Original article

Development of neutron-activated samarium-153-loaded
polystyrene microspheres as a potential theranostic agent for
hepatic radioembolization

Hun Yee Tana, Yin How Wongb, Azahari Kasbollahc,
Mohammad Nazri Md Shahd, Basri Johan Jeet Abdullahb,d,
Alan Christopher Perkinse and Chai Hong Yeongb
Downloaded from https://journals.lww.com/nuclearmedicinecomm by BhDMf5ePHKav1zEoum1tQfN4a+kJLhEZgbsIHo4XMi0hCywCX1AWnYQp/IlQrHD3i3D0OdRyi7TvSFl4Cf3VC1y0abggQZXdgGj2MwlZLeI= on 03/18/2022

Purpose Hepatic radioembolization is an effective
minimally invasive treatment for primary and metastatic
liver cancers. Yttrium-90 [90Y]-labelled resin or glass
beads are typically used as the radioembolic agent for this
treatment; however, these are not readily available in many
countries. In this study, novel samarium-153 oxide-loaded
polystyrene ([153Sm]Sm2O3-PS) microspheres were
developed as a potential alternative to 90Y microspheres
for hepatic radioembolization.
Methods The [152Sm]Sm2O3-PS microspheres were
synthesized using solid-in-oil-in-water solvent evaporation.
The microspheres underwent neutron activation using a
1 MW open-pool research reactor to produce radioactive
[153Sm]Sm2O3-PS microspheres via 152Sm(n,γ)153Sm
reaction. Physicochemical characterization, gamma
spectroscopy and in-vitro radionuclide retention efficiency
were carried out to evaluate the properties and stability of
the microspheres before and after neutron activation.
Results The [153Sm]Sm2O3-PS microspheres achieved
specific activity of 5.04 ± 0.52 GBq·g−1 after a 6 h neutron
activation. Scanning electron microscopy and particle
size analysis showed that the microspheres remained
spherical with an average diameter of ~33 μm before
and after neutron activation. No long half-life radionuclide
and elemental impurities were found in the samples.

Introduction

Liver cancer is the sixth most commonly diagnosed
cancer and the fourth leading cause of cancer death
worldwide. In 2018, there were an estimated 841 000
new cases and 782 000 deaths due to liver cancer globally [1]. Hepatocellular carcinoma (HCC) accounts for
75–85% cases of primary liver cancer whereas intrahepatic cholangiocarcinoma accounts for 10–15% cases [1].
Chronic infection with hepatitis B or C viruses, heavy
alcohol intake, aflatoxin-contaminated foodstuffs, type
2 diabetes, obesity and smoking are the key risk factors for HCC [2]. The mortality rate of HCC is almost
equivalent to the incident rate because a majority of the
HCC patients are diagnosed at the later stage of liver
dysfunction [3].
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The radionuclide retention efficiencies of the [153Sm]
Sm2O3-PS microspheres at 550 h were 99.64 ± 0.07 and
98.76 ± 1.10% when tested in saline solution and human
blood plasma, respectively.
Conclusions A neutron-activated [153Sm]Sm2O3-PS
microsphere formulation was successfully developed
for potential application as a theranostic agent for
liver radioembolization. The microspheres achieved
suitable physical properties for radioembolization and
demonstrated high radionuclide retention efficiency
in saline solution and human blood plasma. Nucl Med
Commun 43: 410–422 Copyright © 2022 Wolters Kluwer
Health, Inc. All rights reserved.
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Several strategies such as surgical resection, liver transplantation and hyperthermia ablation techniques are
available for the treatment of liver cancer. For palliative
treatment, the available options include transarterial
chemoembolization (TACE), transarterial radioembolization (TARE), stereotactic body radiation therapy and systemic chemotherapy [4]. These treatments may prolong
patient survival and even improve potential outcomes
by shrinking tumours and TARE also offers the potential
to downstage lesions allowing subsequent possible liver
transplantation or resection [5]. A number of similarities
have been reported for TACE and TARE patients; however, treatment with TACE required longer hospitalization
compared to TARE [6]. In addition, TARE may be a better
option for patients who are not suitable for TACE and it is
DOI: 10.1097/MNM.0000000000001529
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also superior to TACE in the context of quality of life [7]
and median survival time of more than 3 months [8].

from Sigma-Aldrich (St. Louis, Missouri, USA). The
2,2′-azobis-2-methylpropionitrile (AIBN) was obtained
from Fisher Scientific (Hampton, New Hampshire,
USA). Toluene (99% purity) and 0.22 µm syringe filter
were purchased from Merck (Darmstadt, Germany). All
other chemicals used were of analytical grade purity and
used without further purification. Deionized water was
used in all the experiments unless otherwise stated.

