
Full length article

Dynamic biodistribution of inhaled silica particles to extrapulmonary sites: 
Early and late translocation mechanisms with implication for 
particle biomonitoring

Riccardo Leinardi a,* , Chiara Longo Sanchez-Calero a, Saloua Ibouraadaten a,  
Francine Uwambayinema a, Yousof Yakoub a, Cristina Pavan b,c , Rani Claus d,e,  
Frauke Lemaire d,e , Steven Ronsmans d, Manosij Ghosh d,e , Lénárd Farczádi f,  
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A B S T R A C T

An innovative method based on inductively coupled plasma mass spectrometry (ICP-MS) was developed to 
quantify the time-dependent systemic redistribution pattern of pulmonary-deposited crystalline silica particles 
by measuring silicon (Si) levels in the lungs, distal organs, and biological fluids. The method was applied in a 
murine model and validated in blood and urine samples from two occupationally exposed cohorts (miners and 
porcelain industry workers). In mice, 30 % of silica particles deposited in the lungs via oropharyngeal admin
istration accumulated in extrapulmonary sites in less than 4 months. An early translocation (within 3 days) 
resulted in silica distribution to liver and kidneys (13 %), followed by a delayed migration (up to 60 days) in 
mediastinal lymph nodes (12 %), spleen (1.7 %), and abdominal skin (1.7 %). The long-term increase of Si in 
urine suggested silica renal clearance. Our data also indicated that the toxic potential of particles is a key 
determinant of extrapulmonary redistribution. The interest of Si as biomarker of exposure has been confirmed in 
workers exposed to crystalline silica dust. In these individuals, elevated Si levels in blood and urine paralleled 
silica exposure. Our findings quantify the dynamics of silica biodistribution in extrapulmonary organs, offering 
new insights on the biomonitoring of silica exposure in different scenarios.

1. Introduction

Inhalation of crystalline silica (CS, crystalline silicon dioxide, SiO2) 
dusts in respirable size (respirable crystalline silica − RCS) is associated 
with an increased risk of developing severe pulmonary diseases 
including silicosis, bronchitis, obstructive pulmonary disease and lung 

cancer (IARC, 2012; Sato et al., 2018; Hoy and Chambers, 2020). A 
particular subfamily of surface moieties, namely the nearly free silanols 
(NFS), was identified as the molecular initiator of crystalline (and 
amorphous) silica toxicity. NFS are a specific family of silanol (Si-OH) 
groups appearing on crystalline silica particles upon mechanical frac
turing and reaction with environmental water vapor (Pavan et al., 
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2020). Their key role in activating alveolar macrophages and triggering 
short- and long-term pulmonary responses to silica has been recently 
described in in vitro and in vivo investigations (Pavan et al., 2020; 
Leinardi et al., 2023; Pavan et al., 2023; Pavan et al., 2024). Apart from 
local effects, a range of non-respiratory conditions is associated with 
crystalline silica exposure, including renal alterations, liver granulomas 
(Osorio et al., 1987; Mohner et al., 2017; Guarnieri et al., 2019; Mari
naccio et al., 2006; Ibrahim et al., 2011; Vupputuri et al., 2012) and 
autoimmune disorders (Rubio-Rivas et al., 2017; Parks et al., 2002; Ferri 
et al., 2018; Aguila et al., 2021; Boudigaard et al., 2021; Morotti et al., 
2022; De Decker et al., 2018). These detrimental responses might be 
associated with the migration of inhaled particles to specific extrap
ulmonary target sites (Parks et al., 1999). Indeed, multiorgan silicosis 
and particle accumulation in liver, kidneys and peripheral immune or
gans in exposed workers strongly suggest particle systemic distribution 
(Guarnieri et al., 2019; Ibrahim et al., 2011; Giles et al., 1978).

