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ABSTRACT 

Nanotechnology promises a major improvement of efficacy of nuclear medicine by targeted delivery of radioactive agents 

to tumors, but this approach still needs novel efficient nanoformulations to maximize diagnostic and therapeutic functions. 

Here, we present a two-step method of laser ablation and fragmentation in water to produce non-radioactive 152Sm-enriched 

samarium oxide nanoparticles (Sm NPs), which can be converted to radioactive form of 153Sm beta-emitters by neutron 

capture reaction. We found that laser ablation in deionized water leads to the formation of NPs having diverse morphology 

and broad size dispersion. To improve size characteristics of formed NPs, we applied additional femtosecond laser 

fragmentation step, which made possible a good control of mean NPs size under a drastic narrowing of size dispersion, 

and the spherical shape of formed NPs. Obtained colloidal solutions of Sm NPs were stable for several weeks after the 

synthesis. The formed NPs present a very promising object for nuclear nanomedicine. 
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1. INTRODUCTION  

Due to particular physicochemical properties Samarium (Sm) can be used in many areas, including the development of 

strong magnets [1], control rods of nuclear reactors [2], efficient catalysts [3,4], and agents for biomedicine [5-7]. Nuclear 

medicine is one of the most perspective domains for Sm application. 152Sm isotope can captures neutrons by a nuclear 

reaction, 152Sm (n, γ) - 153Sm, to produce the short-lived samarium-based radio isotope 153Sm (half-life is 46.3 hours), 

which is known as one of most promising beta emitters for the treatment of malignant tumors, including lung, prostate and 

breast cancers [6,7].  

Sm nanoparticles (NPs) are of particular importance, as they can offer a series of additional advantages, including a large 

surface area for catalysis [4] and other attractive properties for biomedical applications [8]. Nanoformulations of 152Sm-

enriched samarium compounds are of great value for advancing nuclear nanomedicine as it can provide a high local 

concentration of the radioisotope. Prospects of Sm-based nanoformulations in this diverse range of applications critically 

depend on the surface conditioning and purity of nanomaterials, but currently-existing routes for the synthesis of Sm 

nanostructures do not always meet these requirements. Indeed, chemical methods for the preparation of Sm nanoparticles 

(NPs) [4,9] typically involve hazardous precursors, which could cause residual contamination leading to toxicity issues. 

Alternative synthesis techniques based on cluster beam deposition [10] and mechanical milling [11] are capable of 
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Figure 1. Scheme of the experiment setup for laser ablation (a) and fragmentation (b) in liquids.  

1 – laser; 2 – lens; 3 – laser ablation chamber; 4 – laser fragmentation chamber. 

producing NPs in the dry state, but their subsequent dispersion and stabilization in solutions is problematic due to high 

surface energy of nanomaterials. Therefore, a facile and scalable technique for the production of Sm-based NPs is still 

required. Making possible fast production of bare (uncovered) NPs in colloidal state with almost any composition, pulsed 

laser ablation in liquids [12-17] (PLAL) provides one of best alternatives to satisfy the above-stated demands. As an 

example, we demonstrated that the technique of femtosecond (fs) laser ablation in liquids can be used for the fabrication 

of a variety of ultrapure, biologically-friendly nanomaterials, including gold NPs [16,18-22], titanium nitride (TiN) NPs 

[23], silicon NPs [24-27] and organic polymer NPs [28]. In many cases, such nanoparticles can provide superior properties 

for catalytic [20], energy and biomedical [29,30] applications, compared to nanomaterials synthesized by conventional 

chemical methods. 

We recently reported a two-step method of fs laser ablation and fragmentation in water for synthesis of pure spherical and 

size-tunable (7–70 nm) 152Sm-enriched samarium oxide NPs looks promising for nuclear nanomedicine tasks after 

activation in a nuclear reactor and appropriate biofunctionalization to minimize immune response and target tumors [31]. 

In this work we present details of structural characterization of the synthesized Sm NPs and results of their long-term 

storage at ambient conditions. 

 

2. EXPERIMENTAL METHODS 

We used samarium oxide micropowder enriched with 152Sm isotope (97.78–98.70%, purity 99.80%) purchased from 

Elektrokhimpribor Combine (Lesnoy, Sverdlovsk Region, Russia). The average grain size of the initial micro powder was 

0.5–2 µm. The micropowder was pressed into a cylindrical pellet (5 mm diameter and 150 µm thickness), which was then 

glued to a silicon substrate using an epoxy glue to form a target. 