One of the most commonly used radiopharmaceuticals for
TARE is yttrium-90 (90Y) microspheres that are commercially available as resin-based SIR-Spheres (Sirtex Medical,
New South Wales, Australia) and glass-based TheraSphere
(Nordion Inc., Ottawa, Canada) [9]. Studies reported that
the mean response rate in HCC patients is between 35 and
47% with a median survival of 15–24 months for TARE [10–
13]. Unfortunately, the cost of [90Y]-labelled microspheres
is relatively high and it is often a major reason why many
eligible patients are withdrawn from this treatment option
[14]. Another disadvantage of [90Y]-labelled microspheres
is its pure beta (β−) radiation emission, which makes the
personalized internal radiation dosimetry a challenge due
to the lack of imaging capability [15,16].

Suspension polymerization synthesis of polystyrene

Different radionuclides with suitable imaging and therapy properties such as holmium-166 (166Ho) (T1/2 = 26.8 h;
Eβ−(max) = 1854 keV; Eγ = 81 keV), rhenium-188 (188Re)
(T1/2 = 16.9 h; Eβ−(max) = 2120 keV; Eγ = 155 keV) and
samarium-153 (153Sm) have been explored to be used as
a potential alternative to 90Y [17–21]. However, 166Ho and
188
Re have relatively short physical half-lives and the production of 166Ho and the 188Re generator requires high
neutron flux nuclear reactors that are less available worldwide [22]. In comparison, 153Sm has an optimum half-life
of 46.3 h and it emits β− particles with medium energies of
808 (18%), 705 (50%) and 635 keV (32%), allowing maximum penetration in soft tissue up to 4.0 mm (average
0.8 mm) [17,23]. It also emits gamma (γ) rays of 103 keV
(28%) [17] that is well suited for scintigraphy imaging
using a gamma camera or single-photon emission computed tomography (SPECT) scanner attached with low
energy collimator. In addition, the high thermal neutron
activation cross-section (206 barns) of the parent nuclide,
152
Sm allows a large quantity of high specific activity
153
Sm to be produced via direct neutron capture process,
152
Sm(n,γ)153Sm in a nuclear research reactor [17]. There
are currently 220 operational research reactors available
in over 50 countries according to the International Atomic
Energy Agency (IAEA) Research Reactor Database [24].

Synthesis of [152Sm]Sm2O3-PS microspheres

We hypothesize that [153Sm]-loaded microspheres can
be used as an alternative to [90Y]-labelled microspheres
for hepatic radioembolization. This study aimed to synthesize samarium-153 oxide-loaded polystyrene ([153Sm]
Sm2O3-PS) microspheres in the diameter range of 20–
60 μm for potential application as a theranostic agent for
hepatic radioembolization. The physicochemical properties, as well as radionuclide retention efficiency of the
microspheres, were studied.

Materials and methods
Chemicals and materials

Styrene (>99% purity), polyvinyl alcohol (PVA; 99%
purity), Sm2O3 (99% purity) and chloroform were procured
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Polystyrene (PS) used in this study was synthesized from
its monomer, styrene, through suspension polymerization
in a nitrogen environment. First, 12 g of styrene and 0.12 g
of AIBN were added to 175 ml of 1% (w/v) PVA solution
in a three-neck flat bottom flask under magnetic stirring
at 750 rpm. Then, nitrogen gas purging was performed
for 30 min before the heating of the solution mixture
to 70 °C. The reaction was continued for 24 h at 70 °C.
The synthesized PS was then filtered, washed with distilled water and dried in an oven at 70 °C overnight. The
molecular weight of the PS was determined using static
light scattering on a BI-MwA molecular weight analyser
(Brookhaven Instruments Corporation, Holtsville, New
York, USA). The lyophilized PS was dissolved in toluene overnight and filtered through a 0.22 µm nylon filter
before being injected into the molecular weight analyser.
The average molecular weight (n = 6 batches) was determined and reported as mean ± SD.
The [152Sm]Sm2O3-PS microspheres were synthesized
using solid-in-oil-in-water solvent evaporation method.
Then, 0.5 g of PS prepared in the earlier process was fully
dissolved in 7 ml of chloroform and 0.2 g of [152Sm]Sm2O3
was added. The mixture was sonicated for 1 min in an
ultrasonic bath before being added dropwise into 200 ml
of 4% (w/v) PVA solution. The PVA solution was stirred
at 850 rpm with an overhead stirrer (IKA, Wilmington,
North Carolina, USA) for at least 12 h for complete solvent evaporation. The resulting [152Sm]Sm2O3-PS microspheres were filtered and rinsed with 1.5 M hydrochloric
acid (HCl) to remove any free [152Sm]Sm2O3. The microspheres were then rinsed with 2 l of distilled water and
dried in an oven at 70 °C for 48 h. The dried microspheres
were filtered through a 20–60 µm sieve and stored at −20
°C for further analysis.
Neutron activation of [152Sm]Sm2O3-PS microspheres