Inhaled crystalline silica particles are believed to be cleared from the 
lungs through several routes, including (i) muco-ciliary transport in the 
bronchial and tracheal regions leading to their transfer to the gastroin
testinal tract, (ii) migration to the thoracic lymph nodes, and (iii) ab
sorption into the bloodstream and/or lymphatic system, followed by 
transport to other body compartments (Nakane, 2012; Stuart, 1984; 
Wang et al., 2022; Kuempel et al., 2015). A possible role in the extrap
ulmonary distribution of particles deposited in the lungs, including sil
ica, has been recently attributed to interstitial and/or alveolar lung 
megakaryocytes activated during inflammatory responses (Qiu et al., 
2024). However, the exact mechanisms and the rate of crystalline silica 
undergoing systemic translocation and extrapulmonary deposition 
remain poorly understood. In addition, the association between crys
talline silica exposure and extrapulmonary diseases is still poorly 
investigated and represents a crucial research area with potential im
plications for occupational health and public policy, particularly con
cerning silica exposure limits and protective measures across various 
industrial contexts. The difficulty in establishing a direct biomarker of 
exposure makes RCS biomonitoring extremely challenging. In a previous 
report, the quantification of silica by measuring silicon (Si) in exhaled 
breath condensates of RCS-exposed workers was proposed (Leese et al., 
2017). However, this approach entails several limitations, chiefly 
stemming from the limited sample volume of sample obtained.

The translocation of crystalline silica particles from the respiratory 
system to peripheral organs remains therefore an area of ongoing 
research and debate (Hoy and Chambers, 2020). Furthermore, a bio
kinetic model detailing the degree of systemic translocation of crystal
line silica following pulmonary deposition, is still missing. Choosing the 
correct analytical approach to monitor particle biodistribution in the 
body is also crucial, considering the low concentrations of particles 
accumulated in the organs, and the extreme complexity of biological 
tissues (Wang et al., 2022; Leese et al., 2017). Because of the abundance 
of silica in the environment, the development of a reliable protocol to 
biomonitoring crystalline silica exposure is extremely challenging 
(Leese et al., 2017). Classical dissolution protocols involve hydrofluoric 
acid (HF) to solubilize SiO2 and make Si ions available for quantification 
via the generation of soluble Si-F complexes. However, the use of HF has 
several technical drawbacks, including high toxicity and instrumental 
damage (Kirkpatrick et al., 1995; Wang et al., 2014). To overcome these 
barriers, we developed a novel ICP-MS approach based on a non-acidic 
digestion by treating the biological mixture with concentrated NaOH, 
which is known to efficiently solubilize crystalline silica (Cai et al., 
2008; Bossert et al., 2019). This alkaline digestion converts particle Si 
into its ionic form, which can therefore be measured in a safer way with 
respect to HF-based approaches.

In the present study, we applied the alkaline digestion of tissue and 
ICP-MS analysis to monitor the time-dependent biodistribution of crys
talline silica particles following pulmonary administration in a mouse 
model. The methodology was validated with urine and blood samples 
from coal mine and porcelain industry workers. A group of office 

workers without occupational silica exposure was recruited as control.

2. Materials and methods

2.1. Crystalline silica particles

Synthetic as-grown crystalline silica particles (gQ) were prepared 
and characterized in the laboratories of centre “G. Scansetti” (University 
of Turin, Italy) following an established procedure, with minor modifi
cations (Pavan et al., 2020; Pastero et al., 2016). Briefly, a 25 % (w/w) 
sodium-metasilicate pentahydrate (NAMTS) aqueous solution was 
polymerized using mineral acids until gel formation (pH ca. 8). Growth 
runs (168 h) in PTFE liner sealed into steel autoclaves were performed at 
210 ◦C and autogenic pressure. Crystallinity was verified by X-ray 
diffraction (XRD). One gram of synthetic crystalline silica was sieved in a 
double sieve with 100- and 30-μm meshes on a vibrating apparatus for 
30 min. The fraction with size < 30 μm was used as such (gQ), while the 
fraction > 30 μm (500 mg) was ground in an MM200 mixer mill (Retsch, 
Düsseldorf, Germany) in agate jars (2 spheres, 6 mm, 27 Hz, 6 h) to 
obtain gQ-f crystals (micrometric and synthetic fractured crystalline 
silica). nQ-f (nanometric and synthetic fractured crystalline silica) was 
prepared following a procedure reported by Bellomo (Bellomo et al., 
2022). A 1.5 g of gQ was milled with a planetary mill (Pulveirisette 6, 
Fritsch, Idar-Oberstein, Germany) in a ZrO2 jar using ZrO2 spheres (total 
mass = 41 g, diameter = 5 mm) at 450 rpm for 1 h, with a pause of 1 min 
every 20 min. This finely milled precursor (1.5 g) was then further 
milled in the same apparatus, by adding 12 ml of ultrapure water pre
viously filtered through a 0.22 µm filter, and using ZrO2 spheres 
(diameter = 2 mm, total mass = 41 g). Wet milling was carried out for 2 
h at 550 rpm. After milling, the obtained dust was sedimented for 24 h. 
The supernatant was recovered and dried in an oven at 60 ◦C to obtain 
nQ-f particles.

