL Multiphysics® based on the
Pennes bioheat equation and the time-dependent light diffusion approximation. The model
utilized tissue-specific thermal and optical parameters for the precise prediction of photon
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distribution and photothermal heating of pancreatic tissue. The model was modified to
study the effects of two different heat sources: a collimated laser beam and light emission
from the FMD tip. Tissue temperatures for 808 and 1064 nm laser wavelengths, as well as
different laser irradiances, were recorded and compared against experimental results using
similar conditions. Some key findings were illustrated in Figure 9 where the left-hand
column (Figure 9A–C) represents the results from collimated beam exposure, and the
right-hand column (Figure 9D–F) represents the results from tissue heating through the
FMD tip.
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(standard deviation) for n = 5 trials.
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In the experiments using the collimated beam, tissue temperature gradually increased
until it reached a steady-state (temperature change <0.01 ◦C for 5 min). The temperature
readings obtained from the experiments were plotted alongside the simulation results.
Though the initial tissue temperatures for simulation were in close agreement with the
experiments, they gradually deviated with respect to time and depth into the tissue. The
difference between the theoretical and experimental data was calculated as the average
of the deviation between data sets. The average deviations between both data sets were
1.2 ± 0.4 ◦C and 1.7 ± 0.5 ◦C for 808 and 1064 nm, respectively. The computational
model overpredicted the temperature by 3.3 ± 0.6% and 3.7 ± 0.5% for 808 and 1064 nm,
respectively. In the case of FMD, it was observed from the simulation that maximum
heat was generated at the core of the fiber and the edges. The comparison between the
simulation and experiment for the FMD tip followed the same procedure as the collimated
beam model. The average deviations between simulation and experimental values were
4.1 ± 0.8% and 3.8 ± 0.7% for 808 and 1064 nm, respectively.

The deviations between the simulation results and experimental values could be
attributed to the optical loss due to the change in tissue physiological properties. Prior work
on porcine pancreas optical properties revealed that the light transmittance and reflectance
values change according to the tissue condition (fresh vs. frozen samples) [40]. Increased
diffuse reflectance of frozen samples might cause less photon fluence and absorption in
these experiments. These deviations, however, were relatively small as the computational
model utilized tissue-specific properties for fresh/frozen samples from Akhter et al. to
mimic the experimental conditions [40]. In addition, the computational model assumed
all the photons from the light source were incidents on the tissue surface and propagated
through the tissue. In reality, optical loss can occur during photon propagation from one
medium to another due to reflection and back-scattering. Moreover, the literature review
revealed a gap in Cp value (specific heat at constant pressure) for the porcine pancreas
tissue. The specific heat for the porcine pancreas tissue at constant volume (Cv) was
reported in recent literature [52] and used in this study with the assumption that, at low
temperatures (22 ◦C), the difference between Cp and Cv was negligible. To assess the
sensitivity of the model to this parameter, additional simulations were conducted using
the Cp value reported for the human pancreas by Agafonkina et al. [53]. These simulation
results showed a higher deviation (>5%) when compared to the experimental results of the
porcine pancreas tissue. This indicates that using appropriate tissue-specific properties has
a considerable impact in developing accurate computational models.

Experimental results showed that the plasmonic heating of GNRs at 808 nm resulted in
a rapid temperature increase due to quick light absorption and heat dissipation. Therefore,
the 808 nm laser could be beneficial for PPTT, as the GNRs would absorb most of the
applied laser light and cause hyperthermia to the specific tissue location while minimizing
thermal damage to the healthy surrounding tissue due to the laser exposure. The effects of
hyperthermia in in vivo tissue usually start at ∆T ≥ 5 ◦C [54]. The current study showed
that, for ex vivo porcine pancreas tissue, ∆T = 5 ◦C was achieved within 60 s through
plasmonic heating of GNRs (0.75–1 nM) with a laser irradiance of 30 mW·mm−2 at 808 nm.
Without GNRs and with an identical laser intensity, heating of only 2 ◦C ∆T over 60 s was
measured, indicating selective hyperthermia of the surrounding tissue can be avoided.

