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ARTICLE INFO ABSTRACT

Gold nanoparticles (AuNPs) have shown potential strength in photothermal therapy of cancer. Several techni-
ques have been developed to investigate local heat generation by AuNPs. However, a sensitive thermal imaging
Laser technology with high temporal resolution, minimum invasiveness and high spatial resolution is still lacking. In
Photothermal therapy this research study, by using magnetic resonance thermal imaging (MRTI), we reported a technique for mon-
I/[h}flrmal distribution itoring of heat generation and distribution in an AuNPs loaded agar phantom irradiated by laser.
Imaging Three different agar phantoms with various AuNPs concentrations (0, 8 and 16 pg/ml) were produced and
studied. The phantoms were exposed to an external laser [532nm; 4 min] under MRTI For real-time tem-
perature monitoring, we employed the theory of proton resonance frequency (PRF) shift. Infrared (IR) camera
was employed to measure the actual temperature of each point on the surface of irradiated agar gel. Finally, the
correlation between the temperatures obtained by IR camera and MRTI was evaluated.

We observed that temperature of the gels loaded by AuNPs at concentration of 0, 8 and 16 pg/ml reached
27.2, 37.8, 45°C with a total area of heat distribution of 94.98, 452.16, and 907.34 mm? (from the point of
irradiation). During the process of laser irradiation, we observed: (i) a significant rise in temperature, (ii) a
dependency between the rate of temperature rise and concentration of AuNPs, and (iii) a direct correlation
between temperature change and MR image phase. In addition, statistical analysis showed that the variation of
temperatures measured by IR camera and temperatures computed by MRTI had acceptable correlation
(R > 0.9).

In conclusion, MRTI has a good sensitivity and precision that can be employed for nano-photothermal therapy
planning and may be considered for real-time mapping of heat generation and distribution in a laser irradiated
tissue loaded by AuNPs.
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1. Introduction

Photothermal therapy (PTT) is a successful technique recently em-
ployed for the treatment of malignant tumors [1-4]. It is important for
the introduction of light-absorbing materials into the tumor to increase
the effectiveness of photothermal effects and consequently to enhance
the selectivity of PTT method [5]. An increasing number of optically
activated metal-based nanoparticles are being investigated in the area
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of PTT technique. These nanoparticles have an interesting property
such that their conduction band electrons exhibit a plasmon resonance.
Such property of these nanoparticles significantly increases the cross
section of laser absorption if the frequency of the incident laser is close
to the resonance frequency of the nanoparticles [6,7]. Accordingly, gold
nanoparticles (AuNPs) became suitable useful agents for PTT on ac-
count of their enhanced laser absorption cross section such that they
ensure efficacious laser therapy at relatively lower energies and
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Fig. 1. (a) experimental setup, (b) prepared container/phantom, (c) a section of agar phantom, (d) a section of agar phantom containing AuNPs, (e) MR image of agar
phantom, (f) an image of experimental set-up while phantom was irradiated by laser in MRI gantry.
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Fig. 2. TEM and DLS of the prepared AuNPs. (a) The size distribution of the AuNPs shows the main frequency of nanoparticles is ~ 10 nm. (b) TEM image of AuNPs
shows that the nanoparticles are spherical in shape with the size ranged.from 5 to 15 nm.
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Fig. 3. The absorption spectrum of AuNPs utilized for making nanoparticles
loaded agar phantoms.

consequently render the PTT technique minimally invasive [8-12].

In order to increase the therapeutic efficiency of PTT in the clinics,
real-time mapping of temperature as well as estimation of thermal dose
are quite necessary and may provide us with appropriate and effective
strategy [13]. Unfortunately, it is too difficult to measure the actual
temperature of the tissue when irradiated by laser. Physiological pro-
cesses may alter local heat generation and distribution. On the other
hand, blood flow may increase during rise in temperature and thus
change heat conduction of a tumor and its collateral tissues. Conse-
quently, real-time mapping of temperature is essential, and imaging
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modalities may be one of the best choices for which MRI seems to be an
ideal tool for temperature mapping [6]. MR thermal imaging (MRTI),
which is non-invasive and volumetric in its nature, as opposed to
thermistors or thermocouples which are invasive and only provide
point measurements, might well be used for volumetric thermometry
[14]. Unfortunately, temperature imaging tools are not routinely
available on clinical MRI instruments and this defect might limit its use
in clinical research and practice.