Min-U-Sil 5 (U.S. Silica Co., Berkeley Springs, WV, USA; lot number 
15062696) is a commercial fractured microcrystalline α-quartz largely 
used in studies of experimental silicosis and/or lung cancer (IARC, IARC 
Working Group on the Evaluation of Carcinogenic Risks to Humans: 
Silica, Some Silicates, Coal Dust and Para-Aramid Fibrils. Lyon, 15-22 
October, 1996). All the samples were deeply characterized in previous 
studies (Pavan et al., 2020; Leinardi et al., 2023; Bellomo et al., 2022; 
Pavan et al., 2022). Their main physico-chemical properties are sum
marized in Table 1.

2.2. Particle preparation for animal studies

The particles were heated at 200 ◦C for 2 h just prior to suspension to 
inactivate any trace endotoxin. Stock suspensions prepared in 0.9 % 
NaCl were ultrasonicated on ice (3 min, 100 W, probe diameter 3 mm) 
using a VCX 750 ultrasonic processor (Sonics, Newtown, CT, USA), and 
then sonicated in a bath for 15 min to ensure dissociation of particle 
agglomerates (total delivered energy 27 kJ).

2.3. Animals

Twelwe-week-old female C57BL/6 mice (weight: 20 g) were pur
chased from Janvier SAS (St Berthevin, France). The mice were housed 
in polycarbonate cages with conventional sawdust (Carfil, Oud- 
Turnhout, Belgium) in a controlled environment (25 ◦C, 50 % relative 
humidity) with acidified water and food ad libitum. To limit silicon (Si) 
background in the tissues, a standard rodent diet low in Si was selected. 
All experimental processes were in accordance with the NIH Guide for 
the Care and Use of Laboratory animals, and Belgian and European 
regulations (EEC n ◦ 86/609, LA1230312 and 2022/UCL/MD/019).

2.4. Particle exposure and tissue collection for ICP-MS analysis

The mice (n = 144) were divided into five main groups: unexposed to 
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silica (Ctrl, n = 48), Exposed A (Min-U-Sil, n = 48), Exposed B (nQ-f, n =
16), Exposed C (gQ, n = 16), Exposed D (gQ-f, n = 16). Each group was 
further divided into different sub-groups, in accordance with the time 
interval investigated: 15 min, 3 h, 1 day, 3 days, 60 days, and 120 days 
post particle exposure. Ctrl and Exposed A (Min-U-Sil) mice were 
divided into six sub-groups (n = 8/group) per each of the time intervals 
investigated. Exposed B (nQ-f), C (gQ) and D (gQ-f) were divided into 
two subgroups: Exposed B, 15 min (n = 8) and 3 d (n = 8), Exposed C and 
D, 15 min (n = 8) and 120 d (n = 8). Silica-exposed mice received 50 μl 
of particle suspension (2.5 mg/mouse, single exposure) directly into the 
lungs via oropharyngeal aspiration (o.p.a). The dose of 2.5 mg silica/ 
mouse was previously described in the literature as effectively inducing 
acute and chronic pulmonary responses for NFS-rich quartz particles 
(Huaux et al., 2002; Giordano et al., 2010). Control mice received 50 µL 
of 0.9 % NaCl. All administrations were performed on anesthetized mice 
with a mix of 1 mg Ketalar (N.V. Warner-Lambert, Zaventem, Belgium) 
and 0.2 mg Rompun (Bayer A6, Leverkusen, Germany). Animals were 
sacrificed via an intraperitoneal injection of 60 mg/ml (200 µl, intra
peritoneal) sodium pentobarbital (Certa, Braine-l’Alleud, Belgium). 
After being sacrificed, the lungs, liver, kidneys, mediastinal lymph 
nodes, spleen, and abdominal skin specimens (ca. 1 cm diameter) of 
control and silica-exposed mice were surgically removed, washed with 
saline to avoid potential contamination, and homogenized with an 
Ultra-Turrax T25 homogenizer (Janke and Kunkel, Brussels, Belgium) 
for further analysis. Blood was collected via cardiac puncture (ca. 1.2 
ml/mouse) in Eppendorf microcentrifuge tube with anticoagulant 
(EDTA). 700 μl of blood were later transferred in a clean tube and 
centrifuged for 15 min (1,500 x g) at 4 ◦C. The supernatant (plasma) was 
then further transferred to a 0.5 ml-Eppendorf tube. Urine samples (< 1 
ml) were collected before the sacrifice by applying gentle pressure to the 
caudal area of the back of the mouse. The samples were stored at − 80 ◦C 
until ICP-MS analysis.