Laser irradiation can be minimized by leveraging the linear relationship between
tissue temperature rise and GNR concentration as shown in the current study. Higher
GNR concentrations could be harmful following therapy as they tend to accumulate in
the liver, spleen, and kidney and remain for a time that varies with nanoparticle size and
geometry [11]. To achieve a minimum concentration, the bio-conjugation of antibodies or
other targeting moieties to the surface of the GNRs to selectively localize within the target
region and/or individual cells has been previously demonstrated in the literature [5,55].
Use of the FMD will also allow direct infusion within a tissue volume of interest, further
reducing the amount of GNRs necessary to achieve a therapeutic effect. As the dense
stroma surrounding PDAC tends to provide a barrier to local molecular transport, the
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1064 nm wavelength can be used to slightly heat the targeted tissue volume and increase
local diffusive, convective, and bulk transport [34,35,56,57]. However, this hypothesis
requires further investigation to prove its efficacy in the pancreas tissue.

There were some limitations involved in the ex vivo tissue photothermal experiments.
One of the limitations was using frozen tissue samples instead of fresh ones in some of the
experiments which might affect the light absorption and photothermal heating process.
Prior research revealed how thermal and optical properties change between fresh and
frozen porcine pancreas tissue [40]. The current study prioritized using fresh tissue sam-
ples, but frozen samples (up to 14 days) were also included due to sourcing issues. Faster
degradation of porcine pancreas tissue could affect the steady-state photothermal heating
experiments. To minimize error, tissue samples were replaced after each single heating
and cooling cycle. In addition, tissue samples were hydrated periodically (every 5 min) by
4–5 droplets of phosphate buffer saline (PBS) to minimize the effect of tissue dehydration
during long experiments. Other limitations may be attributed to the temperature measure-
ment techniques utilized, as they may involve error due to the resolution of the thermal
camera, sensitivity, and tolerances. In addition, differences between the ex vivo conditions
studied and the in vivo case should be noted. All studies were conducted at room tem-
perature (22 ◦C) rather than normothermia for human tissue (~37 ◦C), which might affect
the tissue temperature rise relative to irradiation. This is anticipated, as pancreas tissue
thermal conductivity and specific heat properties are dependent on tissue temperature [52].
Moreover, as in vivo tissue has the heat sinking effects of vascular response and blood
perfusion, as well as the heat generation/retention effects of metabolic activity and thermal
insulation by surrounding organs, this study will need to be extended into in vivo models
to properly capture the more complex response.

Precise control of different parameters of PPTT will be critical for clinical implementa-
tion. These parameters include GNR size and concentration, laser wavelength and intensity,
and the tissue thermal and optical properties. While it is necessary to start the characteriza-
tion process with ex vivo experiments, the limitations for optimizing therapeutic dosage
must be understood. The computational model presented will be important to further opti-
mize the parameters and approach for this therapeutic modality. An FEM model has been
presented to better understand and predict the porcine pancreas photothermal heating with
808 and 1064 nm laser wavelengths. This model accurately predicted experimental tissue
temperature profiles (within a 3–5% error margin) via implementation of tissue-specific
thermal and optical property measurements. The plasmonic photothermal heating model
of the GNRs developed earlier by our group [24] can be coupled to this current model
for predicting the PPTT in the in vivo environment. This extension of the computational
model as well as the in vivo application would be the focus of future research that would
facilitate the implementation of PPTT for the treatment of pancreatic cancer.

