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Abstract

A laser equipment is presented which has been specifically designed for opti-
cal hyperthermia. Such specificity in the design has allowed implementation
at costs significantly lower than other options currently available in the mar-
ket. The developed equipment includes a 808 nm laser whose output power
is up to 500 mW. It also incorporates additional devices that help the user
in calibrating the system and supervising it while functioning. The perfor-
mance of a prototype is tested by running two hyperthermia experiments:
one involving gold nanorods, and the other using gold nanostars. The spe-
cific set-up of this prototype has allowed laser irradiation with radiated power
densities up to 4 W/cm?.

Keywords: Laser applications, Gold nanoparticles, Hyperthermia
equipment

1. Introduction

Humankind has been fighting against cancer for decades. Presently, inter-
disciplinary cooperation between experts in medicine, bioengineering, elec-
tronics and nanotechnology is being key in achieving advances in such bat-
tle. Optical hyperthermia is an exemplary outcome of such cooperation.
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This technology aims at causing the death to tumour cells by overheating
them. Overheating is achieved by irradiating specifically synthesised metallic
nanoparticles (size below 100 nm) with coherent electromagnetic waves [1].
On receiving the radiation, these particles are heated and act themselves as
heaters for the tumour cells. Among all metallic nanoparticles, gold nanopar-
ticles (Au-NPs) have photothermic properties [2] that make them especially
adequate for this type of cancer treatment [3].

When Au-NPs are irradiated by a light source at a certain wavelength,
they heat up as a result of electronic oscillation. This effect is known as sur-
face plasmon resonance [4] and it makes the Au-NPs act as efficient energy
converters [5, 6, 7] that receive light energy and convert it to heat. After-
wards, they deliver such heat to their closest surroundings [8, 9]. Good pen-
etration of irradiated electromagnetic waves into cell tissues can be achieved
with wavelengths in the near infra-red range (NIR), that is, between 650 nm
and 900 nm [10]. This is due to the cell tissues absorbing very little energy
in the NIR [11]. Conversely, the morphology of the nanoparticles should be
preferably chosen so that their absorption is maximised at the NIR. One of
such morphologies well-fitted to the NIR is nanorod, since nanorods can be
grown in a controlled fashion to achieve longitudinal absorption near 800 nm
[12, 13]. Nanostar is an alternative morphology, in which plasmonic proper-
ties are enhanced by star tips [14, 15].

Metallic nanoparticles are heated up to temperatures between 40°C and
48°C for cancer therapy applications [16]. Due to their specific vascular sys-
tem structure, tumour cells are much more sensitive to high temperatures
that healthy cells. At this temperature range, the cell membrane and the cy-
toskeleton of tumour cells begin to degrade. In addition, if high temperatures
are maintained along time, protein denaturation happens in the cytoplasm.
Such denaturation affects heat shock proteins (HSP), so the tumour cell be-
comes more vulnerable to hyperthermia as its exposure to high temperatures
is prolonged [17]. Last, the inefficiency in the vascular system affects the de-
livery of oxygen and nutrients throughout the cell, hence making cell recovery
after hyperthermia more difficult. Therefore, optical hyperthermia does not
cause cell death directly; instead, it generates the conditions in which tumour
cells degenerate and, as a result, die. In this sense, the process is analogue to
programmed cell death or apoptosis. In contrast to other thermal treatments
such as thermal ablation or carbonisation, apoptosis-like processes have the
advantage of avoiding the side effect of inflammation, which may evolve into
either sepsis or gangrene [18].



When compared to another hyperthermia technology as magnetic hyper-
thermia, optical hyperthermia has the advantage of requiring lower loadings
of metallic nanoparticles at the target tissues [19]. Additionally, in optical
hyperthermia nanoparticle heating only happens in tissue areas that fall in-
side the laser beam. This makes it possible to heat only specific cells. In
contrast, magnetic hyperthermia can only be applied at bulk tissue level,
which implies the destruction of normal non-malignant cells [19, 20]. The
main limitation of optical hyperthermia is that it can only be applied to
superficial lesions, due to the limited penetration of optical radiation into
tissues [20].

