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ABSTRACT

Newly emerging nanomaterials promise a major advancement of methods of nuclear and radiative medicine for cancer
treatment, as they can be used as carriers of diagnostic or therapeutic radionuclides, contrast agents in nuclear imaging
modalities (PET, SPECT) or sensitizers of radiative therapies (X-ray, ion beams, etc.). However, nanotechnology-based
approaches have reported a limited success so far due to a lack of suitable functional nanoformulations, which are safe,
non-toxic, excretable from the body and have favorable pharmacokinetics for effective accumulation in the tumor. As
follows from the results of our on-going research activities, many of the above-stated problems can we solved by the
employment of nanomaterials fabricated by clean laser-ablative synthesis. Here, we review our recent data on some
promising nanomaterials, prepared by this method, including biodegradable silicon (Si) nanoparticles (NPs), '**Sm-
enriched samarium oxide NPs, and elemental bismuth (Bi) NPs, which can be used either as carriers/agents in
radionuclide therapy, or sensitizers in radiative diagnostics or therapy. Advantages of proposed approach include
exceptional purity and flexibility in synthesizing of NPs of required physico-chemical parameters (controlled size, shape,
composition, and surface conditioning of NPs). Advances in laser-ablative fabrication of novel nanomaterials open up
avenues for future implementations of nuclear and radiative medicine approaches for safe and efficient theranostics of
tumors and metastasis.

Keywords: Nanoparticles, pulsed laser ablation in liquids, nuclear medicine, radiative medicine, carriers of
radionuclides, silicon nanoparticles, samarium nanoparticles, bismuth nanoparticles.

1. INTRODUCTION

Methods of nuclear and radiative medicine have become increasingly popular for last decades, promising an efficient
powerful alternative to conventional chemotherapy'. The nuclear medicine modality implies an injection of short decay
time radionuclides in vivo (systemically or intratumorally), while their ionizing radiation (a, B, v) is used to damage the
DNAs of actively proliferating cancer cells, thus causing their selective death, while keeping normal cells weakly
affected'. The radionuclide therapy becomes especially efficient when one can achieve a high tumor/non-tumor
radionuclide contrast, which enables to minimize side effects related to the irradiation of healthy issues. Typically,
vectoring molecules (specific antibodies, etc.) are used to target radionuclides to the tumor, but these molecules are
typically small and can carry only a few chelates linked to radionuclide atoms?. Therefore, very high concentrations of
radionuclide-carrying molecules are required to achieve any therapeutic outcome, but this can lead to severe side effects.
The employment of nanomaterials as carriers of radionuclides promises a solution of radionuclide delivery problem, as
they are heavier and can have much higher loading capacity*, as well as can offer an additional passive mechanism for
targeting tumors based on the enhanced permeability and retention (EPR) effect®. Despite these promises, this field has
seen limited activities, primarily because of a lack of suitable nanocarriers, which are safe, excretable and have favorable




pharmacokinetics to efficiently deliver and retain radionuclides in a tumor. On the other hand, radiative nanomedicine is
based on the employment of radioactive beams (X-ray, neutron, proton, and ion) to diagnose and treat tumors®®. To
improve the treatment outcome, NPs of high-Z elements can be used as a sensitizer of therapeutic (photon-capture
therapy, y-therapy) and diagnostic (CT imaging) impacts®'®. When these high-Z elements are irradiated with X-rays, the
result is a high local ionization effect leading to DNA strand breaks and ultimately enhancing the efficacy of RT. Off
target damage is also limited, as the range of this effect is less than 10 nm; consequently, lower doses of RT can be used
to achieve the desired effects'’.