4. Conclusions

In this study, ex vivo porcine pancreas tissue photothermal heating was characterized
with various laser conditions and concentrations of GNRs. Experiments characterized the
correlations between tissue temperature and time for two different laser wavelengths. In
addition, the effect of GNR concentration on tissue temperature rise was characterized
through a combined infusion of laser and GNRs by FMD. A computational model was
developed for tissue photothermal heating by utilizing tissue-specific thermal and optical
properties. An analysis of these results identified the 808 nm laser as a potential candidate
for PPTT due to the slower tissue temperature rise compared to 1064 nm, and the selective
tissue heating ability through utilizing different concentrations of GNRs. These preliminary
tests showed the efficacy of FMD for inducing tissue photothermal heating through the
plasmonic heating of GNRs. The model developed in this study would be beneficial for
future designing of PPTT for clinical application through the manipulation of different
input parameters.
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5. Patents

A technology disclosure form (TDF) was submitted entitled “An innovative intra-
tumoral therapy for precise and local targeting of cancer tissue by utilizing a fiberoptic
microneedle device for laser and liquid nanoparticle solution (i.e., gold) delivery through a
diagnostic technology such as endoscopic ultras”, 2021-009.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pharmaceutics13122133/s1, Figure S1: Relation between GNRs absorbance and concentra-
tion. The characteristic equation of the trend line was utilized to evaluate the GNRs concentration
(0.1–3 nM) from the absorbance result from UV-Vis spectrometer, Figure S2: Findings of the pre-
liminary tests to set the range of laser irradiation for ex vivo porcine pancreas tissue photothermal
heating by 808 and 1064 nm laser, Figure S3: Ex vivo porcine pancreas tissue photothermal heating
and free convective cooling graphs at (A) 808 nm and (B) 1064 nm wavelengths of the collimated laser
beam. Four different laser irradiations were tested (20, 30, 40, 50 mW·mm−2) for measuring tissue
temperatures at 3 and 6 mm depths. Graphs show the mean values of n = 5 trials, Figure S4: Ex vivo
porcine pancreas tissue photothermal heating by FMD utilizing both laser (808 nm; 40 mW·mm−2),
and GNRs solution (1 nM, 1 mL) and the temperature measurement by capturing image through the
thermal camera, and Table S1: Ex vivo porcine pancreas tissue optical properties for both fresh and
frozen tissue sample (1 cm thick) at 808 and 1064 nm.

Author Contributions: Conceptualization, F.A. and R.L.H.; Data curation, F.A.; Formal analysis,
F.A.; Investigation, K.M.M. and R.L.H.; Methodology, F.A., S.M.-B., C.M., A.L.S. and K.M.M.; Project
administration, R.L.H.; Resources, Y.F., K.M.M. and R.L.H.; Software, F.A., S.M.-B. and A.L.S.;
Supervision, Y.F., K.M.M. and R.L.H.; Validation, F.A., C.M. and Y.F.; Visualization, F.A.; Writing—
original draft, F.A.; Writing—review and editing, S.M.-B., C.M., A.L.S., Y.F., K.M.M. and R.L.H. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The internal funding support from the University of Texas at San Antonio is
highly appreciated.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, J.M.; Matrisian, L.M. Projecting cancer incidence and deaths

to 2030: The unexpected burden of thyroid, liver, and pancreas cancers in the United States. Cancer Res. 2014, 74, 2913–2921.
[CrossRef] [PubMed]

2. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2016. CA A Cancer J. Clin. 2016, 66, 7–30. [CrossRef]
3. Strobel, O.; Neoptolemos, J.; Jäger, D.; Büchler, M.W. Optimizing the outcomes of pancreatic cancer surgery. Nat. Rev. Clin. Oncol.

2019, 16, 11–26. [CrossRef] [PubMed]
4. Aslan, M.; Shahbazi, R.; Ulubayram, K.; Ozpolat, B. Targeted Therapies for Pancreatic Cancer and Hurdles Ahead. Anticancer Res.