Beyond hyperthermia, metallic nanoparticles have many other applica-
tions due to their properties [21], including biocompatibility [22]. For in-
stance, nanoparticles are used as contrast agents in magnetic resonance imag-
ing (MRI). They can also be applied in controlled drug release [23] since they
can be easily functionalised by a wide range of ligands, including antibodies,
polymers, genetic material, and so on [24, 25, 26].

There currently exist in the market several systems incorporating laser
actuators that can be used for running experiments involving optical hyper-
thermia. However, usually such equipments are expensive. Since they are
designed for general use in laser applications, their capabilities tend to be
over-dimensioned for optical hyperthermia. In this paper, a laser equipment
is presented which has been specifically designed for optical hyperthermia
and controlled drug release. Such specificity has allowed to exclude from the
design some parts of generic equipments that are superfluous for the target
application. As a result, a lower-cost equipment has been developed that
includes a 808 nm laser [27] whose output power is up to 500 mW, an elec-
tronic microscope that helps in calibrating the radiated power density and
a thermostatic chamber that serves the purpose of controlling the ambient
conditions of the experiments. Equipment function is tested by running two
hyperthermia experiments, one involving gold nanorods, and the other using
gold nanostars.

2. Hardware description

2.1. Qverview

The designed equipment (see Figure 1) has two different parts. On the
one hand, the power unit has the function of providing the laser diode with
the required electrical current. The current source is voltage-controlled by a
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Figure 1: Frontal and lateral views of the developed system.

8-bit microcontroller (PIC18F2550, manufactured by Microchip Technology
Inc). A button panel and a 2x16 character display form the user interface
of this power unit. On the other hand, the optical system includes the afore-
mentioned laser diode and a vision subsystem whose function is to estimate
the area of the light spot. Figure 2 shows a block diagram of the whole
equipment.

Additionally, the developed equipment includes a thermostatic chamber
(Figure 1, right). This chamber has been specifically designed so that it can
host all the rest of elements (optical system, power system, samples to be
heated, etc.) in the desired positions. It includes a controller so that the
temperature inside it can be controlled by a human operator.

The following subsections include more detailed descriptions of each one
of these elements: optical system, power unit, and thermostatic chamber.

2.2. Optical system

The optical system is the key element in the designed equipment, since
its specifications set the requirements for the power unit. The main function
of the optical system is the emission of an infrared monomode light having
a given power per unit surface. Such power density should be big enough
for the light beam to excite the suspended Au-NPs. The magnitude of the
radiated power density mainly depends on the output power of the laser
diode and the focus adjustment.
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Figure 2: Block diagram.

2.2.1. Laser emission

The core of the laser emitting block (upper right box in Figure 2) is
a LDM-0808-500m-92 laser diode, manufactured by Roithner Lasertechnik
GmbH. Nominal wavelength of the radiated laser is equal to 808+10 nm
(infrared range), and nominal power equal to 500 mW. By definition, laser
light is coherent. Laser diodes achieve this coherence by limiting oscillations
to a single mode. In turn, the divergence of the emitted beam is large.
Specifically, for this diode the beam divergence is around 40 degrees at the
normal plane (0, = 40°) and 10 degrees at the parallel plane (¢ = 10°).
This results on the laser beam having the shape of an elliptical cone with
growing cross section.

Beam divergence has been reduced by placing a collimator (Roithner
Lasertechnik RLY-133G) at the output of the laser diode. This collima-
tor comprises three glass lenses mounted on a threaded surface (M9 x 0.5
mm). This allows a fine adjustment of the diode-lens distance. The colli-
mator housing is cylindrical, with 13 mm height and 9 mm diameter. The
focal distance equals 8.2 mm. Lenses are coated to avoid reflections in the
infrared range.

The collimator opening is 5 mm width. As a consequence, the maximum
distance between collimator lens and diode in order to minimise the power
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Figure 3: Diagram of collimator and focal distance.

radiated out of the lens is (see Figure 3):

D 1

- 1
2 tan (0, /2) (1)
where D is the lens opening diameter. Since D = 5 mm and 6, = 40°, it
results fyrax = 6.86 mm.

fMAX =

2.2.2. Vision system

The vision system plays a relevant role in the calibration of the laser
device. Specifically, it serves the purpose of estimating the surface density of
the radiated power, since it allows measuring the area of the laser spot. Its
basic working procedure is as follows. The laser beam, after going through
the collimator, reaches a white translucent surface from the top. This surface
is placed at a distance from the collimator lenses equal to that of the target
substance container in the on-line working set-up. The bottom side of this
surface is marked with a calibrated grid whose square divisions are numbered
(Figure 4).

