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Use of Au nanoparticles in radiotherapy and diagnostics
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Abstract

Radiation therapy and diagnostics, usually done with x-rays or electrons beams, may be improve increasing the equivalent
atomic number of the target. The use of Au nanoparticles placed in tumor tissues allows of significantly increase of the
deposited dose compared to healthy tissue. Au nanoparticles were prepared by laser ablation in water to be injected
locally in tumor sites. Using the NIST database for x-ray absorption coefficients and stopping powers of electrons and
protons in tissues (water equivalent, adipose tissue and cortical bone) with and without the injection of Au nanoparticles
it was possible to evaluate the dose increment not only traditional and innovative radiotherapy using hadrons beams
receive benefit, because medical diagnostics can taken advantage for imagining, due to the images contrast increase.

Keywords: Nanoparticles, Radiotherapy, Diagnostics.

Introduction

In recent years, the technological development has
permitted to manipulate and to characterize nano-
sized materials and systems. Metal nanoparticles
(NP) have numerous applications: electronics (detec-
tors, solar cells, optoelectronics), telecommunications
(nonlinear optics, nanophotonics, nanotermica), bi-
ology and medicine (photothermal therapy, radia-
tion and biological imaging marking) and physical
chemistry (catalysts, targets preparation)[l]. Met-
als nanoparticles embedded in an insulating medium
have a behavior similar to absorbent centers of ioniz-
ing radiation, they show a resonant absorption band
at specific wavelengths depend on used elements.
Their uniform distribution changes the electron den-
sity and the equivalent atomic number of medium.
Thanks to the submicrometrics dimensions function-
alized Au nanoparticles can be easily internalized in
byological systems, like organs and single cells, and
make they absorbent at ionizing radiation (X-ray,
electrons and ions) and non-ionizing radiation(IR,
laser beams and visible light). The choice of gold
as a starting material is not accidental, it is known
that the gold in bulk form is biocompatible for hu-
mans and, more in general, also for other living be-
ings. The medicine shows a particular interest to
the Au nanoparticles. Infact also durgs fuctionalized
Au are use in pharmacoloy for treatment of rheuma-
toid arthritis. In the present study it was determined
experimentally the behavior of Au nanoparticles in
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therapy and in diagnostics, in particular by calculat-
ing the ratio of the dose delivered to a given depth
and the dose delivered to the surface in various me-
dia (water equivalent, adipose tissues and bone com-
pact). The anti-cancer potential of the Au nanoparti-
cles is due to by many advantageous physico-chemical
properties. Many studies have demonstrated the
safety and biocompatibility of gold in vitro and in
vivo, suggesting that the gold nanoparticles can be
administered safely with minimal inflammatory ac-
tivation and few local or systemic side effects [2].
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Figure 1: a)Au Np warious shapes and size func-
tionalized with various biomolecules, creating bioco-
jugaties. The suministracion can take place in vari-
ous ways, or by intratumoral injection, intravenously
or by means of suitable drugs. b)Np have the ability
to enhance radiation therapy of tumors, as well as
serve as high-Z imaging contrast agents.
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Absortion Coefficient

. o B
Stopping Power 5

Target Haps
50 keV 100 keV H* 60 MeV e~ 1 MeV
H:0 0,042 em? | 0,025 cm? | 1,08 MeVimm | 0,19 MeV/mm
CORTICAL BONE | 043 cm! [ 0,083 em! [ 1.875MeVimm | 0,31 MeV/imm

Table I: Absoption coefficient and stopping power in equivalent tissue and in bone cortical for X-ray of 50 and

100 keV, protons of 60 MeV and elecrons of 1 MeV.

Fig.1 shows that the Au Np can be easily ob-
tained in different shapes and sizes, and has a sur-
face chemistry properties easily controllable that
permits functionalization with various biologically
molecules. The Au biological activation help to im-
prove the stability, tumor targeting, and the crossing
biophysical barriers. Fig.1 shows Au Np of various
shapes and sizes, their functionalization with partic-
ular molecules which allow the transfer to the tumor
sites via biological processes through the use of drugs
or by localized injection into the tumor zone (a). The
Np so attached to the tumor have the ability to im-
prove radiotherapy and imaging of localized tumors
(b). The high atomic number of gold (Au, Z = 79)
permits a high absorption and enhancement of ioniz-
ing radiation effects, as well as the X-ray attenuation
for high imaging applications [2], as reported in the
data shown in Tab.I.