However, the synthesis of nanoformulations for nuclear and radiative medicines presents a major challenge due to a
series of stringent requirements, including the following: (i) NPs should have appropriate physico-chemical parameters
(size, shape, chemical composition, surface properties, etc.) to provide efficient radionuclide transport properties, or
enable imaging/therapy functionalities under radiative stimuli; (ii) they should be safe and excretable from the organism
to minimize toxicity and residual accumulation risks; (iii) they should have a targeting ability to effectively localize in
high concentrations in the tumor. Unfortunately, these requirements are difficult or impossible to meet using
conventional chemical or alternative methods. As an example, chemical synthesis pathways typically deal with fixed
chemical products under fixed ambient conditions, which complicates the achievement of particular physico-chemical
properties of nanomaterials, as well as leads to the contamination of formed nanoformulations by reaction by-products
(toxic in most cases). Alternative synthesis pathways are also not free of challenges and limitations to fabricate
chemically pure nanomaterials with desired physico-chemical characteristics and good dispersion in aqueous
environment.

Pulsed laser ablation in liquids presents a physical alternative, which can offer the flexibility in the synthesis of single or
multi-elemental nanoformulations in the absence of residual contamination by by-products of synthesis'"'2. This
approach relies on laser radiation-caused ablation of material from a solid target to initiate the generation of
nanoclusters'®, which can then be released either into a gaseous medium to form a substrate-supported nanostructured
film or a powder'*"’, or into a liquid medium to form a dispersion of NPs'®?*, In all cases, the ablation can be performed
in an ultrapure environment (inert gas, deionized water, etc.) to exclude any contamination of the nanoparticle surface by
side-products or stabilizing ligands, which is critically important for projected biomedical applications in vitro and in
vivo™?. As an example, we recently elaborated the technique of femtosecond (fs) laser ablation in water and organic
media, which renders possible an efficient control of size characteristics of NPs from a variety of materials, including
Au??% Ag® Si** TiN*'** NPs, which demonstrate unique characteristics for biomedical tasks.

As follows from the results of our on-going activities, laser-ablative synthesis provides unique opportunities for the
fabrication of nanomaterials for nuclear and radiative medicine. As an example, owing to excellent fast biodegradability,
laser-ablated Si NPs functionalized with PEG can act as a nearly ideal carrier of radionuclides for nuclear
nanomedicine®. We recently demonstrated such an opportunity by a coating of laser-synthesized Si NPs by PEG and a
fast conjugation of the Si NPs-PEG complex with the '**Re radionuclide, which is one of most promising generator-type
therapeutic B-emitters with the energy of positron emission of 1.96 MeV (16.7%) and 2.18 MeV (80%) and the half-
decay time of 17 hours'. We showed that such Si NPs-PEG-'**Re conjugates can efficiently deliver the radionuclide
through the blood stream and retain it in the tumor region, yielding an excellent therapeutic effect (72% survival
compared to 0% of the control group). On the other hand, the flexibility of laser-ablative synthesis makes possible the
fabrication of novel promising nanomaterials for nuclear and radiative medicine. In particular, we described the synthesis
of stable solutions of spherical and size-tunable (7-70 nm) '**Sm-enriched samarium oxide NPs**, which can be suitable
for nuclear nanomedicine tasks after activation in a nuclear reactor and appropriate biofunctionalization to minimize
immune response and target tumors. Finally, we demonstrated the possibility of synthesizing elemental bismuth (Bi) NPs
via fs-laser ablation in water and organic solvents and described a protocol for the preparation of stable aqueous
solutions of Bi NPs covered with Pluronic®F68 and Pluronic® F127%. The formed Bi NPs promise attractive
applications in radiative medicine, as bismuth has the highest atomic number of all non-radioactive elements leading to
excellent radiosensitization properties’.

In this short review article, we will summarize our recent progress in the laser-ablative fabrication and characterization
of nanomaterials for nuclear and radiative medicine (Si NPs, '**Sm-enriched samarium oxide NPs, Bi NPs) and review
first results on the application of these nanomaterials in these tasks.