On reaching the translucent surface, the laser beam produces a elliptical
spot that is visible from below the surface. This spot, with the calibrated
grid superimposed on it, is captured by a digital microscope (Cacolms, manu-
factured by Velleman nv) connected to a standard personal computer (PC).
The resulting photographic image sent to the PC is used to calculate the
surface of the illuminated spot. Since the shape is elliptical, its surface S can
be calculated after measuring the two main axes of the ellipse:

S=m-a-b (2)

where a and b are the lengths of the semiaxes of the ellipse (Figure 4). From
this calculation, the radiated power density of the laser can be estimated as:

Plaser Plaser
L= = 3
S Tab (3)
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Figure 4: Calibrated grid (1 division = 0.5 mm) at the bottom side of the translucent
surface.

Particularly, for the nominal power of the utilised laser diode (Paser =
500 mW) the resulting maximum radiated power density for our system
set-up was L = 4.24 W /cm?.

2.3. Power system

The power system mainly consists of two blocks: a voltage-to-current
converter (the two boxes at the lower-right end of the power unit in Figure
2) and a controller (the rest of boxes of the power unit in Figure 2). The laser
diode is fed with current by a voltage-to-current converter, which includes: a
voltage follower, a low-pass filter, a transadmittance amplifier, and a current
amplifier. This converter is controlled by a pulse-width modulated (PWM)
signal generated by the controller.

2.3.1. Voltage-to-current converter

The electronic schema of the voltage-to-current converter is depicted in
Figure 5. The input PWM voltage signal first goes through a voltage follower
and a low-pass RLC filter that acts as an integrator. These convert it into a
voltage signal V; whose amplitude is proportional to the pulse width of the
PWM input. The joint effect of the transadmittance and current amplifiers
is to generate a current proportional to V; which is delivered to the laser

diode. The system is designed to provide output currents ranging from 200
to 650 mA.
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Figure 5: Voltage-to-current converter including voltage follower, low-pass filter and am-
plifiers. The circuit including the photodiode, on the right, provides feedback to the
controller.

The core element of both the voltage follower and the transmittance am-
plifier is a linear operational amplifier (OA) (MCP607, manufactured by
Microchip Technology Inc). This is a rail-to-rail OA based on CMOS tech-
nology. Its high input impedance (in the range of TS2) and large operating
bandwidth (over 100 kHz) make it appropriate for this application. The
cut-off frequency of the RLC low-pass filter equals 503 Hz.

The current amplifier is mainly composed by two bipolar junction transis-
tors set up as a Darlington pair operating in linear conditions. The rationale
for choosing this design for the group formed by the transadmittance and
current amplifiers is as follows. The high input impedance of the MCP607
OA isolates the amplifier input from the output of the RLC filter. This
avoids current leakage from the filter to the OA and minimises the ripple at
the filter’s output. Additionally, the high input impedance makes the volt-
age at both the positive and the negative inputs of the OA almost equal, i.e.
Vi. The output current of the OA feeds the Darlington pair which, in turn,
causes a voltage V, on resistor Ry. The negative feedback of the OA forces
Vi, = Vi, so the current at the laser diode is made proportional to Vi, being
R,, the proportionality factor. Its value, that of Ry is chosen so that the OA
works in linear conditions for all the current range of the laser diode.

The rightmost part of the electronic schema in Figure 5 is a circuit con-
taining a photodiode and an OA. The photodiode is packaged with the laser
diode [28]. On receiving the laser radiation, a current crosses the photodiode
that causes a voltage across R3. This voltage signal, after amplification by
an OA; is sent to the analogue input of the micro-controller as a feedback



signal.

2.3.2. Controller and user interface

As previously mentioned, the laser controller mainly consists of a 8-bit
micro-controller and a user interface (see Figure 1) that includes a liquid
crystal display (LCD) and three buttons that allow the user to navigate
through an options menu. The user can choose among two working modes
for the laser emission: continuous or pulsed. For each mode, the user can
also choose among 101 possible values for the radiated power.

