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Abstract—Gold nanoparticles (GNPs) are actively used as dose enhancing agents in combination with
X-ray irradiation. The synthesis of gold nanoparticles by laser ablation has a number of advantages over other
methods (for example, the possibility of preparing a chemically pure solution and a relatively low production
cost when synthesis is scaled up). An additional antitumor effect from the combined use of gold nanoparticles
synthesized by laser ablation and X-rays was studied. Mice transplanted subcutaneously with Ca755 synge-
neic adenocarcinoma were used for the study. The tumor was irradiated at a dose of 10 Gy in 30 min after
injection of GNPs. As a result, 66% of complete regressions were found in the experimental group of mice
within 210 days after transplantation, while there were no regressions of tumor nodes in the control irradiated
group. The absorbed dose to the vascular walls with gold nanoparticles in the bloodstream was evaluated as
26.8 Gy owing to local energy release.
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INTRODUCTION
Gold nanoparticles (GNPs) have all the necessary

properties to be used as a platform for new contrast
agents for CT scans and/or dose enhancing agents for
radiotherapy [1–4]. Gold is a biocompatible material
that does not interact with the components of the cel-
lular structures of a living organism [5]. Gold nano-
particles’ coating modification can provide specific
accumulation in various organs and tissues, for exam-
ple, by imparting affinity to the particles for tumor
markers on the surface of tumor cells [6]. Also, gold
nanoparticles are able to pass through the damaged
blood–brain barrier and accumulate nonspecifically
in pathological brain foci [7]. Gold nanoparticles
injected prior to therapeutic irradiation of tumors have
the ability to increase local energy release and contrib-
ute to suppression of tumor growth [8].

There are many methods for the synthesis of colloi-
dal solutions of gold nanoparticles, but the most com-
mon among them are the Turkevich method (with its
various modifications) and the physical method of
laser ablation. The latter method makes it possible to
synthesize chemically pure gold nanoparticles in
deionized water and is more cost-effective when

scaled up to industrial production [9]. However, vari-
ations of the Turkevich method are more often used
for biomedical research as better known and relatively
simple and reproducible in the laboratory scale, which
does not require expensive equipment. Thus, the use
of laser-ablated gold nanoparticles in biological sys-
tems is still not enough studied.

The purpose of this work is to study laser-ablated
gold nanoparticles as a dose-enhancing agent for
radiotherapy of syngeneic mouse tumor and to evalu-
ate the local dose enhancement in the tumor node.

EXPERIMENTAL
Synthesis and Сharacterization of GNPs

Gold nanoparticles were synthesized by a single-
stage method of femtosecond laser ablation in 1 mM
NaCl solution. Gold nanoparticles were produced
using a Yb : KGW laser (wavelength of 1030 nm, pulse
duration of 250 fs, pulse energy of 30 μJ, and laser
pulse repetition rate of 100 kHz) [10]. Gold nanopar-
ticles were coated with a 2 kDa mPEG-SH polymer
according to an original method. The mean size and
concentration were estimated by the spectrophoto-
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Fig. 1. TEM image of the GNPs used in the study and GNP size distribution. 
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metric method [11]. The absorption spectra of a col-
loidal solution of gold nanoparticles were measured in
a quartz cell with an optical path length of 10 mm at
20°C using a Cary 50 spectrophotometer (Varian,
Australia). The hydrodynamic diameter of gold
nanoparticles was estimated using a dynamic light
scattering spectrometer (Zetasizer Nano ZS laser cor-
relation spectrometer, Malvern Instruments, United
Kingdom). To determine the size distribution of gold
nanoparticles in a colloidal solution, a MAIA 3 scan-
ning transmission electron microscope (TESCAN,
Czech Republic) was used.

Tumor Model
Female C57Bl/6 mice (Institute of Cytology and

Genetics, Siberian Branch of the Russian Academy of
Sciences, Russia) with subcutaneously transplanted
mammary adenocarcinoma Ca755 were used in the
study. The inoculum was prepared ex tempore (a 7%
suspension of tumor cells in Hanks’ solution). The
inoculum was injected subcutaneously into the right
hind leg of mouse in volume of 0.05 mL. The mice
were divided into three groups: control group without
therapy (n = 6), irradiated control group (n = 6) and
experimental group, irradiated after the injection of
GNPs (n = 6). All manipulations with mice were car-
ried out in accordance with official national ethical
standards.

Irradiation and Imaging
Irradiation of the mice was performed when the

tumor size reached ~150–200 mm3. An experimental
group of mice was intravenously injected with a colloidal
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solution of GNPs at a dose of 975 ± 113 (mg Au) kg–1

30 min before irradiation. The RUST-M1 facility was
used at a voltage of 200 kV and a current of 5 mA for
irradiation. Individual dosimetry was performed using
Gafchromic EBT3© dosimetric films. The mean
absorbed dose in the tumor volume was 10.7 ± 0.2 Gy.
One hour after irradiation, the tumor node was visualized
by microCT using a VECTor6 preclinical three-modal
PET/SPECT/CT scanner (MiLabs, Netherlands).