Neutron activation of the [152Sm]Sm2O3-PS microspheres
was performed in a TRIGA Mark II research reactor
(General Atomics, San Diego, California, USA) located at
the Malaysian Nuclear Agency, Bangi, Malaysia. Before
neutron activation, the [152Sm]Sm2O3-PS microspheres
were sealed in a polyethylene vial and placed in a polyethylene ampoule [21]. The samples were irradiated
using either the pneumatic transfer system (PTS) at a
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thermal neutron flux of 5 × 1012 n·cm−2·s−1 for 5 min or
rotary specimen rack (RR) at a thermal neutron flux of
2 × 1012 n·cm−2·s−1 for 6 h.
Radioactivity assays

The activity of the neutron-activated samples was measured using a radiopharmaceutical activity ionization
chamber (CRC-127R; Capintec, Florham Park, New
Jersey, USA). By using the radioactive decay equation
(Equation 1), the physical half-life (t1/2) of the [153Sm]
Sm2O3-PS microspheres was calculated.
− λt

A = Ao e ,
					

(1)

where A is activity at the time of measurement, Ao is initial activity, λ is the decay factor = ln 2/t1/2 and t is the
time of measurement. The activity per microsphere (Bq
per microsphere) was calculated by dividing the sample
activity with the estimated number of microspheres present in the sample.
Determination of radionuclide impurities in neutronactivated [153Sm]Sm2O3-PS microspheres

Gamma spectroscopy of the [153Sm]Sm2O3-PS microspheres was performed at 24 and 48 h after neutron activation using a coaxial hyperpure germanium detector
(Canberra, Meriden, Connecticut, USA). Each sample was
counted for 5 min at a calibrated distance. The presence of
radionuclide impurities was analysed using gamma spectrum analysis software (Genie 2000 Version 3.2; Canberra).
Characterization of the Sm2O3-PS microspheres before
and after neutron activation
Scanning electron microscopy and energy-dispersive
X-ray spectroscopy

Morphology and chemical composition of the Sm2O3-PS
microspheres before and after neutron activation were
determined using a scanning electron microscope
(SEM) and energy-dispersive X-ray (EDX) spectroscopy (Quanta 400; Hillsboro, Oregon, USA), respectively.
Samples were mounted on an individual aluminum stub
and gold-coated before SEM and EDX scanning.
Microsphere size distribution

A laser scattering-based particle size analyser (Microtrac
X100, Honeywell, Montgomeryville, New York,
Pennsylvania, USA) was used to measure the average
diameter and size distribution of the microspheres before
and after neutron activation. The Sm2O3-PS microspheres were suspended in distilled water and sonicated
before the particle size analysis.
Fourier transform infrared spectrometer

Fourier transform infrared (FTIR) spectrum within 650–
4000 cm−1 of the PS and Sm2O3-PS microspheres before

and after neutron activation was analysed using an FTIR
spectrometer (Spectrum 100; PerkinElmer Inc., Boston,
Massachusetts, USA). Each individual sample was dried
overnight at 70 °C before the FTIR spectrum measurement.
Determination of samarium content in [152Sm]Sm2O3-PS
microspheres

A semiquantitative analysis wavelength-dispersive
X-ray fluorescence (WDXRF) spectrometer (Zetium
PANanalytical; Malvern PANanalytical Ltd., Malvern,
UK) was used to determine the Sm content in the [152Sm]
Sm2O3-PS microspheres.
Density measurement

The density of the [152Sm]Sm2O3-PS microspheres was
determined based on Archimedes’ principle using a
Mettler Toledo density meter (Model ME 204; Mettler
Toledo, Columbus, Ohio, USA). Then, the density value
was incorporated into Equation (2) to calculate the number of microspheres in any 1 g of samples (particles·g−1)
[21].
6×1012
Number of particles per gram =
,
					
π×ρs × Dp3

(2)

where Dp is the mean diameter of the microspheres in µm
and ρs is the density of the microspheres in g·cm−3.
Viscosity measurement

A modular advanced rheometer (HAAKE MARS III;
ThermoFisher Scientific Inc., Waltham, Massachusetts,
USA) attached with a circulating water bath was used to
measure the viscosity, ηo of the [152Sm]Sm2O3-PS microspheres suspension in saline solution (2.5% w/v) at 37
°C. Stokes’ law was used to study the sedimentation rate
(settling velocity) of the suspension (Equation 3) [21].
g [ Dp2 ( ρs − ρf )]
V
=
,
sed
					
18 × η0

(3)

where Vsed is the sedimentation rate in cm·s−1, g is the
gravitational acceleration constant = 981 cm·s−2, Dp is the
mean diameter of the microspheres in cm and ηo is the
dynamic viscosity of the fluid in Pascal, P = g·cm−1·s−1.
Differential scanning calorimetry

The differential scanning calorimetry (DSC) analysis of
the PS microspheres, Sm2O3-PS microspheres and Sm2O3
was done using a DSC 8000 system (PerkinElmer Inc.).
Each sample of about 5 mg was transferred into an aluminium pan and scanned from 25 to 200 °C at a rate of 10
°C/min. Pyris version 11 software (PerkinElmer Inc.) was
used for the analysis.
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Thermogravimetric analysis