2. EXPERIMENTAL METHODOLOGY FOR LASER-ABLATIVE SYNTHESIS

Nanoformulations for nuclear and radiation nanomedicine were synthesized by fs pulsed laser ablation. A schematic of
the experimental setup is shown in Figure 1. Briefly, the target was fixed vertically with a PTFE stand in a glass (BK-7)
vessel filled with a liquid. A 3-mm-diameter beam from a Yb:KGW laser (1030 nm wavelength, 270 fs pulse duration,
30 pJ pulse energy, 100 kHz repetition rate; TETA 10 model, Avesta, Moscow, Russia) was focused by a 100-mm F-
theta lens on the surface of different targets, through a side wall of the ablation vessel. The thickness of the liquid layer
along the laser beam was 3-6 mm. The focusing conditions were set to obtain maximum productivity from the ablation
process (defined as ablated mass per duration of ablation) individually for each material. The laser beam was moved over
a 20 x 20 mm area with self-closed spiral geometry on the surface of the target, with 4000 mm/s speed using a
galvanometric scanner. This was done to avoid drilling of a hole in the target and to maximize the NPs yield. The
duration of each laser ablation experiment was 30 min. The target and the ablation chamber were cleaned after each
ablation experiment, by using an ultrasonication step in acetone, followed by ultrasonication in water, thorough rinsing
in ultrapure water and, finally, drying under ambient conditions.

In some cases, we used a technique of femtosecond laser fragmentation from nano/microcolloids, which were formed
prior to the fragmentation experiments by laser ablation from a target (according to the description given above) or a
mechanical milling of wafer (in the case of silicon). Nano/microcolloids were water-dispersed and then fragmented
under laser irradiation for one hour. The laser beam was focused at 1cm below the water level, while the solution was
continually homogenized by a magnetic stirrer as shown under the label (5) in the Figure 1.

LASER

Figure 1. Schematic representation of experimental setup: (1) — fs laser, (2) — dielectric mirrors, (3) — galvanometric
scanner, (4) — filled with liquid ablation vessel with a target, (5) — fragmentation vessel with a NPs colloidal solution and
a magnet stirrer.

To determine the size and morphology characteristics of NPs, a high-resolution transmission electron microscopy (HR-
TEM) system (JEOL JEM 3010) and a scanning electron microscope (SEM) system (TESCAN MAIA 3) operating at
0.1 —30 kV were used. A 1uL droplet of solution containing laser-synthesized NPs was deposited onto the surface of a
carbon-coated TEM copper grid or a cleaned silicon substrate (SEM imaging) and dried under ambient conditions. DLS
size distributions and (—potential measurements were performed using a Zetasizer ZS instrument (Malvern Instruments,
Orsay, Paris, France).

3. RESULTS AND DISCUSSION

3.1 Laser-ablative fabrication of Si NPs-PEG-"*Re conjugates in mice, assessment of their biodistribution and
therapeutic outcome

The uniqueness of such Si NPs is related to their high biocompatibility and biodegradability, which makes possible
elimination of these structures from the organism within several days, even if their initial size is large (30-80nm)*-,
under absence of any toxic effects. In addition, in contrast to Si nanostructures prepared by conventional electrochemical
or chemical routes”, laser-synthesized Si NPs have ideal for biomedical implementation spherical morphology,




controllable size with a narrow size dispersion, and are free of any toxic impurities®, which promises a better transport in
vivo and no side effects.