To set MRTI, three main parameters have been fully investigated
with respect to their temperature dependence; the spin-lattice relaxa-
tion time (T1), the molecular diffusion coefficient and the proton re-
sonance frequency (PRF). Among the various MRI techniques, the PRF
shift method has been shown to be the most accurate [15]. The local
magnetic field (magnetic flux density), B, experienced by a proton
within an object is related to the main magnetic field of the MRI
scanner, By, according to:

Bloc: (1 - Umt)BO + 5BO (1)

Where gy, the total screening constant of the proton and B0 is re-
presents the local deviations from B, that are not temperature depen-
dent. When the temperature increases, the total screening constant in-
creases (linearly) inducing a decrease in Bj,. Subtraction of two phase
images of the same volume (slice) obtained at different times will reveal
temperature changes between image acquisitions. According to the
Larmor equation, the phase (in radians) measured within a voxel at a
temperature T is given by:

@(T) = yTp[(1 — 01t (T))Bo + 6By] @



A. Farashahi et al.

28
(a) }
26 %
< 24 ,;
2 i
22 { " = y = 1.6375x + 20.599
R?=0.8293
20
0 0.5 1 1.5 2 2.5 3
Phase change (rad)
(b) 28
26
< 24
=
——Temperature IR (°C)
22
-=-T_MRI (°C)
20
0 1 2 3 4 5
Time (min)

Fig. 4. The plot of (a) temperature changes against phase changes for a laser
irradiated agar gel (Caunps = 0) and (b) temperature changes measured by IR
camera and calculated by MRTI against laser irradiation time (Correlation
coefficient R = 0.952).
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Fig. 5. The plot of (a) temperature changes against phase changes for a laser
irradiated agar gel (Caunps = 8 ng/ml) and (b) temperature changes measured
by IR camera and calculated by MRTI against laser irradiation time (Correlation
coefficient R = 0.991).

Where v is the gyromagnetic ratio of hydrogen (y/2n = 42.577 x 10°
s™' T™!) and TE is the echo time of the pulse sequence. If a second
image is obtained when the temperature within the same voxel has
changed to T/, a different phase would be measured. Subtraction of the
first image from the second image results in a phase difference within
the voxel according to [15]:
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Fig. 6. The plot of (a) temperature changes against phase changes for a laser
irradiated agar gel (Caunps = 16 pg/ml) and (b) temperature changes measured
by IR camera and calculated by MRTI against laser irradiation time (Correlation
coefficient R = 0.992).

Ap= @(T) — o(T) = yTg[010t(T) — 1ot (T")|By = —yTzaATB, 3

Where a is the proportionality constant in the linear temperature de-
pendence of g;,, [16].

As stated before, several techniques have been developed to in-
vestigate local heat generation by AuNPs in the process of laser hy-
perthermia [17-22]; however, a sensitive thermal imaging technology
with high temporal resolution, minimum invasiveness and high spatial
resolution is still lacking. In this research study, based on the PRF
theory described above, we reported a non-invasive technique for real-
time mapping of heat generation and distribution in a laser irradiated
agar phantom loaded by AuNPs employing MRTI.

2. Materials and methods
2.1. Materials

The gold nanoparticle (NB-AuNP-20nm) was purchased from
Nanobon Company (Tehran, Iran). Agar powder was purchased from
Sigma Chemical Co. (USA). A customized phantom made of Plexiglas
was used for MR imaging (Fig. 1). The Plexiglas phantom was cylind-
rical in shape (diameter: 100 mm; height: 100 mm). Ten holes at dif-
ferent distances (intervals: 10 mm) were placed on the phantom wall for
insertion of thermocouple probe into the agar phantom.

2.2. Nanoparticles characterizations

The absorption peak of the purchased AuNPs was determined using
spectrophotometer (Ray leight UV-1601). For this purpose, a sample
was diluted in distilled water and its absorption spectrum in the range
of visible wavelengths (400-700 nm) was measured.