The firmware of the system is aimed at providing a user-friendly inter-
face. As mentioned above, this interface is based on a menu system, which
is illustrated by the flow diagram in Figure 6. The structure of the menu
system basically comprises two distinct parts: operations menu and settings
menu. The operations menu allows starting the experiment. While the ex-
periment runs, the LCD display shows the elapsed fraction of the experiment
duration and the power estimated by the measuring circuit (rightmost circuit
in Figure 5). This allows the user to check whether the system is delivering
the requested power. An error checking routine has also been implemented
that alerts the user via the LCD display in case some anomaly happens while
the laser actuator is working.

The settings menu provides options for configuring three different aspects
of the experiment: time, current and alarm. Time configuration includes
setting the overall duration of the experiment, from 1 second to 60 minutes,
the working mode, the pulse period and the pulse length. As mentioned
before, the user can choose the current intensity for the laser diode among
40 possible values. Last, a buzzing alarm can be activated that informs the
user about the end of the experiment. All configurable parameters related
to time, current and alarm are stored in a set of 10 internal memories.

2.3.3. Transfer function

The microcontroller includes a CCP module (capture, compare and PWM)
that allows it to control the width of the output voltage pulses. This width,
that is, the working cycle of the PWM signal, is proportional to the current
intensity at the laser diode. The word length of the microcontroller (8 bits)
allows 256 different values for the PWM working cycle (N, = 256). How-
ever, in order to maintain the current at the laser diode inside the range cor-
responding to linear operation conditions, the user is only allowed to choose
among 101 possible values.
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Figure 6: Structure of the options menu in the user interface.

The voltage-to-current converter (Figure 5) has the following transfer
function:

(4)

where Ijq is the current at the laser diode. Ry was chosen so that the max-

imum current potentially delivered by the converter to the laser diode was

above its nominal value I, > 500 mA. Specifically, for Ry = 2.7 Q) it results

I..x = 1.1 A. By operating the controls of the power system, the user can

choose the actual value for 4 as:
Vi

[ = — =
1d R, n

Imax

Nres’ 1§n§Nres

()

where n represents the user selection. In principle, n could vary from 1 to
N;es. However, in order to keep the working conditions of the laser diode
within the range corresponding to linear behaviour (see Figure 7) user selec-
tion was limited to 46 < n < 146, which correspond to current I varying
between 198 mA and 627 mA. For this range of current intensities, the power-
to-current relation for the laser diode can be assumed to be linear, according
to the following equation:

Therefore, the relation between laser power and user selection it can be ap-

proximated as:

1070y [A]

Pq [W] = N —0.2

(7)
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Figure 7: Voltage-to-current and power-to-current graphs for the laser diode (taken from
[28]). The thicker straight segment indicates the working conditions for the proposed
system.

Considering (3), the radiated power density as a function of user selection

is: OTnl A
L[W/ew’] ~ — [le]b[cm] (1 07 ]\5 Al _ 0.2) (8)

where a and b are measured in the calibration stage. For the experiments
reported in Section 3, if )3 was set to 627 mA (n = 146) then the obtained
radiated power density was L = 4 W/cm?; for n = 46 (Ij3 = 198 mA) the
radiated power density was 0.098 W/cm? .

2.4. Thermostatic chamber

Figure 8 provides an overview of the thermostatic chamber. Its outer case
is made of transparent polycarbonate plastic. This allows visual supervision
from the outside and it helps in adequately positioning all elements before
starting any experiment. In addition to the laser diode and the power system,
these elements include:

e The digital microscope, connected to a PC. It not only helps in calcu-
lating the irradiated surface, as explained before, but also in placing

11



the sample to be irradiated into the laser beam.

e A plastic support for a 96-well ELISA microplate. ELISA microplates
are of common use for cell culture, and they are herein utilised for con-
taining the irradiated samples. The multiple wells of the microplate
make it possible to work with diverse samples within a single exper-
iment. The position of the plastic support is adjustable so that the
operator can align the laser beam and the sample well.

e A temperature probe that allows supervision of the temperature in the
processed sample well. For the experiments reported in next section,
an optic-fibre probe was used, with the fibre coated with heat-shrink
tubing in order to avoid interference from the laser beam. Thermocou-
ples provide a cheaper alternative which can also be supervised by a
microcontroller in case a higher degree of automation is desired.