In our experiments, NPs were fabricated by methods of laser ablation from a solid Si target (N-type, purity 99.999%) or
laser fragmentation®. The functionalization of Si NPs with PEG was performed as shown in Figure 2. The Si NPs were
dispersed in 10 mL of 96% ethanol to a final concentration of 2g/L. Then, 200 mg of the silane-PEG-COOH solution in
20 mL of ethanol was added to the NPs under continuous stirring at room temperature. Since only dense coating of the
NPs by PEG can provide stealth properties, we used a large molar excess of the silane-PEG chains in this reaction. The
resulting mixture was ultra-sonicated for 1 min, and 1 mL of 3% ammonium hydroxide was quickly drop added into the
mixture under vigorous stirring to catalyze the hydrolysis and condensation of the silane groups on the surface of the Si
NPs. Then we tested if the pH of the mixture had reached 9—10 and heated this solution for 2.5h at 70°C. To prevent
further hydrolysis and self-aggregation of unreacted silanes, the mixture was cooled down to the room temperature and
the NPs were washed by centrifugation (15 min, 5000g), firstly with pure ethanol and further with water 3 times. After
washing, the product was redispersed in 20 mL of PBS (pH 7.4). The obtained NPs suspension did not contain any
aggregates and had long-term colloidal stability at physiological conditions, as was confirmed by Dynamic Light
Scattering (Zetasizer Nano ZS, Malvern Instruments, UK). Also, we observed a strong negative zeta-potential after
coupling of the PEG-COOH chains with the silicon surface. All the measurements were conducted in MilliQ water.
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Figure 2. Schematic presentation of functionalization protocol for the coating of Si*NPs by polyethylene glycol (PEG)
and subsequent decoration by radioactive '**Re atoms. Adapted from F*,
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In our tests, biodistribution of the nanoparticle carrier-based Si NPs-PEG-'**Re conjugate was compared with that of
freely circulating radioactive rhenium using its salt sodium perrhenate form, Na'®*ReQ.. Five sub-groups of 4 Wistar
female rats from the “signal” group, implanted with liver cholangioma RS-1, were intravenously administered with a
single dose of 56.8-62.5ug/kg of animal weight of Si NPs-PEG-'¥Re conjugates. Similar number of animals from the
“control” group were injected with water dissolved Na'®ReOQ,, containing radioactive rhenium atoms at the same
concentration. The maximal level of radioactivity in blood was recorded after 5 minutes of injection of both Si NPs-
PEG-'"*¥Re and Na'**ReOQ, solutions which then gradually decreased. For free '¥Re (in '¥ReQy), the level of radioactivity
in blood was much lower (<0.5%, after Smin; <0.2% after 1hour, <0.1% after 24 hours, and finally not detectable after
48 hours). At the same time, the injection of free Na'**ReO4 was accompanied by an immediate increase of the '**Re
concentration mainly in the thyroid gland, reaching its maximum values of 17% 3hours after the radionuclide injection.
The accumulation of '"Re in other organs was much lower, although we recorded a certain concentration of '"*Re in the
stomach just after the injection (1.2% after one hour), and its smaller concentrations in lungs and kidneys (less than
0.25% and 0.3%, respectively, after five minutes). Notice that the recorded biodistribution and pharmcokinetics with
much preferable accumulation of the product in thyroid gland and stomach is typical for free '"*Re and other
radionuclides'.

Surprisingly, the accumulation of radionuclide in liver and spleen was very weak (less than 2.5% and 0.3% after 5
minutes and then rapidly decreased down to 0.5-0.7% and 0.05% after 24 hours, respectively). The absence of any
significant accumulation of Si NPs-PEG-'¥Re conjugates in organs of reticuloendothelial system (liver, spleen) can only
be explained by their invisibility to the immune system, which was obviously due to the PEG-based coating of Si NPs.
Such a coating led to prolonged circulation of Si NPs-PEG-'**Re conjugates in the blood stream and their efficient
delivery to most organs. It is also important that the concentration of '¥Re gradually increased in the kidneys, reaching
its maximal value 24 hours after the injection (almost 3%), which is consistent with gradual dissolution of
nanoformulations and their time-delayed elimination via renal clearance. For comparison, in the case of free rhenium




(injection of Na'*ReQy solutions) its concentration in the kidney was maximal just after the injection (5 min), which can
lead to undesirable kidneys damage.