2018, 38, 6591. [CrossRef]
5. Huang, X.; Jain, P.K.; El-Sayed, I.H.; El-Sayed, M.A. Plasmonic photothermal therapy (PPTT) using gold nanoparticles. Lasers

Med. Sci. 2008, 23, 217. [CrossRef] [PubMed]
6. Di Matteo, F.M.; Saccomandi, P.; Martino, M.; Pandolfi, M.; Pizzicannella, M.; Balassone, V.; Schena, E.; Pacella, C.M.; Silvestri,

S.; Costamagna, G. Feasibility of EUS-guided Nd: YAG laser ablation of unresectable pancreatic adenocarcinoma. Gastrointest.
Endosc. 2018, 88, 168–174. [CrossRef]

7. Lee, E.S.; Lee, J.M. Imaging diagnosis of pancreatic cancer: A state-of-the-art review. World J. Gastroenterol. WJG 2014, 20, 7864.
[CrossRef] [PubMed]

8. Gaidhane, M.; Smith, I.; Ellen, K.; Gatesman, J.; Habib, N.; Foley, P.; Moskaluk, C.; Kahaleh, M. Endoscopic ultrasound-guided
radiofrequency ablation (EUS-RFA) of the pancreas in a porcine model. Gastroenterol. Res. Pract. 2012, 2012, 431451. [CrossRef]
[PubMed]

https://www.mdpi.com/article/10.3390/pharmaceutics13122133/s1
https://www.mdpi.com/article/10.3390/pharmaceutics13122133/s1
http://doi.org/10.1158/0008-5472.CAN-14-0155
http://www.ncbi.nlm.nih.gov/pubmed/24840647
http://doi.org/10.3322/caac.21332
http://doi.org/10.1038/s41571-018-0112-1
http://www.ncbi.nlm.nih.gov/pubmed/30341417
http://doi.org/10.21873/anticanres.13026
http://doi.org/10.1007/s10103-007-0470-x
http://www.ncbi.nlm.nih.gov/pubmed/17674122
http://doi.org/10.1016/j.gie.2018.02.007
http://doi.org/10.3748/wjg.v20.i24.7864
http://www.ncbi.nlm.nih.gov/pubmed/24976723
http://doi.org/10.1155/2012/431451
http://www.ncbi.nlm.nih.gov/pubmed/23049547


Pharmaceutics 2021, 13, 2133 17 of 18

9. Di Matteo, F.; Martino, M.; Rea, R.; Pandolfi, M.; Rabitti, C.; Masselli, G.M.P.; Silvestri, S.; Pacella, C.M.; Papini, E.; Panzera, F.
EUS-guided Nd: YAG laser ablation of normal pancreatic tissue: A pilot study in a pig model. Gastrointest. Endosc. 2010, 72,
358–363. [CrossRef]

10. Kennedy, L.C.; Bickford, L.R.; Lewinski, N.A.; Coughlin, A.J.; Hu, Y.; Day, E.S.; West, J.L.; Drezek, R.A. A new era for cancer
treatment: Gold-nanoparticle-mediated thermal therapies. Small 2011, 7, 169–183. [CrossRef]

11. Ali, M.R.K.; Wu, Y.; El-Sayed, M.A. Gold-nanoparticle-assisted plasmonic photothermal therapy advances toward clinical
application. J. Phys. Chem. C 2019, 123, 15375–15393. [CrossRef]

12. Huff, T.B.; Tong, L.; Zhao, Y.; Hansen, M.N.; Cheng, J.-X.; Wei, A. Hyperthermic effects of gold nanorods on tumor cells. Future
Med. 2007, 2, 125. [CrossRef]

13. Ali, M.R.K.; Ibrahim, I.M.; Ali, H.R.; Selim, S.A.; El-Sayed, M.A. Treatment of natural mammary gland tumors in canines and
felines using gold nanorods-assisted plasmonic photothermal therapy to induce tumor apoptosis. Int. J. Nanomed. 2016, 11, 4849.