Sm NPs were prepared by two-step method of fs laser ablation and fragmentation in deionized water under ambient 

conditions, using radiation from a Yb:KGW laser (1030 nm wavelength, 270 fs pulse duration, up to 400 µJ pulse energy, 

1–100 kHz repetition rate, TETA 10 model, Avesta, Moscow, Russia). Schematics of the experimental setup for laser 

ablation and fragmentation in liquid is shown in Fig. 1. In our tests, 3 mm laser beam was focused by a 75 mm lens on the 

surface of the target in the case of laser ablation. For laser fragmentation, the target was removed and preliminarily formed 

NPs were subjected to laser irradiation from the same laser. 

  

  

  

  

 

 

 

 

For the first step of the laser ablation the Sm oxide target was fixed vertically on the wall of a BK-7 glass vessel filled with 

14 mL of ultrapure water (18.2 MΩ cm at 25 °C). The ablation vessel was mounted on a platform, which was continuously 

scanned over a 2 × 2 mm area with the 5 mm/s speed in order to avoid ablation from the same area. Ablation was performed 

with different laser pulse energies ranging from 10 up to 100 µJ. The duration of each experiment was 1 h.  

To achieve additional control of NPs size, we applied the second step of fs laser fragmentation (Fig. 1b). Here, we used 

Sm NPs colloid solution obtained after the laser ablation step. The same optical scheme from the laser ablation setup was 

used, but the laser beam was focused into the solution 1 cm behind the entrance glass rather than on the target surface. The 

solution was continuously homogenized by a magnetic stirrer during the fragmentation process.  

A scanning transmission electron microscopy (STEM) system (MAIA 3, Tescan, Czech Republic) operating at 0.1–30 kV 

coupled with an EDS detector (X-act, Oxford Instruments, High Wycombe, UK) was used to characterize morphology, 

structure, size and composition of the synthesized NPs. Samples for electron microscopy were prepared by dropping 1 μL 



 

 
 

 

 

Figure 2. Typical TEM images of Sm NPs obtained by laser ablation of Sm oxide target with 

(a) 20 µJ and (b) 100 µJ pulse energy. 

of the NPs solution onto a carbon-coated copper grid (for transmission electron microscopy (TEM) imaging) or a cleaned 

silicon substrate (for scanning electron microscopy (SEM) imaging) and with subsequent drying at ambient conditions. ζ 

– potential of NPs in water was measured using a Zetasizer ZS instrument (Malvern Instruments, Orsay, Paris, France). 

MC 122 Spectrophotometer (SOL instruments Ltd., Minsk, Republic of Belarus) was used to measure extinction spectra 

of Sm NPs colloidal solutions. 

 

3. RESULTS AND DISCUSSION 

Bare Sm NPs colloidal solutions were prepared by two-step fs laser ablation and fragmentation in deionized water, similar 

to the procedure reported in our previous works [18,20]. The solutions were almost completely transparent, with a slight 

whitish coloration and concentration in the range from 30 to 50 μg/mL (depending on the laser pulse energy). Fig. 2 shows 

a typical TEM images of Sm NPs obtained after the first step of laser ablation. As one can see, NPs were very diverse both 

in form and size. There are four fractions of NPs can be distinguished: (i) Relatively large randomly shaped particles with 

sizes from 100 nm up to 1 μm, (ii) thread-like structures with 20–40 nm thickness and 200–500 nm length, (iii) amorphous 

particles with sizes up to 100 nm and, (iv) spherical NPs with sizes from 10 to 100 nm.  

 

 

 

 

 

 

 

 

 

 

 

 

First three fractions did not demonstrate any noticeable dependence of their morphological properties on the pulse energy. 