Materials and Methods

The method used for the synthesis of Au nanopar-
ticles is the laser ablation in liquid. It is one of the
methods that are called top-down because usually we
start from the material in massive form and are re-
duce the size up to the nanoparticles dispersed in so-
lution. Ablation is the process of removing material
from the surface by means of processes of vaporiza-
tion and ionization. The laser ablation in solution,
is a technique that allows obtaining nanoparticles of
various metals in different solvents (often water) with
relative ease. The experimental set-up is relatively
simple; we used a Nd: YAG laser operating at the
fundamental frequency (1064nm), with a pulse of 200
mJ and 3 ns duration and with a pulse repetition of
10 Hz, which radiates a gold sample immersed in wa-
ter. The mass of the sample of gold may be 360 mg
placed in 15 ml of water. The concentration of Au
nanoparticles, after ablation, is measured by the dif-
ference in weight of the sample. In our measurements
in aqueous solution is generally used a concentration
of about 0.37 mg of Au per ml of water [3, 4]. Simula-
tion programs has been used for the calculation of the
coefficients of absorption and of the stopping power of
the particles as well as for calculating the range to the

uncertainties of the range using the NIST database
and the simulation program SRIM [5, 6].

Results

During the laser ablation at the Physics Depart-
ment of Messina University typically we produce
nanoparticles of different size and spheroidal shape.
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Figure 2: a) Au Np observed through a transmission
electron microscope(TEM). b) size distribution of Np
created in laboratory.
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Fig. 2 shows a picture of the transmission electron
microscope TEM of Au nanoparticles (a), with a dis-
tribution size and average diameter of around 20 nm
(b) obtained in our laboratories. The Au nanoparti-
cles absorb and scatter visible light with very hight
efficiency. The absorbance is however restricted to a
specific band of wavelengths dependent on the size of
Np, the form and the nature of surrounding medium.
Their strong interaction with light occurs because the
conduction electrons on the metal surface undergo
collective oscillations when excited by light at spe-
cific wavelengths.

This oscillation is known as Surface Plasmon Res-
onance (SPR), and produces the absorption and scat-
tering of visible light or near UV or IR. The op-
tical properties of spherical Au nanoparticles are
strongly dependent on the diameter of the nanoparti-
cles. Smaller nanospheres absorb especially UV light
and have peaks near 520 nm with a size of about
20 nm, while the larger spheres show increase of dis-
persion and have larger peaks at higher wavelengths
(known as a red-shifting) as from the literature [7].
Fig. 3 shows the optical density of Au Np in HyO
solution as a function of wavelength and their size (di-
ameter), as reported in the literature [8]. The figure
shows that increasing the NP dimension the absop-
tion is shifted toward higher wavelengths. Also NP
coalescence phenomenon has a similar behaviour.
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Figure 3: Optical absorption of Au Np depending on
the dimension in the visible range.

For the purposes of the therapeutic use of directly
or indirectly ionazing radiation, it has been proposed
to calculate the ratio R between the dose that is re-
leased at a given depth and the dose delivered to the
surface in various media. Three components were
selected as references of biological materials such as
water equivalent, adipose tissues and bone compact,
evaluating in particular how this ratio varies with the
addition of Au nanoparticles. Considering separately
the three cases depending on the used radiation: pro-