The thermogravimetric analysis (TGA) profiles of the
PS and Sm2O3-PS microspheres were obtained using a
TGA 8000 system (PerkinElmer Inc.). The TGA profiles of Sm2O3 were included for comparison. A sample
of ~5 mg was placed on an individual ceramic sample pan
and heated from 30 to 800 °C at a rate of 10 °C/min under
constant nitrogen flow. The obtained TGA profiles were
imported into the Pyris software for analysis.
In-vitro radionuclide retention efficiency

Approximately 100 mg of the neutron-activated [153Sm]
Sm2O3-PS microspheres were transferred into a polyethylene tube containing 10 ml of saline solution. The
tube was rolled on a roller mixer (Movil-Rod; JP Selecta,
Barcelona, Spain) at 50 rpm for 1 h at room temperature.
Then, the sample was centrifuged at 2000 rpm for 10 min.
The activity of the sample was measured using an activity calibrator before 1 ml of the supernatant was transferred into a separate gamma assay vial. The procedure
was continued until a total of 8 ml of supernatant was collected over a period of 550 h. The activity of the supernatant was assayed using an automatic gamma counter
(2470 Wizard2; PerkinElmer Inc.). The experiment was
then repeated in human blood plasma. Three samples
were tested in each experiment. The retention efficiency
of the 153Sm in the [153Sm]Sm2O3-PS microspheres was
calculated using Equation (4) [21].

(

)

Asus − Asup
Retention efficiency (%) =
× 100%,
					
Asus

(4)

where Asus is the activity of [153Sm]Sm2O3-PS microspheres suspension before each extraction of 1 ml supernatant and Asup is the activity of 1 ml supernatant.

any impurities). The average activity per microsphere
was 117.5 Bq. The decay curve of [153Sm]Sm2O3-PS
microspheres is shown in Fig. 1. The physical half-life
of [153Sm]Sm2O3-PS microspheres at 46.2 h was found
similar to the reported physical half-life of pure 153Sm
[17,25–27].
Gamma spectrum of [153Sm]Sm2O3-PS microspheres

The gamma spectrum of the [153Sm]Sm2O3-PS microspheres showed four photopeaks at 41, 47, 69 and 103 keV
(Fig. 2). The two most dominant peaks, 103 and 69 keV,
are the principal gamma energies emitted by 153Sm. The
other two peaks (41 and 47 keV) are the K-shell characteristic X-rays resulting from the radioactive decay of
153
Sm. No radionuclide impurity was observed in the
[153Sm]Sm2O3-PS microspheres.
Physicochemical properties of the Sm2O3-PS
microspheres before and after neutron activation

Figure 3 shows the SEM images of the PS and Sm2O3-PS
microspheres before and after 6 h neutron activation.
The microspheres were spherical and smooth. No residual of Sm2O3 crystals was observed on the surface of the
microspheres (Fig. 3). Neutron irradiation of the [152Sm]
Sm2O3-PS microspheres for 6 h in the TRIGA Mark
II research reactor did not produce any physical damage on the microspheres. The EDX spectra of the PS
and Sm2O3-PS microspheres before and after neutron
activation are given in Fig. 3. Carbon (C) was found on
the EDX spectrum of the PS microspheres, which corresponded to the chemical composition of the PS. Due
to the limitation of EDX spectroscopy, whereby it could
only detect chemical elements with atomic numbers
higher than 6, the hydrogen (H) element which should be
Fig. 1

Results

Synthesis of [152Sm]Sm2O3-PS microspheres

The PS microspheres were successfully synthesized using
suspension polymerization from styrene monomer with
AIBN as the free radical initiator. The suspension polymerization at 70 °C for 24 h produced PS with an average molecular weight of 194.6 ± 12.6 kDa, as determined by a static
light-scattering molecular weight analyser. Then, [152Sm]
Sm2O3-PS microspheres with the addition of 40% (w/w)
[152Sm]Sm2O3 were successfully synthesized using solidin-oil-in-water solvent evaporation. The synthesis parameters such as PVA concentration, stirring rate and polymer to
solvent ratio were optimized to produce [152Sm]Sm2O3-PS
microspheres in the diameter range of 20–60 µm.
Neutron activation and radioactivity assays

The neutron-activated [153Sm]Sm2O3-PS microspheres
achieved a specific activity of 5.04 ± 0.52 GBq·g−1 after
24 h of storage (to allow for the radioactive decay of
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Fig. 2

Gamma spectrum of [153Sm]Sm2O3-PS microspheres at 24 h after 6 h of neutron activation.