14. Wan, H.; Yue, J.; Zhu, S.; Uno, T.; Zhang, X.; Yang, Q.; Yu, K.; Hong, G.; Wang, J.; Li, L. A bright organic NIR-II nanofluorophore
for three-dimensional imaging into biological tissues. Nat. Commun. 2018, 9, 1171. [CrossRef]

15. Bayazitoglu, Y.; Kheradmand, S.; Tullius, T.K. An overview of nanoparticle assisted laser therapy. Int. J. Heat Mass Transf. 2013, 67,
469–486. [CrossRef]

16. Jain, P.K.; Lee, K.S.; El-Sayed, I.H.; El-Sayed, M.A. Calculated absorption and scattering properties of gold nanoparticles of
different size, shape, and composition: Applications in biological imaging and biomedicine. J. Phys. Chem. B 2006, 110, 7238–7248.
[CrossRef]

17. Costantini, P.E.; Di Giosia, M.; Ulfo, L.; Petrosino, A.; Saporetti, R.; Fimognari, C.; Pompa, P.P.; Danielli, A.; Turrini, E.; Boselli, L.
Spiky Gold Nanoparticles for the Photothermal Eradication of Colon Cancer Cells. Nanomaterials 2021, 11, 1608. [CrossRef]

18. Liu, S.; Pan, X.; Liu, H. Two-dimensional nanomaterials for photothermal therapy. Angew. Chem. 2020, 132, 5943–5953. [CrossRef]
19. Saha, S.; Xiong, X.; Chakraborty, P.K.; Shameer, K.; Arvizo, R.R.; Kudgus, R.A.; Dwivedi, S.K.D.; Hossen, M.N.; Gillies, E.M.;

Robertson, J.D. Gold nanoparticle reprograms pancreatic tumor microenvironment and inhibits tumor growth. ACS Nano 2016,
10, 10636–10651. [CrossRef]

20. Zhou, F.; Yang, J.; Zhang, Y.; Liu, M.; Lang, M.L.; Li, M.; Chen, W.R. Local phototherapy synergizes with immunoadjuvant for
treatment of pancreatic cancer through induced immunogenic tumor vaccine. Clin. Cancer Res. 2018, 24, 5335–5346. [CrossRef]

21. Patino, T.; Mahajan, U.; Palankar, R.; Medvedev, N.; Walowski, J.; Münzenberg, M.; Mayerle, J.; Delcea, M. Multifunctional gold
nanorods for selective plasmonic photothermal therapy in pancreatic cancer cells using ultra-short pulse near-infrared laser
irradiation. Nanoscale 2015, 7, 5328–5337. [CrossRef]

22. Vines, J.B.; Yoon, J.-H.; Ryu, N.-E.; Lim, D.-J.; Park, H. Gold nanoparticles for photothermal cancer therapy. Front. Chem. 2019,
7, 167. [CrossRef]

23. Huai, Y.; Zhang, Y.; Xiong, X.; Das, S.; Bhattacharya, R.; Mukherjee, P. Gold Nanoparticles sensitize pancreatic cancer cells to
gemcitabine. Cell Stress 2019, 3, 267. [CrossRef]

24. Manrique-Bedoya, S.; Abdul-Moqueet, M.; Lopez, P.; Gray, T.; Disiena, M.; Locker, A.; Kwee, S.; Tang, L.; Hood, R.L.; Feng, Y.
Multiphysics Modeling of Plasmonic Photothermal Heating Effects in Gold Nanoparticles and Nanoparticle Arrays. J. Phys.
Chem. C 2020, 124, 17172–17182. [CrossRef]

25. Nikoobakht, B.; El-Sayed, M.A. Preparation and growth mechanism of gold nanorods (NRs) using seed-mediated growth method.
Chem. Mater. 2003, 15, 1957–1962. [CrossRef]

26. Vigderman, L.; Zubarev, E.R. High-yield synthesis of gold nanorods with longitudinal SPR peak greater than 1200 nm using
hydroquinone as a reducing agent. Chem. Mater. 2013, 25, 1450–1457. [CrossRef]

27. Ali, M.R.K.; Snyder, B.; El-Sayed, M.A. Synthesis and optical properties of small Au nanorods using a seedless growth technique.
Langmuir 2012, 28, 9807–9815. [CrossRef]