tons, electrons and photons. Only for demonstration
purposes it is considered a special geometry, which
can then be changed for further analysis with other
geometry more or less complex geometry chosen is
that of a tumor localized at 3.5 cm depth with 1 cm
thickness. In this case, therefore, the first 3 cm sur-
face consist of healthy tissue. Immediately after such
a layer is imagined to be tumor of 1 cm thick. In all
cases it is considering a certain tumor to about 3 cm
deep, and it is supposed that the Au nanoparticles
are placed at this depth with a thickness of about 1
cm with the correlation of 0,37 mg/ml. Using NIST
and SRIM were evaluated the values of the X-ray
absorption coefficients and Stopping Powers of 7 ra-
diation in the materials in exam and subsequently
employing the Bragg rule to calculate the absorp-
tion coefficients or the Stopping Power in the ma-
terials with the addition of Au nanoparticles . Fig.
4 represents a simulation study carried out with the
data NIST [5] and showing the stopping power of
60 MeV protons released to a tissue constituted by
3 cm water-equivalent plus 1 c¢m of tumor tissue-
equivalent with water and without Au nanoparticles.
It is observed that the protons Bragg Peak in the
tumor increases by about 17%, compared to water,
in the presence of Au nanoparticle (C= 0.37 mg/ml).
The nanoparticles thus increase significantly the dose
released from the protons to the Bragg peak com-
pared to the case that does not use nanoparticles. In
other words this result could also be understood as
dose reduction that could be conducted on the tis-
sue at constant radiobiological effect on the tumor.
Tab.2 shows the variation of the ratio of dose with
and without Au nanoparticles for X-ray 50 and 100
keV, electrons and protons of 1 MeV to 60 MeV.
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Figure 4: Variation of Stopping Power as a function
of depth for protons evaluated with Nist.
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Target R = Dyrop/ Dy
50 keV 100 keV | H 60 MeV | e 1 MeV
H,0O 0.9 0,95 40.16 12.11
H: O+ Au NP (15 wt%) 2558 267 46 88 2381
CORTICAL BONE 027 0,79 44 44 1238
BONE + Au NP (15 wt%) 0.57 8.2 45.19 18.66

Table II: Variation of the ratio of dose without and with Au nanoparticles in equivalent tissue and in bone
cortical for X-ray of 50 and 100 keV, protons of 60 MeV and elecrons of 1 MeV.

Discussions and Conclusions

About the use of Au nanoparticles in radiotherapy
the best result of studies carried out was obtained for
photons, the dose in all tissues examined increases
enormously in the layer where it is placed the tu-
mor, thus decreasing the effects on healthy tissues.
Even with the electrons experience a strong increase
of dose with the addition of nanoparticles. This is
mainly due to the fact that the interaction between
radiation and matter is strongly dependent on the
atomic number Z, as shown by the Bethe-Bloch for-
mula [9] and the cross sections of the processes of
photon-matter interaction. In the tissues examined,
the Z is very high with the addition of Au nanoparti-
cles and then more energy will be deposited where the
nanoparticles are located in the tumor site. These re-
sults lead to the conclusion that it is again necessary
to optimize the solution containing Au nanoparticles
in terms of homogeneity and residence time in sus-
pension. We must do more detailed studies for the
delivery of nanoparticles into the tumor site and to
distribute them evenly in the tumor site. Moreover,
further investigations are being conducted for deter-
mining the increase in dose and images contrast in
tissues containing Au nanoparticles. Table IT shows
the variation of the ratio of dose without and with
the addition of Au NP in equivalent tissue and in
cortical bone for X-rays of 50 keV and 100 keV, for
protons of 60 MeV and electrons of 1 MeV.
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Abstract

Nanostructured iron oxide particle water colloids were prepared by a pulsed laser ablation procedure. Phase-controlled
iron oxide nanoparticles were prepared in water. Elemental composition of the Fe,O, nanoparticles was determined by
X-ray photoelectron spectroscopy (XPS) while the structural and morphological properties were investigated by micro-
Raman spectroscopy and Scanning Electron Microscopy (SEM). Pulsed laser ablation procedure adopted reveals a fast
and clean technique to obtain, in a one step and in a relatively short time (few minutes), FeoOs nanostructures with a
well defined composition and morphology. Electrical resistance response varying temperature and ethanol concentration
was tested collecting the resistance data in the four point mode.

Keywords: iron oxide nanoparticles, pulsed laser ablation, Raman, XPS, SEM, electrical properties.

Introduction high specific surface is required in order to optimize
the sensor performance and working temperature [4].

Regarding the synthesis procedure to adopt, it
emerges that the laser ablation represents a fast and
green technique to obtain F'e;O3 nanostructures with
a well defined composition and morphology [5]. Un-
like the chemical approach, no post-preparation pu-
rification procedure is necessary adopting the pulsed
laser ablation technique. However, the optimal
preparation conditions to have FesO3 nanostructures
with defined structural and morphological properties
useful to increment gas sensors performance are not
well established.