We suppose that this observation can be explained by a non-laser-ablative origin of such NPs. Indeed, the size of large 

randomly shaped particles (100 nm–1 μm) was very similar to the initial micro powder grains, and therefore they could be 

produced by mechanical detachment from the target during the ablation process. The problem of mixing of educt particles 

from a pressed powder-based target with truly laser ablated particles has been reported by many authors [32,33]. The 

reason for such a mechanical ablation is collapse of a cavitation bubble, which emerges at the liquid-target boundary, 

promptly after a laser pulse due to fast liquid heating by the ablated material. In the case of fs ablation, it is possible to 

completely suppress the cavitation bubble and the related mechanical mechanism of ablation, by the decrease of laser 

energy [16]; however, it leads to very low ablation productivity. At the same time, the formation of thread-like and 

amorphous particles (fractions (ii) and (iii)) could be explained by thermal and oxidative mechanisms accordingly. In 

contrast, spherical NPs tended to increase their size, with an increase of the laser pulse energy. The mean size of the 

spherical NPs increased from 20 nm to 70 nm, when the laser ablation energy was increased from 10 to 100 µJ. This 

observation is consistent with the dependence of the NPs size on pulse energy during laser ablation for other materials. 

Therefore, one-step laser ablation can not provide good control of Sm NPs 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 second step of laser fragmentation in liquids (LFL), which was developed 

in our earlier works to reduce the size of Au and TiN NPs [18,23]. Fig. 3 presents the typical TEM image of Sm NPs 

obtained after this additional laser treatment. As one can see, two-step laser ablation and fragmentation in liquid allows to 

produce spherical NPs with narrow size distribution. Moreover, the size of formed NPs can be controlled by varying the 



 

 
 

 

 

Figure 3. Typical TEM image of Sm NPs obtained after laser fragmentation step. 

Figure 4. DLS size measurement. 

laser fragmentation pulse energy. For instance, prolonged LFL with 50 µJ pulse energy led to log-normal size distribution 

of Sm oxide NPs with 20 nm mean diameter and 10 nm FWHM width. While LFL with 100 µJ pulse energy resulted in 

NPs with 7 nm mean diameter. This result is consistent with our previous results on fs laser fragmentation of Au NPs [18]. 

Here, under certain conditions, we could also observe the decrease of NPs size under the increase of laser fluence.  

 

 

 

 

 

 

 

 

 

 

 

 

We observed some sedimentation of particles during the first 24 hours after the laser ablative preparation of solutions. This 

sedimentation can be attributed to precipitation of the large size mechanically ablated particles, as discussed previously. 

After that, the remaining solutions were stable and did not show any traces of precipitation during their storage under room 

conditions for several weeks. 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 ζ – potential 

measurements, the surface potential of the laser ablated Sm oxide NPs was + 20 mV which coincides with the stability 

threshold for colloidal solutions. It is important that after the fs laser fragmentation step, colloidal solutions did not show 

any sign of precipitation, which was obviously due to homogenation of NPs sizes. 

However, we have found that ten months after the two-step laser synthesis the obtained Sm NPs in colloidal solution began 

to coalesce and form agglomerates. We applied an ultrasonication procedure to break up agglomerates and thus return 

colloidal solution to initial form. But even one-hour ultrasonic treatment did not show any significant results as indicated 

by DLS size measurement (Fig. 4, circles). At the same time the method of LFL allowed to slightly decrease the mean size 

of NPs in time-depended manner (Fig. 4, diamonds). Note, that even long-term fragmentation left significant amount of 

unfragmented aggregates.  

 

 

 

 

 

 

 

 

 

 



 

 
 

 

 

Figure 5. Extinction spectra of Sm NPs colloidal solutions 

Extinction spectra of Sm NPs colloidal solutions (Fig. 5) were consistent with DLS measurements. Indeed, LFL of the Sm 

NPs colloid led to homogeneous decrease of extinction profile which corresponds to decrease of NPs size because 

scattering scales with the size as r6, where r – is a size of NPs.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4. CONCLUSIONS 

Two-step method of laser ablation and fragmentation in liquid was used to produce aqueous colloidal solutions of 152Sm 

oxide NPs. We have found that after the first step of laser ablation in deionized water the morphology of obtained 

nanoparticles was very diverse both in size and in shape. To produce spherical 152Sm nanoparticles with narrow size 

distribution the additional step of laser fragmentation in liquid was used. The variation of laser fragmentation pulse energy 

allows to control the mean size of synthesized nanoparticles. Prolonged storage of Sm NPs for 10 months led to irreversible 

aggregation. The aggregates can not be destroyed by ultrasonication, but can be partly reduced by laser fragmentation step. 

The formed NPs promise exciting perspectives for its application in nuclear nanomedicine.  
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