present in PS was not shown in the EDX spectra (Fig. 4a
and c). Additional two peaks, which corresponded to Sm
and oxygen (O) were found on the EDX spectra of the
Sm2O3-PS microspheres both before and after neutron
activation. Peaks associated with the gold (Au) element
were observed in all EDX spectrums. The presence of
Au was due to the gold coating of the samples to enhance
the conductivity and contrast of the samples. The [152Sm]
Sm2O3 content in the [152Sm]Sm2O3-PS microspheres was
22.44 ± 1.02%, as determined by the WDXRF analysis.
Figure 5 shows the microsphere size distribution of the PS
and Sm2O3-PS microspheres. The mean diameter of the
PS and [152Sm]Sm2O3-PS microspheres were 35.63 ± 0.16
and 33.73 ± 0.23 µm, respectively. The mean diameter of
the [153Sm]Sm2O3-PS microspheres after neutron activation was 33.50 ± 0.18 µm. The size distribution of the PS
and Sm2O3-PS microspheres both before and after neutron
activation were all within the range of 20–60 µm (Fig. 5).
Figure 6 shows the FTIR spectra of the PS microspheres,
Sm2O3-PS microspheres and Sm2O3. The FTIR spectrum
of the PS microspheres was characterized by the presence
of peaks at 3026, 2921, 1602–1452, 753 and 695 cm−1. The
occurrence of peaks at 3026 and 2921 cm−1 are due to the
vibration of aromatic CH and CH2 groups, respectively. On
the contrary, vibrations of aromatic rings produced several
peaks within wavelengths of 1602–1452 cm−1. Whereas
the peaks at 753 and 695 cm−1 could be ascribed to the
vibration of the unsubsidized phenyl rings. The FTIR

spectra of the Sm2O3-PS microspheres before and after
neutron activation show similar peaks, with an additional
peak at 3600 cm−1 as compared to the PS microspheres.
The FTIR spectrum of Sm2O3 shows a more prominent
peak at 3600 cm−1, suggesting that the additional peak in
the Sm2O3-PS spectra was due to the presence of Sm2O3.
The mean density of the PS microspheres was
1.01 ± 0.02 g·cm−3. The addition of Sm2O3 into the PS
microspheres increased the density of the Sm2O3-PS
microspheres to 1.16 ± 0.03 g·cm−3. The density and
mean diameter of the Sm2O3-PS microspheres were used
to determine the average number of microspheres in
1 g of the sample. There were about 42.9 million microspheres in 1 g of Sm2O3-PS microspheres (Table 1). The
viscosity profile of the [152Sm]Sm2O3-PS microspheres
suspension at 37 °C is shown in Fig. 7. The mean viscosity of the [152Sm]Sm2O3-PS microspheres suspension was
(1.254 ± 0.024) × 10−2 g·cm−1·s−1 and the settling velocity
was 0.00768 ± 0.00016 cm·s−1.
The DSC profiles of the PS microspheres, [152Sm]
Sm2O3-PS microspheres and Sm2O3 are presented in
Fig. 8. No changes were observed on the DSC curves
of all three samples up to 200 °C as the melting point
of all three materials is beyond this temperature range.
Figure 9 shows the TGA profile of the PS microspheres,
[152Sm]Sm2O3-PS microspheres and Sm2O3. The TGA
profile of PS microspheres shows an event of mass
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Fig. 3

SEM images of PS and Sm2O3-PS microspheres both before (a and b) and after (c and d) 6 h of neutron activation. PS, polystyrene; SEM, scanning electron microscopy.

loss starting from 350 °C. The TGA profile of [152Sm]
Sm2O3-PS microspheres shows the same decomposition
step as PS microspheres. The addition of Sm2O3 into the
PS polymer matrix did not change the decomposition
temperature. About 20% residual weight presence in the
[152Sm]Sm2O3-PS microspheres indicated the presence
of Sm2O3 in the sample. The TGA profile of Sm2O3 did
not show any decomposition step up to 100 °C. The content of Sm2O3 in the [152Sm]Sm2O3-PS microspheres corresponded to the value determined by WDXRF.
In-vitro radionuclide retention efficiency

The [153Sm]Sm2O3-PS microspheres demonstrated excellent 153Sm retention efficiencies in both saline solution
(99.64 ± 0.07%) and human blood plasma (98.76 ± 1.10%)
at 550 h (Fig. 10).

Discussion

We have successfully developed a synthesis workflow
for [152Sm]Sm2O3 incorporated within biocompatible PS
microspheres as a potential theranostic agent for hepatic
radioembolization. [152Sm]Sm2O3 is a stable chemical that
is commercially available from multiple manufacturers.

The naturally abundant (26.74%) [152Sm]Sm2O3 was used
in this study although an enriched form [152Sm]Sm2O3
(>98%) is available but with a cost higher by 250–600
times. Because no ionizing radiation is involved during
synthesis, this can be carried out in a standard pharmaceutical or chemistry laboratory without concern for radiation protection. The [152Sm]Sm2O3-PS microspheres can
then be sent for neutron activation to produce radioactive
[153Sm]Sm2O3-PS microspheres. In this study, a medium
thermal neutron flux (2–5 × 1012 n·cm−2·s−1) was used in a
TRIGA Mark II nuclear research reactor. Depending on
the neutron flux, thermal neutron activation cross-section,
mass of the element, atomic weight, isotopic abundance
and decay constant, the irradiation time corresponding to
the desired activity can be determined. In this study, a 6 h
irradiation time was required to achieve a specific activity
of 5.04 ± 0.52 GBq·g−1 at 24 h after neutron activation.
During neutron activation, the 152Sm atoms absorb one
neutron from the thermal neutron flux to become radioactive 153Sm, while the extra energy is released as gamma
radiation. This reaction is written as 152Sm(n,γ)153Sm.
Detection of long-lived europium radionuclide impurities (especially 152Eu and 154Eu) have been reported in
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Fig. 4