The chamber is equipped with an air-heating system that allows running
the experiment at temperatures higher than that of the environment. This
air-heating system mainly consists in a series connection of two power resis-
tors. The resistors are linked to metallic heat sinks that ease the transfer of
heat to the air. The resistors are placed in transverse position into a nozzle
inside which air circulates as a result of the action of an electric fan. Air
circulates downwards inside the nozzle and upwards inside the chamber.

The functioning of the air-heating system is controlled by another micro-
controller (also a PIC18F2550) that receives data from a digital thermometer
(DS1631, manufactured by Mazim Integrated) placed at the top of the nozzle.
Thus, it measures the air temperature at the input of the air-heating system.
Registered temperature data are sent to the micro-controller through a 12C
bus. The micro-controller acts on both the resistors and the fan with an
intermediate amplifying stage acting as interface.

The target temperature inside the chamber can be adjusted in the 30°C
to 40°C range by operating a potentiometer accessible from the outside. A
2 x 16 LCD display serves as a user interface that allows the human operator
to supervise the temperature inside the chamber. Alternatively, the micro-
controller can be connected to a PC using a series-to-USB adapter in order
to make it possible a more complex processing of data, such as generating
graphic plots. The PC also allows issuing instructions to the controller by
means of a command line interface.

12



__TolLaser
~ Power Unit |

Laser

Air f \
Laser Beam
__To Fiber / _ \
~ Optic Sensor Direction
Colloid Ta12¢C | To
Sensor PC
\ Vision
Aperture
Climatic B
Area
Al To Power
e Scope (o W.:
PC Camera Direction k j

Figure 8: Schematic diagram on the thermostatic chamber.

The firmware of the temperature controlling system aims at achieving
the target temperature in the shortest possible time. For this purpose, it
implements a proportional-integral (PI) controller that actuates the resistors
and a multilevel controller that actuates the fan. Actuation of the resistors
is achieved by making use of one of the PWM outputs of the controller. The
PWM voltage reduces its working cycle as the temperature approaches its
target value. As for the fan, its three-level regulation is controlled by another
PWM output of the controller. In this case, transitions between levels are
controlled by a hysteresis algorithm with adjustable temperature thresholds.
Fan speed is an increasing function of the absolute difference between actual
and target chamber temperatures.

3. Experiments and results

Two different experiments were carried out in order to test the potential
applicability of the developed equipment. A different kind of Au-NP was
used for each experiment: nanorods for the first one and nanostars for the
second. In both experiments, the radiated power density was variable along
time and the temperature evolution of the irradiated Au-NP suspensions was
measured. These two data sequences, radiated power density and tempera-
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ture, were used for estimating the specific absorption rate (SAR), which is a
straightforward way of evaluating the efficiency of the equipment.

3.1. First experiment: nanorods
3.1.1. Synthesis of gold nanorods
Gold nanorods absorbing light with wavelengths in the 700-800 nm range

were synthesised for this experiment. Synthesis was realised according to
El-Sayed method [12, 29, 30]:

1. The growth solution was prepared at 27°C. 5 ml of a 10 mM solution
of HAuCly were added to 5 ml of cetyltrimethylammonium bromide
(CTAB).

2. Afterwards, 250 ul of a 4 mM solution of AgNOj3 were added and the
solution was stirred.

3. Next, a HCI solution at 37% concentration was added to obtain a pH
value between 1 and 1.15.

4. 70 pl of 78.8 mM ascorbic acid were subsequently added to the solution
until it became colourless.

5. Immediately after that, 15 ul of an ice-cold 10 mM solution of NaBH,4
were added and allowed to react during 6 hours.

6. Last, the resulting solution was spun during 15 minutes at 14,500 rpm.
The supernatant was removed and the precipitate was mixed in water
and spun again at the same speed and during the same time.

HAuCly, AgNOg3, NaBHy, ascorbic acid, and CTAB were purchased from
Sigma-Aldrich. HCl was purchased from Sharlab.