The therapeutic efficiency of Si NPs-'®Re conjugates was assessed by using Wistar rats with cholangioma RS-1
implanted in the right femoral muscle. We used 30 rats divided into three sub-groups of 10 animals: the 1st and 2nd
“signal” groups were intratumorally administered with a single dose of 37 and 74 MBq of NPs carrier-based Si NPs-
PEG-'®Re conjugates, respectively, while the 3rd “control” group were intratumorally injected by 0.lmL of
physiological solutions. Figure 3 shows results of survival tests for these 3 groups. One can see that after 20 days, only
40% of rats from the control group survived, while the survival rate for the 1st and 2nd “signal” groups was 100%. After
30 days, all animals from the control group were dead, while the survival rate for the 1st and 2nd groups was 50% and
72%, respectively. Thus, our experiments clearly demonstrate a remarkable therapeutic effect under intratumoral
injection of the Si NPs-PEG-'*Re conjugates. It should be noted that the accomplished injection protocol was not
optimized to maximize the therapeutic effect. We believe that the efficiency of the treatment can still be improved, e.g.,
by using 2 and more injections and further optimization of dose radioactivity.
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Figure 3. Assessment of therapeutic effect. Survival curves for Wistar rats with implanted cholangioma RS-1 after
intratumoral injection of the Si NPs-PEG-'*Re conjugates providing different doses of radioactivity (37 and 74 MBq)
and for control group injected with physiological solutions. Each group was composed of 10 animals. Adapted from **.

We believe that the demonstrated ability of Si NPs to serve as efficient transport vehicle can be used with a variety of
other promising diagnostic and therapeutic radionuclides (e.g., **Cu, ®Ga, *°Y). It is also important that intrinsic
properties of laser-synthesized Si NPs make possible a series of unique imaging and therapy functionalities, including
photoluminescence® and non-linear optical®® responses for bioimaging, light-induced generation of singlet oxygen for
photodynamic therapy of cancer”, infrared radiation-induced* or radio frequency radiation-induced* hyperthermia-
based cancer therapy. In fact, the choice of Si NPs as radionuclide carrier means that all these imaging and therapy
modalities can be utilized in parallel with the main nuclear medicine modality to produce image guided therapy.

3.2 Laser-ablative synthesis and characterization of **Sm-enriched samarium oxide NPs

2Sm isotope enriched Sm oxide NPs are another promising functional nano-radiopharmaceutical for nuclear
nanomedicine. This isotope captures neutrons by a nuclear reaction to produce the short-lived samarium-based radio
isotope '**Sm, which is known as one of most promising B-emitters for the treatment of malignant tumors, including
lung, prostate, and breast cancers**. Nanoformulations of '**Sm-enriched samarium compounds are of great value for
advancing nuclear nanomedicine as it can provide a high local concentration of the radioisotope, which cause dramatical
reduce of the effect of radiation dose on healthy tissues.
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Colloidal solutions of bare Sm oxide NPs were prepared by two-step fs laser ablation (first step - laser ablation, second -
laser fragmentation) of a bulk Sm oxide target in water, as described in detail in**. For preparation of Sm oxide target, we
used Sm,O; micropowder enriched with 'Sm isotope (97.78-98.70%, purity 99.80%) purchased from
Elektrokhimpribor Combine (Lesnoy, Russia). The average grain size of the initial micro powder was 0.5-2 um. The
target was prepared as follows: five milligrams of the powder was pressed into a cylindrical pellet having 5 mm diameter
and 150 um thickness. The pellet was then glued to a silicon substrate using epoxy glue to form the ablation target. Since
the glue was used only on the back side of the pellet in order to fix it on the silicon substrate, it was not affected by laser
radiation during our experiments. The target preparation process is shown schematically in Figure 4.
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Figure 4. Schematic representation of ablation target preparation. The initial Sm,O; micro powder was pressed into a
cylindrical pellet, which was then glued to a silicon wafer to form the ablation target. Adapted from *.