RESULTS AND DISCUSSION

Characteristics of GNPs

Colloidal solution of gold nanoparticles was syn-
thesized and prepared for intravenous administration
to mice. The mean diameter of the nanoparticles gold
core and concentration of gold in colloidal solution
was calculated from absorbtion spectra. The mean
diameter was 8.2 ± 1.4 nm; the concentration was
160 ± 8 (mg Au) mL–1. The hydrodynamic diameter
mode of distribution was 17 nm. Figure 1 shows TEM
image of GNPs and their size distribution. According to
the core size distribution from TEM image, the mean
diameter of the nanoparticles gold core was 8 ± 4 nm.

Additional Antitumor Effect of GNPs

Survival curves were plotted as a result of the anti-
tumor effect from the combined use of GNP and X-ray
radiation study (Fig. 2).

In the experimental group, 66% of mice showed
complete tumor regression. These mice were observed
up to 210 days without any signs of tumor recurrence.
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Fig. 2. Survival curves. Control group—solid line; irradiated only  group—dashed line; experimental (Irradiation+GNP) group—
dotted line. 
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Fig. 3. Axial CT scan mouse hip from the experimental group 1 h post injection of gold nanoparticles. Large vessels of the right
hind leg of a mouse with a tumor node are indicated by arrows.
There were no complete regressions in other groups
(control group and group irradiated without GNPs).

The combined use of GNPs and X-rays can cause
tumor cell death in following ways: DNA damage, oxi-
dative stress, cell cycle disruption, and apoptosis
induction [12, 13]. However, in our case, the tumor
regression is most likely caused by the damage of the
tumor vessels. As can be seen in CT images (Fig. 3)
obtained 1 h after X-ray exposure, gold is present in
the blood vessels. The concentration of gold in mouse
PH
blood 1 h after irradiation was experimentally esti-
mated as 12 ± 2 (mg Au) mL–1 [14]. According to [15],
this gold concentration corresponds to a local dose
enhancement factor of 2.5. The presence of a dose
enhancement agent in the bloodstream during tumor
irradiation contributes to an increase in the absorbed
dose to the walls of vessels and their damage [16]. The
estimated absorbed dose to the walls of tumor vessels
was 26.8 Gy.
YSICS OF ATOMIC NUCLEI  Vol. 85  No. 9  2022



PHYSICS OF ATOMIC NUCLEI  Vol. 85  No. 9  2022

IN VIVO STUDIES OF LASER-ABLATED GOLD NANOPARTICLES 1601

Fig. 4. Coronal CT scans of hind legs of a mouse from the
experimental group in 210 days after transplantation. The
left healthy leg is shown on the left; the right leg of the
mouse, where the tumor was transplanted and subse-
quently completely regressed, is shown on the right. The
gold trace in the muscle fascia is indicated by arrows.

Fig. 5. Change in skin color of mice after injection of gold nano
ticles is shown on the left. A mouse from the experimental grou
particles, is shown on the right. Non-wooly areas of the skin tha
On day 15 after irradiation, all mice from the exper-
imental group underwent microCT. It was observed
that gold was retained in the fascia of the affected leg,
including in mice with complete tumor regression,
and gold was accumulated in the liver and spleen in all
mice. Subsequently, mice with complete regression
underwent microCT once a month. Gold was
observed in the fascia of the affected leg up to the last
observation time point of 210 days (Fig. 4). The radio-
graphic density of the liver and spleen did not decrease
at any time point, indicating that gold nanoparticles
were not excreted.

The skin color on non-wooly areas of the body
changed immediately after the injection of gold
nanoparticles through the tail vein; the ears, nose,
legs, and tail of the mice became cyanotic (blue) (Fig. 5).
Skin color did not return to normal during the entire
follow-up period. A similar effect was previously
observed by other researchers in patients [17, 18].

Despite the change in skin color and the long-term
retention of gold in the liver and spleen, there were no
body weight loss and deviation in water and food con-
sumption, and the behavior of mice from the experi-
mental group did not change during the entire obser-
vation period after the regression, which indirectly
indicates that there are no long-term toxic effects.
particles. A healthy mouse before the injection of gold nanopar-
p in 210 days after transplantation, which was injected with gold
t have changed their color are indicated by arrows.
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CONCLUSIONS

In this work, the possibility of using laser-ablated
gold nanoparticles as a theranostic drug has been con-
firmed. Contrast enhancing ability for small vessels in
the tumor node (transplanted murine mammary ade-
nocarcinoma Ca755) has been shown. An experiment
in vivo with a local dose enhancement in the tumor
vessels injected with GNPs was also carried out.

Studies of the therapeutic effect with the combined
use of GNPs and X-rays in the experimental group
revealed 66% of complete regressions within 210 days
after transplantation. Probably, this value of regres-
sions is explained by a large amount of gold particles in
the tumor tumor vessels at the time of their irradiation
and their damage. According to the analytical esti-
mate, the absorbed dose to the walls of tumor vessels
was 26.8 Gy.

GNP injection followed by irradiation did not lead
to adverse effects during the entire period of observa-
tion of mice that had achieved complete regression.
The result indirectly indicates that there are no GNP
excretion pathways from the liver, spleen, and muscle
fascia. The change in skin color as a result of the GNP
injection does not have significant negative effects on
the health condition of mice kept in the laboratory.
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