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Chapter 16
Perspective on the Biological Impact 
of Exposure to Radioactive Cesium- 
Bearing Insoluble Particles

Masatoshi Suzuki, Kazuhiko Ninomiya, Yukihiko Satou, Keisuke Sueki, 
and Manabu Fukumoto

Abstract Insoluble radioactive particles have been found in the terrestrial, aquatic 
and aerial environments. Hot particles are well known as insoluble radioactive 
particles found after the nuclear tests and the accident at Chernobyl Nuclear Power 
Plant (CNPP). Hot particles are highly radioactive pieces and mainly composed of 
nuclear fuel. Insoluble radioactive particles were also found following the Fukushima 
Daiichi Nuclear Power Plant (FNPP) accident. The particles dissipated from FNPP 
are almost made of amorphous silica and condensed radioactive cesium (Cs); 
therefore, they are referred to as radioactive Cs-bearing particles. Radioactive 
Cs-bearing particles show radioactivity several orders of magnitude lower than hot 
particles; however, their adverse effects on human health are of great concern. This 
article summarizes physicochemical properties of radioactive Cs-bearing particles 
so far reported and discusses their biological effects.
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16.1  Radioactive Particles

Nuclear tests and nuclear accidents disperse large amounts of radioactive substances 
into the environment [1, 2]. Following radioactive events, radioactive particles are 
occasionally found not only in the terrestrial and aerial but also in aquatic environ-
ments due to their insoluble nature [3, 4]. As these radioactive particles are derived 
from nuclear weapons or nuclear fuels, they are generally referred to as “hot parti-
cles.” Japanese fishermen were exposed to the fallout from the Castle Bravo nuclear 
test at Bikini Atoll on March 1, 1954, which was a representative event leading to 
exposure to hot particles. Hot particles are also generated during normal operations 
at nuclear installations, and it has been reported that hot particles were inadvertently 
scattered early in the development of nuclear power [5]. Current concerns center 
around particles related to nuclear installations. Hot  particles of the CNPP acci-
dent ranged from hundreds to a few micrometers in size [6]. A study conducted in 
Poland showed that radioactivity of hot particles from the CNPP accident ranged 
1–19 kBq per particle [7]. Radioactive particles were also found after the FNPP 
accident initially in aerosol filters. Those particles were composed of fission prod-
ucts, mainly radioactive cesium (Cs) as well as radioactive iron (Fe), zinc (Zn) and 
fuel uranium (U) [8, 9]. Iron was used in FNPP and Zn was added to the primary 
cooling water for regulation to reduce cobalt-60 (60Co). These observations indicate 
that FNPP particles were formed in the nuclear reactors. FNPP particles were also 
found in the terrestrial environment, and their composition was similar to the parti-
cles found in the aerosol filters. FNPP particles consist primarily of highly oxidized 
silicate (Si) glass (a particle contains approximately 70 wt. % of SiO2). The compo-
sitions of FNPP particles are markedly different from those in the debris [10] and 
radioactive Cs was condensed in almost all representative particles [11]. Details of 
physicochemical characteristics or classification are described in Chapter 15 of this 
book by Ninomiya. FNPP particles have been reported under different names and 
are referred to as radioactive Cs-bearing particles in this article. Radioactive 
Cs-bearing particles are classified into type A and B. Type A particles are typically 
spherical and a few micrometer in size. Type B particles are larger in size, ranging 
tens to hundreds of microns and are irregular but not fibrous in shape.

16.2  Movement of Insoluble Particles in the Respiratory 
Tract

Since the respiratory tract is in contact with the air through the breathing, radioac-
tive Cs-bearing particles in the air could be inhaled. Therefore, understanding the 
motion of particles in the respiratory tract is fundamental to evaluate biological 
effects by inhaled particles. Particle size is a defining factor in prediction of deposi-
tion site in the respiratory system. The particles with greater momentum are likely 
to deposit at the site where the direction of bulk airflow changes rapidly and the 
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larger particles mostly deposit at the bend and bifurcation in upper airways. Several 
models exist to predict particle motion in the respiratory tract. The International 
Commission on Radiological Protection (ICRP) Task Group on lung dynamics pub-
lished a lung model for estimating deposition in and clearance from the respiratory 
tract and revised it as publication 66 in 1994 [12]. The National Council on Radiation 
Protection and Measurements (NCRP) independently proposed a respiratory tract 
dosimetry model using different empirical deposition equations from the ICRP 
model [13]. Yeh et  al. simulated particle motion in naso-oro-pharyngolaryngeal 
(NOPL), tracheobronchial and pulmonary regions using both ICRP and NCRP 
models and compared the deposition fraction to the particle size [14]. Both models 
predict a similar distribution of deposition fraction in tracheobronchial and 
pulmonary regions for particles of 1–10 μm in size, which are type A particles. Both 
models also  predict a similar distribution of particles between 1 and 2.5 μm in 
NOPL. However, the ICRP model anticipates that the deposition fraction of 2.5–10 
μm particles in the NOPL region is higher than the deposition fraction predicted by 
the NCRP model.