28. Pulagam, K.R.; Henriksen-Lacey, M.; Uribe, K.B.; Renero-Lecuna, C.; Kumar, J.; Charalampopoulou, A.; Facoetti, A.; Protti, N.;
Gómez-Vallejo, V.; Baz, Z. In Vivo Evaluation of Multifunctional Gold Nanorods for Boron Neutron Capture and Photothermal
Therapies. ACS Appl. Mater. Interfaces 2021, 13, 49589–49601. [CrossRef] [PubMed]

29. Ali, M.R.K.; Rahman, M.A.; Wu, Y.; Han, T.; Peng, X.; Mackey, M.A.; Wang, D.; Shin, H.J.; Chen, Z.G.; Xiao, H. Efficacy, long-term
toxicity, and mechanistic studies of gold nanorods photothermal therapy of cancer in xenograft mice. Proc. Natl. Acad. Sci. USA
2017, 114, E3110–E3118. [CrossRef]

30. Polo, E.; Araban, V.; Pelaz, B.; Alvarez, A.; Taboada, P.; Mahmoudi, M.; del Pino, P. Photothermal effects on protein adsorption
dynamics of PEGylated gold nanorods. Appl. Mater. Today 2019, 15, 599–604. [CrossRef]

31. Akhter, F.; Bascos, G.N.W.; Canelas, M.; Griffin, B.; Hood, R.L. Mechanical characterization of a fiberoptic microneedle device for
controlled delivery of fluids and photothermal excitation. J. Mech. Behav. Biomed. Mater. 2020, 112, 104042. [CrossRef] [PubMed]

32. Hood, R.L.; Andriani, R.T.; Ecker, T.E.; Robertson, J.L.; Rylander, C.G. Characterizing Thermal Augmentation of Convection-
Enhanced Drug Delivery with the Fiberoptic Microneedle Device. Engineering 2015, 1, 344–350. [CrossRef]

33. Hood, R.L.; Rossmeisl, J.H., Jr.; Andriani, R.T., Jr.; Wilkinson, A.R.; Robertson, J.L.; Rylander, C.G. Intracranial hyperthermia
through local photothermal heating with a fiberoptic microneedle device. Lasers Surg. Med. 2013, 45, 167–174. [CrossRef]

34. Hood, R.L.; Carswell, W.F.; Rodgers, A.; Kosoglu, M.A.; Rylander, M.N.; Grant, D.; Robertson, J.L.; Rylander, C.G. Spatially con-
trolled photothermal heating of bladder tissue through single-walled carbon nanohorns delivered with a fiberoptic microneedle
device. Lasers Med. Sci. 2013, 28, 1143–1150. [CrossRef]

http://doi.org/10.1016/j.gie.2010.02.027
http://doi.org/10.1002/smll.201000134
http://doi.org/10.1021/acs.jpcc.9b01961
http://doi.org/10.2217/17435889.2.1.125
http://doi.org/10.1038/s41467-018-03505-4
http://doi.org/10.1016/j.ijheatmasstransfer.2013.08.018
http://doi.org/10.1021/jp057170o
http://doi.org/10.3390/nano11061608
http://doi.org/10.1002/ange.201911477
http://doi.org/10.1021/acsnano.6b02231
http://doi.org/10.1158/1078-0432.CCR-18-1126
http://doi.org/10.1039/C5NR00114E
http://doi.org/10.3389/fchem.2019.00167
http://doi.org/10.15698/cst2019.08.195
http://doi.org/10.1021/acs.jpcc.0c02443
http://doi.org/10.1021/cm020732l
http://doi.org/10.1021/cm303661d
http://doi.org/10.1021/la301387p
http://doi.org/10.1021/acsami.0c17575
http://www.ncbi.nlm.nih.gov/pubmed/34643365
http://doi.org/10.1073/pnas.1619302114
http://doi.org/10.1016/j.apmt.2019.04.013
http://doi.org/10.1016/j.jmbbm.2020.104042
http://www.ncbi.nlm.nih.gov/pubmed/32927279
http://doi.org/10.15302/J-ENG-2015077
http://doi.org/10.1002/lsm.22117
http://doi.org/10.1007/s10103-012-1202-4