Thus, the overall aim of this work is to explore
the possible to use of “in liquid” laser irradiation ap-
proaches in order to prepare iron oxide nanoparticles
chemically and morphologically stable with a narrow
size distribution and, hence, to estimate their electri-
cal resistance response varying temperature and the
ethanol concentration.

Nowadays, due to the ever increasing standard of liv-
ing, the sensor technology market is recently expand-
ing and the application of gas sensors has become
indispensable in some fields (food industry, medical
care and emission controlling). Solid state gas sen-
sors, among which chemi-resistors based on semicon-
ducting metal oxides, are the most extensively ap-
plied type, enable in situ and real time measures in
various conditions (i.e. high temperature) [1].
Among the metal oxide based sensors, o — FeaO3
nanostructures are commonly used as gas sensor ma-
terials in contrast to the metastable 8 — FesO3 or
Fe30,4 ones [2], thanks to their low cost and nontox-
icity. Nevertheless, some drawback limits their effec-
tive applications. Due to the low oxidation stability
of Fe3Oy, its application is restricted to oxygen and
humidity free atmospheres even at elevated temper-
ature as required in the field of metal processing and
fermentation processes. Nowadays, ethanol sensors

are industrially applied in selective catalytic reduc- Experimental section

tion reactions of automobiles and coal power plants.

However, the sensor response towards ethanol is lim- FeO nanostructured colloidal solutions are synthe-

ited by the iron oxide based sensors cross sensitivity sized by pulsed laser ablation in liquid (PLAL). By

towards other reducing analyte gases such as C'Hy, definition, the laser ablation is the ejection of macro-

NO, Hs or towards formaldehyde vapors which can scopic amount of materials from the surface of a solid

affect the immune system of human health and a lim- induced by the repetitively interaction of a short

ited operation temperature range (until 350°C) [3]. (1071 — 1078 s), intense (105 — 10* W/cm?) laser
In this contest, the synthesis of iron oxide pulses with the surface [6]. Briefly, a plasma is gen-

nanoparticles with a controlled composition and an erated in water (5ml) by the impact of a pulsed laser
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beam onto a metallic Fe (99.99% of purity) and con-
fined in the surrounding liquid. During the ablation
process, the high power laser beam is focused onto
the target surface, leading to a plume formation in
which both ablated species and small amount of wa-
ter are vapourized to form a plasma within the lig-
uid. Chemical reactions between the ablated species
and the liquid molecules are likely to occur and the
high temperature (estimated of the order of thou-
sands of Kelvin degrees) and pressures (in the range
of GPa) reached inside the plume allow the iron ox-
ide nanoparticles formation [7]. The incident beam
is the second harmonic (532nm) of a Coherent laser
(pulse duration 6 — 8 ps, repetition rate 100 K Hz).
The laser ablation is performed fixing the laser flu-
ence at 0.6.J/cm? and the ablation time at 2min.
These values ensure to observe appreciable spectro-
scopic signals from the colloids, preventing any pos-
sible degradation. X-ray photoelectron spectroscopy
(XPS) spectra were acquired using a K-Alpha sys-
tem of Thermo Scientific, equipped with a monochro-
matic Al K-Alpha source (1486.6eV) and operat-
ing in constant analyzer energy (CAE) mode with
a pass energy of 20eV for high resolution spectra
and a spot size of 400mm. The micro-Raman re-
sponses of the materials were investigated after the
deposition of some drop of the water colloids on a
CaF, substrates. Raman spectra were excited by the
638 nm radiation of a 30 mW diode laser, for an in-
tegration time of 80s. The backscattered radiation,
collected by an Olympus BX 40 microscope optics us-
ing a 50X objective lens, was analyzed by an XploRA
1800 ¢~ monochromator equipped with a Peltier