Based on simulation using the ICRP model, type A particles are capable of enter-
ing the deep lung. Type A particles preferentially deposit in the NOPL region, and 
the particles that pass through the NOPL region subsequently deposit in the tracheo-
bronchial and the pulmonary regions. In contrast, particles of larger than 10 μm, that 
is, type B particles are preferentially deposited by the settling and impaction mecha-
nism in the NOPL region and at bends in the airflow, including the first few genera-
tions of bronchi. Most type B particles do not reach the alveoli [15].

Interaction of particles with tissues of the respiratory tract may result in deleteri-
ous effects on human health. Following deposition, it is crucial to remove these 
particles by physiological clearance processes. Large insoluble particles deposited 
in the NPOL region are predominantly removed by mucociliary clearance. In this 
mechanism, the mucus layer traps particles and cilia remove particles from the air-
ways by the coordinated beating. The mucus layer also covers the surface of con-
ducting airways to terminal bronchioles, and the insoluble particles deposited in 
these regions are also eliminated by mucociliary clearance. The velocity of cilia 
transport slows down as the particles move further into airways, and mucus transport 
rate is considered to be 100–600 μm/min in the terminal bronchiole and 5–20 mm/
min in the trachea.

Mucociliary clearance does not occur in the gas exchange region. In this region 
insoluble particles are phagocytosed by alveolar macrophages and are eliminated by 
the mucociliary escalator [16]. Macrophage clearance depends on particle size and 
shape. Alveolar macrophages are less efficient at phagocytosing ultrafine particles 
smaller than 0.1 μm in size or fibrous particles [17–20]. Ultrafine particles retained 
in the gas exchange region may be translocated to the lung epithelial lining by 
endocytosis and by caveolae vesicles [21]. It is currently unknown if irregular shape 
characteristic of type B particles interferes with phagocytosis by alveolar 
macrophage.

Radioactive Cs-bearing particles primarily consist of SiO2 at approximately 70 
wt.% and are amorphous [22]. High occupational exposure to Si particles leads to 
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silicosis, and internalization of amorphous Si particles into macrophages has been 
studied. Size-specific cellular uptake of amorphous Si particles was evaluated using 
macrophages experimentally differentiated from THP-1, a human acute monocytic 
leukemia cell line. Macrophages incorporated ultrafine particles more effectively 
than micronparticles. Class A scavenging receptors such as SR-A1 and SR-A6 are 
involved in cellular uptake of amorphous Si particles, and both receptors exhibit 
size-specific cellular uptake of particles with approximately 50 and 100 nm, but not 
1 μm in  diameter, indicating that macrophages recognize radioactive Cs-bearing 
particles via SR-As-independent mechanisms [23, 24]. Recently, SR-B1 was 
identified as a Si receptor and recognized various sizes of amorphous Si, including 
the particles with 1 μm in size [25]. However, SR-B1 recognizes and tethers the 
particles on the cell surface, but internalization into rodent lymphoma cells or 
fibroblasts expressing mSR-B1 did not occur. The fate of macrophage incorporating 
or tethering radioactive Cs-bearing particles is unknown and should be examined 
further.

16.3  Perspective on Biological Impact of Exposure 
to Radioactive Cs-Bearing Particles

The biological impact of exposure to radioactive Cs-bearing particles have become 
a prominent concern since discovery of these particles. Controversy relating to 
the biological impact of insoluble radioactive particles began in the late 1960s in 
connection with lung exposure to hot particles. Hot particles are physically small 
but cause relatively high local dose of radiation and ICRP discussed carcinogenesis 
in the lung exposed to hot particles.

16.3.1  Fate and the Effect of Type B Particles

Our preliminary experiments demonstrated that type B particles have a potential to 
affect surrounding cells. Human retinal pigmented epithelial cells immortalized by 
telomerase transfection were seeded at lower density (upper images in Fig. 16.1), 
and cell proliferation was monitored by live-cell imaging up to 53 h from the 
beginning of co-culture with a type B particle with more than 1000 Bq of 137Cs. This 
53-h period of co-culture is sufficient for the cell culture to become confluent 
without radioactive Cs-bearing particles. Cell density in the region not directly 
contacting the particle increased by the end of live-cell imaging, while the region in 
direct contact with the particle was sparse (bottom images in Fig. 16.1). The shape 
of the cells near the particle was larger and flatter than proliferating cells. These 
morphological changes are representative of cellular senescence, as persistent cell 
cycle arrest is one of the features of senescent cells. Since ionizing radiation induces 
cellular senescence, senescence-like phenotype may be elicited in the cells directly 
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attached to the radioactive Cs-bearing particle. We extracted total RNA from three 
groups of cells; co-cultured with a type B particle, co-cultured with a nonradioactive 
mock particle (mock particle) and without a  particle, respectively, and gene 
expression level for 21,088 genes was investigated by microarray analysis (3D-Gene 
Human Oligo chip 25k, TORAY, Kanagawa, Japan). As a control study, a mock 
particle composed of SiO2 and stable cesium was generated. Expression of 1,944 
genes was at least 1.5  fold different between  cells co-cultured with a  mock 
particle and those without, indicating that the physical presence of the particle influ-
ences gene expression. In total, 2,455 genes showed at least 1.5  fold different 
between cells treated with a radioactive Cs-bearing particle and the mock control. 
Type B particle increased the expression of cell cycle suppressors such as CDKN1C, 
CDKN1B and GADD45A, and reduced the expression of cell cycle promoters such 
as cyclin E2, cyclin B1 and cyclin A2. These results demonstrated that type B 
particles suppress cell growth, consistent with our observation using live-cell 
imaging. Ionizing radiation triggers activation of cell cycle checkpoints, resulting in 
cell cycle arrest in the G1 and G2/M phases. However, cell cycle suppressor genes 
upregulated by radioactive Cs-bearing particle are not involved in checkpoint 
regulation. Therefore, further studies are needed to elucidate how radioactive 
Cs-bearing particles suppress cell growth.