EDX spectra of PS and Sm2O3-PS microspheres both before (a and b) and after (c and d) 6 h of neutron activation. EDX, energy-dispersive X-ray;
PS, polystyrene.

the commercial [153Sm]-EDTMP product. These radionuclide impurities are produced during the long duration
(up to several days) neutron irradiation in the high thermal or epithermal neutron flux when successive neutron
capture reactions occur in the daughter isotopes (e.g. one
or two neutron capture reactions in 153Eu produce longlived 154Eu and 155Eu) [28–30]. The impurity levels of
[153Sm]-EDMTP depend on various factors, primarily on
the elemental and isotopic impurities in target materials,
as well as the neutron activation parameters (e.g. thermal and epithermal neutron fluence rates, target shape
and size, activation and cooling down times) [29]. Longer

irradiation time may produce a higher level of radionuclide impurities due to more successive neutron capture
reactions in the daughter isotopes. In the present study, we
only employed two neutron irradiation methods and duration, that is, 5 min using the PTS method and 6 h using
the RR method. These durations are relatively small compared to the production of commercial [153Sm]-EDTMP
formulation. This may explain why no long-lived radionuclide impurities were detected in our samples. However,
further research is needed to investigate the radionuclide
impurities in our samples associated with longer irradiation time and other neutron activation parameters.
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Fig. 5

Microsphere size distribution of PS and Sm2O3-PS microspheres both before (a and b) and after (c and d) 6 h of neutron activation. PS,
polystyrene.

According to the International Pharmacopoeia USP 34,
concerning control of radionuclidic purity, not less than
99.8% of total radioactivity must be present as 153Sm at
the date of expiration, with 154Eu activity not more than
0.0093% of 153Sm [31]. Various isolation methods for the
separation of 153Sm and Eu have been reported in the literature, which include solvent extraction, ion-exchange
chromatography, electrochromatography, electrochemical
separation and supported ionic liquid phase [32]. This
issue needs to be identified and further investigated in
the development of [153Sm]Sm2O3-PS microspheres for
clinical use in the future.
Earlier studies have attempted to develop [153Sm]labelled microspheres for hepatic radioembolization.
Hashikin et al. [21] labelled 152Sm3+ ions to the Amberlite
cationic exchange resin through ion exchange reactions. However, the commercially available Amberlite
microparticles have a size of ~800 µm. The size of the
microparticles was reduced to 20–40 µm by mechanical
grinding. The mechanical grinding procedure resulted in
the formation of microparticles with an irregular shape,
and they were fragmented during the neutron activation procedure, thus resulting in size reduction after
neutron activation. On the contrary, Wong et al. [33]
labelled the commercially available ion-exchange resin

microspheres (Toyopearl) readily available in the size of
35 µm diameter with 152Sm chloride hexahydrate ([152Sm]
SmCl3·6H2O) and 152Sm carbonate ([152Sm]SmC). Their
method produced microspheres that were smooth, spherical and within the desired size of 20–40 µm, both before
and after neutron activation. Their study also suggested
that [152Sm]SmC-labelled microspheres achieved higher
labelling efficiency (97–99%) than 153Sm-labelled microspheres (85–97%). The same research group [20] has also
synthesized a new microsphere formulation, poly-l-lactic acid (PLLA) incorporated with 152Sm acetylacetonate
([152Sm]SmAcAc-PLLA). The [152Sm]SmAcAc-PLLA
microspheres showed good physiochemical properties as
a radioembolic agent except the specific activity was limited at 98 Bq per microsphere due to the maximum loading of [152Sm]SmAcAc on PLLA (175% w/w). In this study,
the [153Sm]Sm2O3-PS microspheres were developed by
encapsulating [152Sm]Sm2O3 in the PS microspheres to
achieve higher specific activity and radionuclide retention than those produced earlier [20,21,33].
PS is a biocompatible polymer, which has been widely
used in several biological and medical applications such
as in wound dressings, coating of implantable medical devices and the drug delivery of therapeutic agents
[34,35]. The high aromatic hydrocarbon content in PS
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Fig. 6

FTIR spectrum of PS microspheres, Sm2O3-PS microspheres and Sm2O3. FTIR, Fourier transform infrared; PS, polystyrene.