3.1.2. Characterization of synthesised gold nanorods

The shape and size of the synthesised gold nanorods were characterized
both by surface plasmon resonance spectroscopy and by transmission electron
microscopy (TEM). The length of the nanorods was 25 nm and their diameter
was 6 nm. All spectrophotometric studies were carried out using a V-630
UVVIS spectrophotometer, manufactured by Jasco Deutschland GmbH. 1 ml
of the suspension containing the gold nanorods was thoroughly sonicated for
five minutes and then the absorbance spectrum was measured, taking water
as a reference. The measured absorbance spectrum is plotted in Figure 9.
Two surface plasmon bands can be noticed at 520 nm and 800 nm.

TEM measurements were performed using a JEM-1010 microscope, man-
ufactured by JEOL Ltd. Samples were prepared by placing small drops of the

14
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Figure 9: Absorbance spectrum of nanorods measured using spectrophotometry.

Figure 10: TEM images of synthesised nanorods at two different scales.

suspension containing the gold nanorods onto formvar-coated copper grids
and by subsequently allowing the solvent (water) to evaporate slowly at room
temperature. The dried grid was then examined under the transmission elec-
tron microscope. Two images from the gold nanorods generated using TEM
are depicted in Figure 10.

3.1.3. Laser induced heating of gold nanorods

Approximately 600 ul of gold nanorod solution were obtained as a result
of the afore-mentioned synthesis process. This volume was split into three
equal parts (200 ul each), and each part was subsequently poured into a dif-
ferent well in a microplate. The concentration of the solution was estimated
by measuring the extinction spectrum at 400 nm (as in [31, 32]), resulting
38.4 ug/ml.

15
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Figure 11: Thermographic images of the microplate obtained with the Testo 875 camera.
The cross (M1) indicates the hottest point on the microplate surface: 64.6°C for the
nanorod solution (left) and 25.6°C for water (right).

The laser diode was placed 1 cm above the sample well to be heated. This
implied that approximately 30.6% of the surface of the nanorod solution was
irradiated by the laser beam. Each sample underwent five radiation intervals,
each one lasting for 15 minutes and followed by a 4-minute cooling period.
The power system was calibrated to deliver a distinct power density for each
interval, namely 0.1, 1, 2, 3 and 4 W/cm?.

During each radiation plus cooling interval, the temperature of the col-
loidal suspension was supervised using a thermographic camera (Testo 875,
manufactured by Testo AG) that captured one image every 20 seconds. For
each image (Figure 11), the hottest point corresponding to the microplate
surface was obtained, with its corresponding temperature. Temperature val-
ues for each time instant and each radiated power were averaged for the three
parts of the solution. These average values are plotted in Figure 12. The
highest temperature was reached at 4 W/cm? radiated power after 10 min-
utes of irradiation. Note that temperature increments approximately ranged
from 10°C to 40°C, depending on the delivered radiation power. In a simi-
lar experiment carried out substituting the Au-NP suspension with distilled
water the temperature increment hardly reached 2°C. This implies that the
highest achieved temperature was 39.2°C above the temperature registered
for water in the same conditions.

16
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Figure 12: Average temperature in the nanorod solution as a function of time and ra-
diated power. The straight line approximately indicates the initial slope of the curve
corresponding to 4 W /cm?.

3.2. Second experiment: nanostars

3.2.1. Synthesis of gold nanostars

Gold nanostars were synthesized by a seeded growth method using polyvinylpyrroli-
done (PVP, molecular weight = 10,000) and N,N-dimethylformamide (DMF)
[33] with minor modifications:

1. 50 pl of a 166 mM aqueous solution of HAuCly were mixed with 15 ml
of a 20 mM solution of PVP in DMF at 25°C.

2. 5 minutes later, 10 ul of a pre-formed 6.5 mM seed dispersion (15 nm
gold nanospheres coated with PVP in ethanol) were added and let react
for 12 hours without stirring.

3. After reaction, Au-NPs were recovered by centrifugation at 9,500 rpm
during 20 minutes.

4. Recovered Au-NPs were washed in water five times, by redispersion
and centrifugation.

3.2.2. Characterisation of synthesised gold nanostars

The absorbtion spectrum of gold nanostars (Figure 13) shows two surface
plasmon bands at 560 nm and 796 nm, respectively. The first one corresponds
to localized surface plasmon resonance (LSPR) of core electrons, while the
second one is associated to localized surface plasmon resonance of tip elec-
trons [33]. As for their size, the obtained gold nanostars have a 40-nm core
with multiple sharp branches of lengths around 25 nm (Figure 14).
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Figure 13: Absorbance spectrum of nanostars measured using spectrophotometry.
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Figure 14: TEM images of synthesised nanostars at two different scales.