The ablation was performed with different pulse energies ranging from 10 up to 100 pJ, which resulted in NPs solutions
of 30-50 pg/mL concentrations. In all cases, the obtained solutions were almost completely transparent, with a slight
whitish coloration. Typical TEM images of Sm oxide NPs synthesized by the ablation from the target under 50 puJ pulse
energy is shown in Figure 5a. One can see that the formed NPs had a broad dispersion, which could be approximated by
2 Gaussian functions with maxima at 30 and 70 nm. The composition of synthesized NPs was qualitatively analyzed by
energy-dispersive X-ray spectroscopy (EDS). A typical EDS spectrum is shown in Figure 5c. As one can see from the
figure, NPs were mainly composed of samarium and oxygen.

One-step laser ablation cannot provide good control of size characteristics, as formed NPs have a large mean size and are
size- and shape-dispersed. Such characteristics are hardly consistent with projected applications. To homogenize size
distributions, we applied the technique of femtosecond laser fragmentation in liquids (LFL), which was developed in our
earlier works to reduce the size of Au NPs”. The technique implies irradiation of a preliminary prepared colloidal
solution by a focused fs laser beam. This approach profits from a significant broadening of an intense fs laser spectrum
and a generation of a so-called white light supercontinuum, which leads to efficient fragmentation of almost any NPs,
regardless of their absorption profile. The results of such an additional laser treatment are shown in Figure 5 (c) and (d)
respectively. As one can see, the fs LFL not only allows one to drastically decrease the size of NPs and narrow down
their size distribution, but also provides a size control. Indeed, a prolonged LFL with 50 puJ pulse energy led to a log-
normal size distribution of Sm oxide NPs with 20 nm mean diameter and 10 nm FWHM width, while LFL with 100 pJ
pulse energy resulted in NPs with 7 nm mean diameter.

After the fragmentation process, we found that the remaining solutions were stable and did not show any traces of
precipitation during their storage under room conditions for several months. Such a good colloidal stability of bare laser-
synthesized colloids is dictated by electrical charging of NPs during the ablation process and related electrostatic
stabilization. Indeed, according to our {—potential measurements, the surface potential of the laser-ablated Sm oxide
NPs was +20 mV which coincides with the stability threshold for colloidal solutions.

The final product presented NPs with a narrow size dispersion and variable mean size. **Sm-enriched samarium oxide
NPs can be used an efficient B-emitter for nuclear nanomedicine tasks after activation in a nuclear reactor and
appropriate biofunctionalization to minimize immune response and target tumors. The formed NPs with bare, ligand-free




surface and high colloidal stability are of great interest as a novel and perspective nanoplatform for biomedical and
catalysis applications.
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Figure 5. Typical TEM image and size distribution of Sm oxide NPs (a) obtained by laser ablation with 50 pJ and their
EDS spectrum (b). The silicon peak is related to the Si substrate, while the carbon signal is related to organic
contamination of the vacuum chamber. Size distributions with typical scanning transmission electron microscopy
(STEM) images of Sm oxide NPs after fs laser fragmentation in water under pulse energies of 50 pJ (c) and 100 pJ (d).
Adapted from *.

3.3 Laser-ablative synthesis and characterization of bare elemental Bi NPs

Presenting a semimetal/metal having the highest atomic number among all non-radioactive elements, elemental bismuth
(Bi) nanoparticles (NPs) with the highest number density of Bi nuclei, could serve as efficient targeted agents for cancer
treatment, including contrast agents for CT imaging, sensitizers for image guided X-Ray radiotherapy and photothermal
therapy”'®. However, the synthesis of elemental Bi NPs to achieve the highest Bi atom concentration suitable for
biological applications is difficult using conventional chemical routes. In our study, we explored the fabrication of
ultrapure Bi-based nanomaterials by fs laser ablation from a solid Bi target in liquid ambient (deionized water and
acetone) and characterized them techniques®.