The mean diameter of the nanoparticles was measured employing
dynamic light scattering (DLS) instrument (NanoZS, Malvern, UK).
Nanoparticles were homogenized in distilled water and irradiated by
ultrasound for 10 min; then, the sample was transferred into a cuvette
and the required measurements were made.

Shape and size of the prepared AuNPs were also investigated by
transmission electron microscope (TEM, Zeiss, LEO 906). In this section
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of the study, AuNPs was immersed in 2 ml distilled water and treated
with ultrasound for 10 min. Then, 10 pl of the solution was carefully
dropped into copper grid and dried. Finally, TEM observation was made
and photographs were obtained.

2.3. Preparation of agar phantom

After characterization of AuNPs, three phantoms containing 2%
agar powder were prepared. The first phantom was only made of agar
gel (without any AuNPs), the second agar phantom had 8 pg/ml AuNPs,
and the third phantom had 16 ug/ml AuNPs. To prepare the gel, 2¢g
agar powder was added to 100 ml distilled water. The mixture was
heated in a microwave oven (500 W), and occasionally stirred until it
started boiling. Boiling was then allowed for about 1min and the
evaporated water was replaced. Afterwards, the liquid agar gel was
poured into Plexiglas cylinder and allowed to cool at room temperature.
Fig. 1 shows some photos of the experimental set-up as well as MR
image of agar phantom.

2.4. Laser irradiation

An optical fiber having a length of 4 m and a power transmission of
80% to 90% was inserted into the applicator to deliver the photons
from a laser device (A = 532nm; Power = 2.24 W; Changchun New
Industries Optoelectronics Tech; China) to the agar phantom.

2.5. MR imaging

All images were taken by a 1.5 T MRI scanner (Gyroscan, Philips).
Magnetic resonance temperature imaging (MRTI) was performed using
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Fig. 7. Thermal dirstibution in agar gel phantom (Caunps = 0). Two and three dimensional color map images of agar gel (a) before and (b) after laser irradiation.

a 2D fast GRE-EPI sequence for phase-sensitive imaging. The following
parameters were employed:

Square field of view = 16 cm; slice thickness = 1.5 mm; acquisition
matrix = 192 x 192; TR = 115 ms; TE = 25 ms; flip angle: 40°.

The body resonator was used for excitation and receive-only surface
coil was employed for signal reception. The parameters were set such
that a high image quality and signal to noise ratio (SNR) were achieved
within a reasonable acquisition time (each image was obtained every
5.7 s). The images were processed using Matlab software.

2.6. Thermometry

Infrared (IR) camera (Testo 875i, Germany) was used to estimate
the actual temperature of each point on the surface of irradiated agar
gel. On the other hand, the PRF technique was used to compute the
temperature from MRTI results. The first image in each series was
employed as the reference image and the phase shift of subsequent
images in relation to this image accounted for temperature change
between images. However, it has been demonstrated that the phase
shift does not have a linear correlation with the real temperature
measured using other methods like IR camera. The difference between
the thermal values gathered by IR camera and temperatures estimated
using MRTI was compensated with alpha (in Eq. (3)). The preceding
studies [6,23,24] employed a single alpha for all cases (different laser
powers, radiation times, and nanoparticle concentrations). In our study,
the value of alpha was computed by matching the estimated and real
temperatures in the coolest and hottest points of each series. It must be
noted the calculated alpha values were ranged from 0.97 (for the
samples without nanoparticles) to 1.05 (for the samples with nano-
particles). Accordingly, to increase the accuracy and sensitivity of the
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Fig. 8. Thermal dirstibution in AuNPs loaded agar gel phantom (Caunps = 8 pg/ml).

laser irradiation.
measurements, we separately calculated alpha for each case.

2.7. Production of temperature map

The color map was generated using standard blue-yellow map with
a temperature distribution of 15-45 °C (observed temperatures in our
studies). The selected circular ROI (with radius of 25 mm) was centered
on the laser irradiation point. The resulting colored maps were super-
imposed on the first image (obtained before laser irradiation) to de-
monstrate the distribution of heat around the irradiation point.