Pharmaceutics 2021, 13, 2133 18 of 18

35. Hood, R.L.; Andriani, R.T., Jr.; Emch, S.; Robertson, J.L.; Rylander, C.G.; Rossmeisl, J.H., Jr. Fiberoptic microneedle device
facilitates volumetric infusate dispersion during convection-enhanced delivery in the brain. Lasers Surg. Med. 2013, 45, 418–426.
[CrossRef]

36. Niemz, M.H. Laser-Tissue Interactions; Springer: Berlin/Heidelberg, Germany, 2007.
37. Rylander, M.N.; Feng, Y.; Bass, J.O.N.; Diller, K.R. Thermally induced injury and heat-shock protein expression in cells and tissues.

Ann. N. Y. Acad. Sci. 2005, 1066, 222. [CrossRef]
38. Feng, Y.; Fuentes, D.; Hawkins, A.; Bass, J.; Rylander, M.N.; Elliott, A.; Shetty, A.; Stafford, R.J.; Oden, J.T. Nanoshell-mediated

laser surgery simulation for prostate cancer treatment. Eng. Comput. 2009, 25, 3–13. [CrossRef] [PubMed]
39. Saccomandi, P.; Schena, E.; Caponero, M.A.; Di Matteo, F.M.; Martino, M.; Pandolfi, M.; Silvestri, S. Theoretical analysis and

experimental evaluation of laser-induced interstitial thermotherapy in ex vivo porcine pancreas. IEEE Trans. Biomed. Eng. 2012,
59, 2958–2964. [CrossRef]

40. Akhter, F.; Manrique-Bedoya, S.; Moreau, C.; Smith, A.L.; Feng, Y.; Mayer, K.M.; Hood, R.L. Characterization of Thermal and
Optical Properties in Porcine Pancreas Tissue (Submitted and in Review). Lasers Surg. Med. 2021, in press.

41. Wex, C.; Fröhlich, M.; Brandstädter, K.; Bruns, C.; Stoll, A. Experimental analysis of the mechanical behavior of the viscoelastic
porcine pancreas and preliminary case study on the human pancreas. J. Mech. Behav. Biomed. Mater. 2015, 41, 199–207. [CrossRef]
[PubMed]

42. Nicoli, S.; Ferrari, G.; Quarta, M.; Macaluso, C.; Govoni, P.; Dallatana, D.; Santi, P. Porcine sclera as a model of human sclera for
in vitro transport experiments: Histology, SEM, and comparative permeability. Mol. Vis. 2009, 15, 259.

43. Abràmoff, M.D.; Magalhães, P.J.; Ram, S.J. Image processing with ImageJ. Biophotonics Int. 2004, 11, 36–42.
44. Jana, N.R.; Gearheart, L.; Murphy, C.J. Wet chemical synthesis of high aspect ratio cylindrical gold nanorods. J. Phys. Chem. B

2001, 105, 4065–4067. [CrossRef]
45. Jana, N.R.; Gearheart, L.; Murphy, C.J. Seed-mediated growth approach for shape-controlled synthesis of spheroidal and rod-like

gold nanoparticles using a surfactant template. Adv. Mater. 2001, 13, 1389–1393. [CrossRef]
46. Feng, Y.; Fuentes, D.; Stafford, R.J.; Oden, J.T. Model-based real-time control for laser induced thermal therapy with applications

to prostate cancer treatment. In Optical Interactions with Tissue and Cells XX; International Society for Optics and Photonics:
Washington, DC, USA, 2009; p. 717515.

47. Charny, C.K. Mathematical models of bioheat transfer. In Advances in Heat Transfer; Elsevier: Amsterdam, The Netherlands, 1992;
Volume 22, pp. 19–155.