Laser ablation of the Bi target in acetone (LAA) and deionized water (LAW) resulted initially in dark-brown colloidal
solutions. During the first 5—10 min of the ablation process, there was no visible difference in color of solutions being




prepared in any solvents; however, by the end of an ablation experiment (15 min), water-based colloidal solution became
substantially turbid, while those prepared in acetone remained clear. NPs prepared by LAW further changed their color
to milky-white after approximately 100 min. STEM images taken several days after the preparation revealed significant
differences in sizes and morphologies of Bi-based nanomaterials synthesized by LAA and LAW (Figure 6a and 6b). As a
result, we found that LAA leads to the formation of strictly spherical Bi NPs with bimodal size distribution. The
distribution peaks are at 20-30 nm and 60-70 nm. At the same time, LAW leads to the formation of 400-500 nm flake-
like nanosheets wide size dispersion, sharp edges, and a thickness of 10-20 nm. An X-ray diffraction (XRD) pattern of
the Bi NPs generated by fs LAA is shown in Figure 6¢. All the peaks can be indexed with the reference data for Bi metal
(ICDD, No. 00-44-1246) with lattice parameters, a = 4.547 A and ¢ =11.862 A; no impurity phase is present, indicating
LAA generates pure Bi metal NPs. The XRD pattern of the nanosheets generated by Bi fs LAW can be seen in Figure
6d. Most of the diffraction lines are indexed with the reference data for (BiO),CO; (ICDD No. 00-025-1464). Some
peaks characteristics of (Bi0)sCOs;(OH), (ICDD 00-038-0579) were also observed at 11.99, 29.45, 36.50, and 50.19°.
This suggests that Bi LAW results in nanosheets containing a combination of both (Bi0O),CO; and (BiO)4CO3(OH)..
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Figure 6. Size distributions and SEM & TEM images of (a) Bi NPs produced from fs LAA and (b) Bi nanosheets after fs
LAW. X-ray diffraction (XRD) patterns of (c) Bi NPs produced from fs LAA and (d) Bi nanosheets after fs LAW.
Adapted from *.

According to our (—potential measurements, the surface potential of Bi NPs prepared by fs LAA was —20 meV, which
coincides with the stability threshold for colloidal solutions and is consistent with the observed stability of our sample
over time.




It was found that mean size and size dispersion of Bi NPs during the fragmentation process have the clear tendency to
decrease with increase in the laser irradiation time. To determine the dependence of the Bi NPs size characteristics on the
duration of the fragmentation process, the hydrodynamic size of NPs was recorded during the fragmentation process.
The results of DLS hydrodynamic size measurements are shown in Figure 7b. White light supercontinuum fragmentation
in liquids is an easy and fast technique, which makes possible to obtain stable colloidal solutions of Bi NPs with precise
size control from 150 to 20 nm. The typical SEM image and size distribution of Bi NPs obtained by fs laser
fragmentation at 100 pJ pulse energy for 1 hour are shown in Figure 7a.
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Figure 7. (a) Size distribution with typical SEM image of Bi NPs obtained by fs laser fragmentation at 100 puJ pulse
energy for 1 hour. (b) Dependence of Hydrodynamic diameter of Bi NPs obtained by LAA on duration of fs-laser
fragmentation. Adapted from *.

Bi NPs ablated in acetone were successfully transferred to water using a surface coating by Pluronic® F68 or F127
(Sigma-Aldrich, St. Louis, MO, USA). To achieve this surface coating, the polymer F68 or F127 was added to colloidal
solution of Bi NPs in 4:1 ratio by mass and then vortexed until polymer dissolution. After this step the solution was
centrifuged 10 min at 10000 RCF and the supernatant was discarded to remove the rest of the polymer. The formed
pellets were resuspended in 1 mL of deionized water or PBS to produce a stable dispersion. Functionalized NPs were
stored at RT for further use.