Table 1

spheres

Physicochemical characteristics of Sm2O3-PS micro-

Fig. 7

Sm2O3-PS microspheres

Parameters
Mean size (µm)
Density (g·cm−3)
Viscosity of 2.5% (w/v) microspheres suspension at 37 °C (×10−2) (g·cm−1·s−1)
Settling velocity (cm·s−1)
Number of microspheres per gram
Specific activity (GBq·g−1)
Activity per microsphere (Bq)

33.73 ± 0.23
1.16 ± 0.03
1.254 ± 0.024
0.00768 ± 0.00016
42.9 million
5.04 ± 0.52
117.5

PS, polystyrene.

provides high stability against radiation damage. The
electron clouds of aromatic hydrocarbons in PS absorb
the radiation and thus prevent the generation of reactive
free radicals that could degrade the polymer chain [36].
In addition, PS has a high melting point of about 240
°C [37]; hence, it provides high thermal stability to the
[152Sm]Sm2O3-PS microspheres. The oxide form of 152Sm
([152Sm]Sm2O3) was chosen in this study due to its properties of being poorly soluble in water (and human blood
plasma) and being chemically inert so that it can be used
safely for intra-arterial administration [37].
One of the critical requirements of a hepatic radioembolic
agent is the diameter of the microspheres, which must
be in the range of 20–60 µm [38]. This is to ensure that
the microspheres will be lodged at the arteriolar network
in and around the tumour without crossing over to the
venular side through the capillary network (~8–10 µm)
[39]. Almost all the synthesis parameters such as polymer

Viscosity of suspension of [152Sm]Sm2O3-PS microspheres in saline
solution (2.5% w/v) at 37 °C at various shear rates.

concentration, PVA concentration and stirring rate would
affect the formation and diameter of the microspheres.
These parameters have been optimized in this study to
produce spherical microspheres within the size range of
20–60 µm. The unbound Sm2O3 and Sm2O3 crystals on
the surface of the [152Sm]Sm2O3-PS microspheres were
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Fig. 8

DSC profiles of PS microspheres, [152Sm]Sm2O3-PS microspheres
and Sm2O3. DSC, differential scanning calorimetry; PS, polystyrene.
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Fig. 10

In-vitro retention efficiencies (%) of [153Sm]Sm2O3-PS microspheres
suspended in saline solution and human blood plasma over 550 h.
PS, polystyrene.

Fig. 9

TGA profiles of PS microspheres, [152Sm]Sm2O3-PS microspheres and Sm2O3. PS, polystyrene; TGA, thermogravimetric analysis.
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removed by rinsing with diluted HCl solution. Owing to
the high chemical stability of PS, the diluted HCl solution did not cause any physical damage to the [152Sm]
Sm2O3-PS microspheres. The prolonged neutron irradiation time also did not cause any detrimental effects on the
[153Sm]Sm2O3-PS microspheres. Unlike those observed
with PLLA microspheres [20,40], the [152Sm]Sm2O3-PS
microspheres did not show any structural fragmentation
and size reduction after long hour neutron irradiation.
This suggested that the [152Sm]Sm2O3-PS microspheres
are able to sustain medium thermal neutron flux (in the
range of 1012 n·cm−2·s−1) and a high-temperature environment in a nuclear reactor. Further studies are needed to
evaluate if it could sustain higher levels of thermal neutron flux and temperature.
Because [90Y]-labelled resin or glass microspheres are the
only formulations approved by the United States Food
and Drug Administration for neoadjuvant treatment of
unresectable HCC and liver metastasis from colorectal
cancer, the physicochemical properties of the [153Sm]
Sm2O3-PS microspheres have been compared to the 90Y
microspheres (see Table 2). The density of the Sm2O3-PS
microspheres (1.16 ± 0.03 g·cm−3) is similar to the density of human blood plasma which should enhance the
homogeneous distribution of the microspheres within
the tumour volume. The [153Sm]Sm2O3-PS microspheres
have the lowest density compared to [90Y]-labelled resin
and glass microspheres and hence it has the lowest sedimentation rate and settling velocity which could prevent
the microspheres from settling prematurely in the microcatheter or blood vessel before reaching the tumour volume. In clinical practice, the radioembolic microspheres
are administered with saline solution. In view of this, the
radionuclide retention efficiency of the [153Sm]Sm2O3-PS
microspheres was tested in both saline solution and
human blood plasma. The retention efficiency of 153Sm
in the [153Sm]Sm2O3-PS microspheres was excellent
(>98%) in both saline solution and human blood plasma
over a duration of 550 h. The solid-in-oil-in-water solvent
evaporation method has been proven as a convenient and
effective method to incorporate [152Sm]Sm2O3 into the
PS polymer and prevent leaking of the radioactive 153Sm
from the microspheres.
Table 2 shows the comparison between [153Sm]
Sm2O3-PS microspheres developed in this study and
commercially available microspheres. Similar to [166Ho]labelled PLLA microspheres, [153Sm]Sm2O3-PS has the
advantages of its theranostic properties, can be produced in a nuclear research reactor and decays into a
stable daughter. Although 166Ho has higher beta-particle energy and deeper tissue penetration, it has a
shorter physical half-life (26.8 h) than 153Sm (46.3 h).
Furthermore, thermal neutron activation cross-section
of 166Ho is about three times lower than 153Sm (64.7 versus 206 barns); therefore, higher neutron flux or longer