2.8. Statistical analysis

We compared the differences between the real temperature (ob-
tained by IR camera) and the calculated temperature (from the MR
images). Correlation analysis was employed to quantify the variation
between the measured and calculated temperatures.

3. Results

The prepared AuNPs were investigated to determine their size and
light absorption properties. Fig. 2 shows the results of DLS analysis and
TEM of the prepared nanoparticles. As seen in Fig. 2, the nanoparticles
had spherical shape and their size ranged from 5 to 15 nm. Fig. 3 shows
the absorption spectrum of the nanoparticles, demonstrating that the
absorption peak was at 520 nm. Accordingly, we selected a green laser
to irradiate agar phantom.
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Two and three dimensional color map images of agar gel (a) before and (b) after

After characterization of AuNPs, three phantoms containing various
concentrations of AuNPs were produced as described in Section 2.3.
Laser irradiation of the phantoms and MR imaging were done to mea-
sure:

i) the temperature changes (obtained by IR camera) versus time,
ii) the phase changes (obtained from MR images) versus time,
iii) the variations of temperature (obtained by IR camera) versus phase
changes (obtained from MR images).

Figs. 4-6 shows the results obtained for various agar phantoms
containing 0, 8 and 16 ug/ml AuNPs irradiated by laser. The changes of
actual temperature (measured by IR camera) versus MR image phase is
shown in Figs. 4-6(a), (a). During the process of laser irradiation, sig-
nificant rise in temperature was observed. The center of agar gels ir-
radiated by laser was measured to determine the variation in tem-
perature. We observed that the center of gels loaded by 0, 8 and 16 pug/
ml AuNPs experienced heating up to 27.2, 37.8, 45°C. As seen in
Figs. 4-6(a), there is a direct correlation between change of tempera-
ture and MR image phase. An increase in temperature resulted in a
change in phase. To calculate the temperature of each point of the
phantom employing MRTI, the phase change was first computed and
then it was incorporated into the fitted line equation. We found that the
temperature change measured by MRTI and IR camera had the same
trend. Good correlation was found between data obtained by IR camera
and temperature computed by PRF method. According to Figs. 4-6(b),
it was also observed that the rate of temperature rise was dependent on
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Fig. 9. Thermal dirstibution in AuNPs loaded agar gel phantom (Caunps = 16 pg/ml). Two and three dimensional color map images of agar gel (a) before and (b) after

laser irradiation.

the concentration of AuNPs.

Figs. 7-9 illustrate two and three dimensional color maps showing
thermal distribution in the phantoms from the center (the location of
laser irradiation) to different distances. As seen in superimposed images
(Figs. 7-9), the highest temperature changes were observed on laser
irradiation point (center of phantoms), and the points with further
distance from the center had lower temperature changes. In addition, it
was observed that temperature in certain radial points (e.g. 20 mm) in
the phantom with the highest concentration of AuNPs (Caunps = 16 Hg/
ml) was at higher level in comparison to the same points in other
phantoms (Caunps = 0 or 8 ug/ml). As seen in Figs. 7-9, the gels loaded
by 0, 8 and 16 pg/ml AuNPs experienced various heating, and the total
areas of heat distribution in these phantoms were up to 94.98, 452.16,
and 907.34 mm? from the point of irradiation.

4. Discussion

In order to investigate the potential of the AuNPs as nanoheaters,
suspensions of NPs in 2% agar at concentrations of 0 (control), 8 and
16 ug/ml were prepared. The phantom material should have thermal
and optical properties similar to the soft tissues. Agar gel has often been
employed for such purposes because it is fairly similar to soft tissues,
such as muscle and liver, with a water content between 70% and 85%
[25]. Agar gel is also used in studying thermal behavior of nano-
particles such as AuNPs in the presence of external sources of energy.
For example, Curtis et al., recently investigated heat distribution of
hybrid iron oxide-gold nanoparticles in an agar phantom [23].
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Moreover, agar gel is widely used in MRI studies because it has
approximately the same properties as water. It has been demonstrated
that agar gel is suitable for the study of PRF technique in a wide tem-
perature range and there is approximately a linear correlation between
PRF shift and temperature change in agar gel [26].