The temperature distribution dynamics induced by the nanomaterials under 808 nm laser irradiation was monitored by a
thermal imaging camera FLIR A600 (FLIR Systems, Wilsonville, OR, USA). For thermal gradient dynamics
measurements, all samples were prepared at a concentration of 100 pg/mL and transferred into capillary tubes (& 300
um, 10 mm) to avoid significant thermal convection of solvent during excitation. Each sample was then imaged in real
time upon 808 nm laser irradiation of the laser beam focused in a ~15 % 50 um waist inside the tube. Saved sequences of
thermal images were processed by a FLIR camera software to plot the change in maximum temperature of the sample
over time.

To determine the potential of bare and functionalized Bi NPs to be used for localized heating under NIR (808 nm)
excitation for photothermal therapy, we studied the dynamics of thermal heating for both samples. The results of this
study (Figure 8a and 8b) show that elemental Bi NPs demonstrated a significant increase in temperature after 30 s
exposure to the NIR excitation. From the one hand, the initial rise in temperature of the elemental Bi NPs upon exposure
is approximately 2 °C/ second for the first 5 s and then approximately 0.4 °C/second over the remaining 25 s, leading to
a temperature maximum of 39 °C, for an overall increase of 16.5 °C. From the other hand, coated with Pluronic® Bi NPs
demonstrated a significant increase in temperature, greater than that of the NPS in acetone. After 30 s exposure to the
NIR excitation functionalized NPs heated up to 53 °C, for an overall increase of 24.4 °C. This suggests that the coated
NPs transferred to water will be effective for use in photothermal therapy in vivo as well as for photoacoustic imaging.
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Figure 8. Photothermal heating of (a) Bi NPs produced from fs LAA and (b) Bi NPs functionalized with Pluronic® F68
in water. Dependence of extinction spectra of (¢) functionalized with Pluronic® F127 Bi NPs in water and (d) initial
LAA Bi NPs in PBS on time of storage obtained by the optical spectrometry method. Adapted from ¢,

For biomedical applications, besides the fact that the NPs should be biocompatible and non-toxic, they should also be
stable in biologically relevant conditions. PBS, for which osmolarity and ion concentration correspond to relative
parameters in the human body, is one of the most widespread isotonic solutions used in biomedicine. The presence of a
high salt content in the PBS negatively affects the colloidal stability of NPs, significantly increases their tendency to
aggregation and change surface chemical composition. The protective shell in the form of a non-toxic polymer not only
improve the biocompatibility and circulation time of NPs in the bloodstream, but also significantly increases their
colloidal stability.

To determine the effect of surface modification of NPs on their colloidal stability in PBS and water, we detected the
kinetics of changes in the optical spectra of coated and uncoated NPs. All the samples were taken at the same initial
concentration. The results are shown in Figure 8c and 8d. It was found that functionalized Bi NPs have a 6.2-fold lower
tendency to aggregation in PBS (time of decrease in optical density by e times), in contrast to bare NPs, which is a clear
marker of success surface modification of NPs. The most stable were covered with Pluronic® Bi NPs in deionized water.
The absence of free ions in the solution and the neutral pH of the medium has a favorable effect on the colloidal stability
of NPs.




4. CONCLUSIONS

We reviewed our recent progress in laser-ablative fabrication and functionalization of some promising materials for
nuclear and radiative medicine. We demonstrated that laser-ablated Si NPs functionalized with PEG can be a nearly ideal
carrier of radionuclides for nuclear nanomedicine. We also described a procedure for laser synthesis of stable solutions
of spherical and size-tunable (7-70 nm) '"“2Sm-enriched samarium oxide NPs, which can be suitable for nuclear
nanomedicine tasks after activation in a nuclear reactor. Finally, we demonstrated the possibility of synthesizing
elemental bismuth (Bi) NPs via fs-laser ablation in water and organic solvents, promising attractive applications in
radiative medicine.
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