x10% x10%

CCD sensor. A fraction of the same colloids was de-
posited on carbon substrates to carry out Scanning
Electron Microscopy (SEM) characterization. SEM
images were taken by a scanning electron microscope
(Merlin; model ZEISS-Gemini 2) operating at an ac-
celerating voltage of 3 KV. When the measure was
carried out in transmission mode (STEM), the im-
ages were acquired using an accelerating voltage of
30 KV and at a working distance of 4 mm. Finally,
the study of electrical properties of the sample in
terms of electrical resistance for technological appli-
cations in the sensoristic field are carried out. De-
vices for the sensing tests were fabricated by printing
films (1 — 10 um thick) of the iron oxide nanocol-
loids on alumina substrates (6 mm x 3mm) with Pt
interdigitated electrodes. A Pt heater was located
on the backside of the electrodes. Electrical mea-
surements were carried out in the temperature range
from RT to 450°C, under a controlled ethanol gas
flux (from 100 ppm up to 500 ppm), collecting the re-
sistance data in the four point mode. More details
about the sensing tests procedure are reported in Ref.
[8] where the CO2 sensing properties of ZnO : Ca
nanopowders are reported.

Results and discussion

The chemical composition of the sample was deter-
mined using the Scofield’s sensitivity factors supplied
with the ThermoAvantage analysis software. XPS
analysis show the presence in the sample of C' (39%),
0(43%), Fe (16%), Na (1%) and Cl (1%).
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Figure 1: Fey,, Cis and O15 lineshapes for the PLAL iron oxide sample.
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Information about the bonding fractions are ob-
tained by the high resolution XPS profiles of the
recorded atomic species. Figure 1 shows the Cig,
O1s and Fey, photoemission spectra of the inves-
tigated sample. F'eg, lineshape is characterized by
three main contributions, ascribed to the Fegps/o
and Fey, /o spin-orbit components, centred at 710.7
and 724.2 eV, respectively and to the satellite peak
at about 719eV [9]. According to these evidences,
the hematite @ — FesO3 and maghemite v — FesO3
phases coexist in our sample. Furthermore, Cy pro-
files are characterized by different contributions: a
main contribution at 284.5eV attributed to C =
C/C — C in the aromatic ring and other contribu-
tions at higher binding energies corresponding to car-
bon atoms bonded to iron (Fe,(COs),), centred at
about 288.5 eV, and to oxygen atoms in different sur-
face functionalities (C'— O, C = O), centred at 285.2
and 288.9 eV, respectively [10]

In Figure 2 is shown the corresponding Raman
spectrum. It is characterized by some contribu-
tions centred at about 226.8, 292.5, 400, 486.5 and
600 cm ™!, ascribed to the Fe—O vibrational stretch-
ing modes in the hematite phase (aw — Fe2O3) [11]
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Figure 2: Raman spectrum of the PLAL synthesized
sample.

In addition, the Raman spectrum of this sample
is characterized by a contribution with an intensity
comparable to ones ascribed to the Fe2O3 phase, cen-
tred at about 1350 cm~!. This contribution could be
due to the Fe— C or C — C bonds vibrational modes
12)
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Figure 3: (a) SEM and (b) STEM images of the PLAL synthesized sample.

In Figure 3 are shown SEM and STEM images
of the sample prepared in water at the laser power
of 0.5 W. Scanning electron microscopy images show
spherical nanoparticles with dimensions ranging be-
tween 20 and 100 nm.

Finally, sensing test were carried out to evalu-
ate the response of FesO3 nanostructured sensor to
ethanol gas. At room temperature, a monotonous re-
duction of the electrical resistance is observed upon
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increasing the temperature (see Figure 4).
Moreover, the material is sensible, in a reversible
way, to ethanol: a reduction of the resistance values
has been collected during the sensor exposure at the
gas. Once the sensor is exposed to air, the resistance
values return to the initial ones (see Figure 4). Based
on the results reported above, it appears plausible
that ethanol adsorption on the sensing layer plays a
determinant role in the sensing mechanism. How-
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ever, these results are only preliminary and a more
accurate study of the sensing mechanisms will made
in future.
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Figure 4: FElectrical resistance response varying tem-
perature and ethanol concentration.

Conclusions

The procedure of a laser-induced ablation of a iron
target in a liquid environment, that is a pure wa-
ter, is described and discussed. The compositional,
structural and morphological properties of the FesOg
nanoparticles are analyzed. The results show that the
high-power pulsed laser ablation technique allows to
obtain samples with a controlled composition/phase
as well as a tailored particles size distribution in or-
der to make the material suitable for applications in
chemical resistant gas sensing fields.
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