The gels were formed in the prepared phantom (Fig. 1b). The agar
gel samples (with and without AuNPs) at MRI room temperature were
positioned in the direction of laser beam and were exposed to laser
beam. Spherical AuNPs strongly absorbed laser energy because the
coherent oscillations of the metal conduction band electrons were in
strong resonance with visible frequencies of light [27]. This phenom-
enon is known as the surface plasmon resonance (SPR) [3,28], which
strongly depends on size and shape of the nanoparticles [10,29]. The
photothermal properties of AuNPs are due to photo-excitation of Au
nanostructure, which result in the formation of a heated electron gas
[30]. Such a hot gas subsequently cools quickly within ~1 ps through
exchange of energy with its neighboring lattice and could be employed
for the heating of the local environment [31], which is the basis of
cancer photothermal therapy [7,32].

In order to increase the therapeutic efficiency of photothermal
therapy in the clinics, real-time mapping of temperature and estimation
of thermal dose are quite essential and may provide us with appropriate
and efficacious strategy. Thermocouple is the simplest device, which
may be used for real-time thermometry, but it is invasive and cannot
offer 2-D information. This is while infrared camera is preferred. It
provides real-time data as well as 2-D information. As stated before,
Curtis et al., recently investigated heat distribution of hybrid iron oxide-
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gold nanoparticles in an agar phantom employing thermocouple and IR
camera [23]. They also compared the reliability of these measurement
techniques. They demonstrated that thin wired thermocouple data
possessed notably higher standard deviations than the infrared camera
measurements. Infrared imaging permits increased data points and
more sensitive and robust data compared to the thermocouple, but such
imaging modality is able to provide thermal information from the
surface of an object [23].

Overall, various technologies for thermometry reported to date fall
into two categories: (i) scanning probe and (ii) non-scanning probe
based strategies. The former includes scanning thermal microscopy
[33], scanning photothermal microscopy [18], Raman thermometry
[19] while the latter includes methods that employs nano-thermo-
meters [20], fluorescent probes [34] and infrared cameras [21]. Each
technology has its own unique strengths as well as distinct weaknesses.
The most important advantage of MRTI over the mentioned thermo-
metry techniques is its ability to provide an image of heat generation
and distribution in a (biological) medium. Additionally, MRTI may map
the rapid spatiotemporal distributions of heat distribution in soft tis-
sues. In this study, as seen in part (b) of Figs. 4-6, we discovered that
the data obtained using IR camera and what we computed using MRTI
followed a similar trend. There are some reports in the literature that
confirms such a similar trend [5,6,35,36].

The current study was aimed at looking more closely at the spa-
tiotemporal heating generated during AuNP based photothermal
therapy in a model made of agar gel to predict the response of cancer
tissue to this therapy in the presence of AuNPs, which has already been
demonstrated to be non-toxic and are already employed in clinical trials
in humans [14,17,37-39]. To achieve this purpose, we used MRTI to
produce thermometry. Since the heating depths cannot be predicted
when a given laser exposure is employed, MRTI can possibly play an
important role in the monitoring and control of nano-photothermal
therapies in order to facilitate their translation into the clinic.

5. Conclusion

We employed MRTI to monitor temperature rise in the process of
PTT. The PRF method as the most widely used MRTI technique can be
considered in this process. Summarily, during the process of PTT, our
MRTI studies confirmed:

(i) a significant temperature rise in AuNPs loaded phantoms,
(i) a dependency between the rate of temperature rise and con-
centration of AuNPs,
(iii) a direct correlation between change of temperature and MR image
phase.

We concluded that MRTI can be considered as a reasonable ther-
mometry technique in the process of PTT because it had high correla-
tion coefficient (R > 0.9) with an actual thermometer such as IR
camera. Also, the recent research efforts have demonstrated the feasi-
bility of incorporating MRTI to predict the profile of heat generation
and distribution within an environment. Accordingly, it seems reason-
able to develop a planning software system to facilitate the procedure of
nanoparticle assisted PTT using MRTI, while simultaneously avoiding
damage of critical organs. Such a planning software may present op-
portunities for patient selection and optimization of treatment ap-
proach.
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