48. Chandrasekhar, S. Radiative Transfer; Courier Corporation: Boston, MA, USA, 2013.
49. Graaff, R.; Ten Bosch, J.J. Diffusion coefficient in photon diffusion theory. Opt. Lett. 2000, 25, 43–45. [CrossRef] [PubMed]
50. Nakai, T.; Nishimura, G.; Yamamoto, K.; Tamura, M. Expression of optical diffusion coefficient in high-absorption turbid media.

Phys. Med. Biol. 1997, 42, 2541. [CrossRef] [PubMed]
51. Cheng, A.H.D.; Cheng, D.T. Heritage and early history of the boundary element method. Eng. Anal. Bound. Elem. 2005, 29,

268–302. [CrossRef]
52. Mohammadi, A.; Bianchi, L.; Asadi, S.; Saccomandi, P. Measurement of Ex Vivo Liver, Brain and Pancreas Thermal Properties as

Function of Temperature. Sensors 2021, 21, 4236. [CrossRef]
53. Agafonkina, I.V.; Belozerov, A.G.; Vasilyev, A.O.; Pushkarev, A.V.; Tsiganov, D.I.; Shakurov, A.V.; Zherdev, A.A. Thermal

Properties of Human Soft Tissue and Its Equivalents in a Wide Low-Temperature Range. J. Eng. Phys. Thermophys. 2021, 94,
233–246. [CrossRef]

54. Simon, H.B. Hyperthermia. N. Engl. J. Med. 1993, 329, 483–487.
55. Niidome, T.; Yamagata, M.; Okamoto, Y.; Akiyama, Y.; Takahashi, H.; Kawano, T.; Katayama, Y.; Niidome, Y. PEG-modified gold

nanorods with a stealth character for in vivo applications. J. Control. Release 2006, 114, 343–347. [CrossRef] [PubMed]
56. Jacques, S.L. Optical properties of biological tissues: A review. Phys. Med. Biol. 2004, 58, 5007. [CrossRef]
57. Li, B.; Lu, L.; Zhao, M.; Lei, Z.; Zhang, F. An efficient 1064 nm NIR-II excitation fluorescent molecular dye for deep-tissue

high-resolution dynamic bioimaging. Angew. Chem. 2018, 130, 7605–7609. [CrossRef]

http://doi.org/10.1002/lsm.22156
http://doi.org/10.1196/annals.1363.009
http://doi.org/10.1007/s00366-008-0109-y
http://www.ncbi.nlm.nih.gov/pubmed/20648233
http://doi.org/10.1109/TBME.2012.2210895
http://doi.org/10.1016/j.jmbbm.2014.10.013
http://www.ncbi.nlm.nih.gov/pubmed/25460416
http://doi.org/10.1021/jp0107964
http://doi.org/10.1002/1521-4095(200109)13:18&lt;1389::AID-ADMA1389&gt;3.0.CO;2-F
http://doi.org/10.1364/OL.25.000043
http://www.ncbi.nlm.nih.gov/pubmed/18059776
http://doi.org/10.1088/0031-9155/42/12/017
http://www.ncbi.nlm.nih.gov/pubmed/9434306
http://doi.org/10.1016/j.enganabound.2004.12.001
http://doi.org/10.3390/s21124236
http://doi.org/10.1007/s10891-021-02292-y
http://doi.org/10.1016/j.jconrel.2006.06.017
http://www.ncbi.nlm.nih.gov/pubmed/16876898
http://doi.org/10.1088/0031-9155/58/14/5007
http://doi.org/10.1002/ange.201801226

	Introduction 
	Materials and Methods 
	Tissue Sample Collection 
	GNRs Synthesis and Photothermal Heating 
	Tissue Photothermal Heating with Collimated Laser Beam 
	Tissue Photothermal Heating with FMD and with/without the GNRs 
	Computational Modelling of Laser–Tissue Interaction 

	Results and Discussion 
	Results of GNRs’ Synthesis and Photothermal Heating 
	Results of Tissue Photothermal Heating by Collimated Laser Beam 
	Results of Tissue Photothermal Heating by FMD and with/without GNRs 
	Results of Computational Modelling 

	Conclusions 
	Patents 
	References