Fig. 16.1 Live-cell imaging of normal human epithelial cells
Cells not in contact with the particle (A) and those in contiguity with the particle (B) were 
monitored by a live-cell imaging. The images were taken at the beginning (upper) and the 
end (lower) of the culture. A type B particle is seen at the left side of images (B)
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16.3.2  The Effect of Type A Particles

Due to the larger size of type B particles, inhaled type B particles are predicted to 
be removed by mucociliary clearance without entering into the deep lung region. In 
contrast, type A particles could enter the alveolar region. Macrophages function to 
recognize, take up and clear Si particles, but macrophages may fail to remove 
insoluble Si particles from the lung. Internalization of insoluble particles into 
macrophages triggers lysosomal stress, resulting in cell death pathway [26, 27]. In 
addition, macrophages tether Si particles on their cellular surface, but do not 
internalize when SR-B1 mediates recognition of Si particles [25]. The fate of the 
macrophage tethering insoluble particles is not clear, but the signaling pathway 
associated with lysosomal stress is activated in particle-bound macrophages. 
Regardless of whether macrophages take up or tether radioactive Cs-bearing 
particles, these particles may ultimately be retained in the alveolar region, resulting 
in the increased risk of lung injury. Furthermore, radioactive Cs-bearing particles 
can become a source of chronic radiation exposure to surrounding cells. Since 
alveolar macrophages are known to be radioresistant [28], other cells present in 
alveoli such as fibroblasts, epithelial cells and endothelial cells may be the most 
susceptible to chronic radiation exposure. When analyzing biological effects of 
radioactive Cs-bearing particles, bystander effects should be considered.

Radioactive Cs-bearing particles emit β-particles and γ-rays, and β-particles dis-
sipate within a short distance. Therefore, spatial distributions of radiation doses 
around these particles are nonuniform and bystander effect may not be ignored. 
Several reports suggest that radioactive Cs-bearing particles may physically trigger 
cellular reactions, which may result in additive or synergistic effects for low-dose 
(LD) radiation and inflammatory responses [29–31]. Radiation-induced bystander 
effect is characterized by the appearance of radiation effects in  non-irradiated 
cells adjacent to exposed cells. Bystander effect is mediated by either soluble factors 
secreted from irradiated cells [32–34] or gap junction communication which allows 
molecular signals to pass through protein channels between adjacent cells [35, 36]. 
Bystander factors are associated with various effects in adjacent non-irradiated cells 
such as induction of DNA damages, chromosomal aberrations, gene mutations and 
cell death, and alterations in epigenetic status including gene expression and cell 
cycle regulation [37–39]. Although a unified mechanism has not been discovered, it 
is assumed that molecules relating to DNA damage response such as ATM and p53 
are involved in the expression of bystander effect [36, 40, 41]. Bystander effect 
occurs both in vivo and in vitro [42, 43]. Aside from the canonical bystander effect, 
a pathway from non-irradiated bystander cells to the primarily irradiated cells has 
been reported. For example, DNA damage in irradiated cells is mitigated by 
co-culture with non-irradiated bystander cells [44]. High-dose single radiation 
exposure induces cellular senescence in somatic cells, which is referred to stress- 
induced premature senescence (SIPS) [45]. LD fractionated irradiation (5 cGy) or 
chronic low-dose-rate (LDR) (4.1 mGy/h) radiation exposure also elicits SIPS [46, 
47]. Cells undergoing SIPS secrete proteins related to inflammatory responses or 
radiation resistance enhancement [48, 49]. Since the SIPS phenotype is irreversible, 
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prolonged inflammatory microenvironment induced by radioactive Cs-bearing 
particles has potential to contribute to lung fibrosis.

16.4  Conclusion

This article reviewed potentially hazardous biological effects of radioactive 
Cs-bearing particles produced by the FNPP accident. Our preliminary in vitro data 
demonstrated that a type B particle interrupts the growth of adjacent cells. Additive 
or synergistic biological effects of Si component should be considered when 
studying the health effect of persistent LDR radiation by the particles. Animal 
experiments using radioactive Cs-bearing particles are necessary to investigate the 
distribution of ingested particles and their tissue effects, including cancer induction.
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