3.2.3. Laser induced heating of gold nanostars

The laser induced heating experiments for gold nanostars were performed
with the same system and diode-to-sample distance as for nanorods. In this
case, each well in the micro-plate was filled with 250 pl of nanostar supension
with concentration equal to 188 pg/ml. The air inside the thermostatic
chamber was forced to be at 37°C. The evolution of temperature in the
irradiated samples was monitored using a fiber-optic thermosensor (Figure
15).

3.83. SAR vs radiated power density

In order to have a more complete insight into the performance of the
developed equipment, the SAR has been evaluated as a function of radiated
power density. The SAR is defined as the ratio between absorbed power and
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diated power. The straight line approximately indicates the initial slope of the curve

corresponding to 4 W /cm?.

mass of the irradiated sample. The SAR can be estimated as [7, 9, 34]

cspsVs AT

SAR = ~ 9)

MAu

where c is specific heat, p is mass density, V' is its volume, m is the mass, the
subscript s refers to the suspension of nanoparticles, the subscript Au refers
to the suspended Au-NPs, and % is the initial slope of the temperature
versus time curves in Figures 12 and 15. ma, was measured immediately
after synthesising the Au-NPs, while the values for p; and Vi have already

been mentioned. In turn, ¢; was estimated as [35]:

_ Opaucan + (1 = @) pu,0CH,0
Cy =~
Ppau+ (1 — ¢) pryo

where ¢ is the fraction of the suspension volume occupied by the Au-NPs,
and the subscript HyO refers to the solvent, i.e. water. Figure 16 shows that
the relation between SAR and radiated power density is fairly linear. There
also is a liner relation between the radiated power density L and user power
selection n (8). Thus, the experimental data indicate that for this equipment
the user can linearly control the SAR.

(10)

4. Conclusion

This paper introduces an electronic system aimed at experimenting with
laser applications such as controlled drug release or optical hyperthermia.
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Figure 16: Estimated SAR versus radiated power density. Linear regression yields a
determination coefficient equal to 0.9679 for nanorods and 0.9681 for nanostars.

The design of the system has been carried out pursuing two main objectives:
low cost and flexible configuration. Low cost has been achieved by tuning
the characteristics of the system to the specific target applications, hence
avoiding superfluous subsystems. The design of the electronic components
allow the user to configure parameters such as output power, type of laser
emission (continuous vs pulsed) or irradiated area. Specifically, the irradiated
area can be supervised thanks to the inclusion of an optical system. Last,
setting up the equipment into a polycarbonate chamber allows controlling
both the precise positions of all elements and the ambient temperature.

The experiments performed with testing purposes have been successful in
that they have shown that the equipment fulfils its purpose of transferring
light energy to Au-NPs suspended in a solvent without directly heating the
solvent (distilled water). Namely, a suspension of gold nanorods has been
heated up to 64.6°C from an ambient temperature equal near 23°C (Figure
12) while the solvent alone, without suspended Au-NPs, only reached 25.6°C
in the same conditions. A similar experiment, with the same radiated power
density (4 W/cm?), was performed with gold nanostars and changing the
ambient temperature to a value similar to that of the human body (37°). In
this case, the solution reached 50.6°C after 10 minutes of exposure to laser
radiation (Figure 15).

The SAR is a magnitude typically used for assessing hyperthermia treat-
ments. The evaluated prototype has reached SAR values in the range of 1.7
kW /g for gold nanostars (Figure 16), which is a high enough value for optical
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hyperthermia [36]. Higher values were obtained for nanorods (between 2 and
7 kW/g). Additionally, in both cases the SAR almost is a linear function of
the user-selected value for the current intensity at the laser diode, which is
also linearly related to the radiated power. This fact is important in what
implies easiness of regulation.

Last, it is worth noting that the fact that the inclusion of microcontrollers
for supervising the ambient conditions of the experiment, together with the
possibility of connecting them to external computers, makes it possible to
evolve the system to include more complex control functions in the future,
such as automatic control of the radiated power density or closed-loop tem-
perature control using thermographic cameras [37].
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