irradiation time is required to achieve the desired therapeutic dose. However, due to the low thermal stability of PLLA, the neutron activation time cannot be
more than 1 h at a neutron flux of 5 × 1013 cm−2·s−1 [32].
According to an earlier publication [42], a total activity
of 8.32 GBq from 153Sm is required to achieve a tumour
dose of 263 Gy for a liver tumour of 4.3 cm radius (or
333 ml). This is equivalent to 1.82 GBq from 90Y and
5.83 GBq from 166Ho. To achieve this therapeutic dose,
1.65 g of [153Sm]Sm2O3-PS is required. Alternatively,
the neutron irradiation time may need to be extended,
or higher thermal neutron flux may need to be used to
increase the specific activity of 153Sm. Further studies
are needed to explore these possibilities.
Providing a reactor is available neutron activation is a
relatively straight forward and cost-effective method for
radionuclide production. In this study, we developed a
simple, inexpensive and efficient chemical synthesis
workflow for the stable incorporation of (nonradioactive)
[152Sm]Sm2O3 into PS microspheres. The synthesis can
be performed in a standard pharmaceutical or chemical
laboratory without concern for radiation exposure. The
manufacturer can also consider sterile batch production
at their facilities and store the microspheres appropriately before sending for neutron activation. The amount
of microspheres to be irradiated (corresponding to product-specific activity) can be determined using the neutron activation formula according to individual treatment
plans. In addition, due to the theranostic properties,
a low dose of [153Sm]Sm2O3-PS can be produced and
used for pretreatment dosimetry planning. This would
greatly improve the current treatment planning practice in 90Y radioembolization, where a surrogate imaging
source, [99mTc]-macroaggregate albumin (MAA), is used
to assess lung shunting and nontarget embolization ratio
before 90Y treatment. However, it should be appreciated
that [99mTc]-MAA particles are irregular in size and differ from the shape of [90Y]-microspheres, so they do not
fully represent the distribution of the [90Y]-microspheres
[38]. The post-administration imaging of 90Y radioembolization also presents a challenge due to the absence
of an imaging component. Bremsstrahlung SPECT or
PET/computed tomography is often performed after 90Y
administration to verify the distribution of the microspheres but both techniques suffer low resolution and
low coincidence counts, respectively. With the use of a
theranostic agent such as 153Sm and 166Ho, personalized
dosimetry can be conveniently achieved to meet the goal
of precision medicine. According to the IAEA Research
Reactor Database [24], 220 operational research reactors
are available globally; therefore, [153Sm]Sm2O3-PS can
be more widely produced at a lower cost (if it is locally
produced) reducing the burden of international radioactive shipping. This would result in lower overall treatment cost and hence more liver cancer patients can be
benefited.
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Comparisons between [153Sm]Sm2O3-PS microspheres developed in this study and commercially available radioembolic microProduct name

Characteristics
FDA approval
Isotope

SIR-Spheres
[41]
Yes

TheraSphere
[41]

QuiremSpheres
[41]

[153Sm]Sm2O3-PS
(this study)

Yes

No
Holmium-166
(166Ho)
26.8
1854 (50%)
1774 (49%)

No
Samarium-153
(153Sm)
46.3
808 (18%)
705 (50%)
635 (32%)
103 (28%)
70 (5%)
0.8 (mean)
4.0 (maximum)
Polystyrene (PS)
20–60
1.2
118

Half-life (h)
Energy of beta-particles (keV)

Yttrium-90
(90Y)
64.1
2282 (100%)

Imaging gamma-rays (keV)

No gamma-ray

81 (6%)

Tissue penetration (mm)

2.5 (mean)
11 (maximum)

2.5 (mean)
8.4 (maximum)
Poly-l-lactic acid (PLLA)
15–60
1.4
450

Matrix material
Diameter (μm)
Density (g·cm−3)
Specific activity per sphere (Bq)

Resin
20–60
1.6
40–70

Conclusion

Neutron-activated [153Sm]Sm2O3-PS microspheres were
successfully developed in this study. The nonradioactive [152Sm]Sm2O3-PS microspheres were synthesized
using a simple solvent evaporation method before neutron activation to produce radioactive [153Sm]Sm2O3-PS
microspheres. The microspheres achieved specific activity of 5.04 ± 0.52 GBq·g−1 after 6 h of neutron activation
in a thermal neutron flux of 2 × 1012 n·cm−2·s−1. Neutron
activation did not affect the physical and chemical properties of the microspheres. The microspheres remained
spherical with diameters within 20–60 μm and had a high
in-vitro retention efficiency of more than 98% in saline
solution and human blood plasma over 550 h. These formulation properties are desirable for clinical use in liver
radioembolization. Further studies are required to assess
the cytotoxicity and anticancer efficiency in comparison
to 90Y microspheres.
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