2.5. Particle exposure and tissue collection for histology and imaging

An additional set of mice unexposed (Ctrl, n = 6) or exposed 120 
days to Min-U-Sil 5 crystalline silica (n = 6; 2.5 mg/mouse, 50 μl) was 
dedicated to histology and imaging. Control animals were treated with 
saline (50 μl). Mice were sacrificed as explained above. Selected organs 
(lung, liver, kidney, lymph nodes, and spleen) collected from these an
imals were excised, washed with saline and recovered in 3.65 % para
formaldehyde (Sigma-Aldrich, St. Louis, MO, USA) in PBS for 
histological analysis. After overnight fixation, the whole organ was 
embedded in paraffin blocks. Serial sections of 5 µm thickness were cut 
and stained with hematoxylin and eosin (H&E, nucleus and cytoplasm 
staining). Images were collected in brightfield and polarized light using 
an Axioscan.Z1 slide scanner (ZEISS, Oberkochen, Germany), and pro
cessed with ZEISS ZEN 3.8 image analysis software.

2.6. Population study

Male subjects working at the same coal mine were included (Mine 
Workers, n = 75; median age = 40, smokers and non-smokers, exposed 
to crystalline silica dusts from 1 to 22 years). Porcelain industry workers 
(n = 60; median age = 45, smokers and non-smokers, exposed from 2 to 
45 years to industrial dust containing crystalline silica) from the same 
production facility were included in the study as an additional occupa
tionally exposed group. The unexposed group is a control group (Ctrl, n 
= 61; median age = 45, smokers and non-smokers, office workers 
without occupational silica exposure). All study subjects were inter
viewed using a structured questionnaire developed ad hoc. The study 
was approved by the Ethics Committee of the University of Medicine and 
Pharmacy of Tîrgu Mureş, Romania (regulation code UMFST-REG-74- 
F01-Ed.02, registration number 5038, registration date August 20th, 
2021). A collaboration protocol was established with the factory where 
the workers are performing. Due to the confidentiality provisions, fac
tory’s name and location, except the country (Romania), cannot be 
disclosed. Subjects included in the study received information about the 
objectives of the project, and signed an informed consent issued in 
accordance with the Helsinki declaration. Demographic of the workers 
(age, gender, seniority at work) and laboratory data, as well as biolog
ical samples were used only for the purpose of the study protocol. No 
names were used, and the subject’s privacy/anonymity were preserved. 
Volunteers’ characteristics are summarized in the Supplementary ma
terials (Table S1).

2.7. Sample collection

Whole blood (6 ml, Ctrl and Mine Workers) was obtained by veni
puncture, and collected in Vacutainer K2EDTA tubes (BD, Franklin 
Lakes, NJ, USA). 2 ml were stored at – 80 ◦C. The remaining part (4 ml) 
was transferred to a clean Vacutainer tube and centrifuged at 2,000 g for 
10 min at room temperature within 2 h by collection to separate plasma. 
Plasma samples (Ctrl and Mine Workers) were then transferred in clean 
cryovials tubes and stored at – 20 ◦C. Urine samples (Ctrl, Mine Workers, 
and Porcelain Workers) were collected in carbon-free HDPE jars (LP 
Italiana Spa, Milan, Italy). After the collection, the samples were shipped 
to Belgium and stored at – 80 ◦C prior to analysis. In total, the following 
human samples were analyzed: 

- Blood samples: Ctrl, n = 61; Mine Workers, n = 75;
- Plasma samples: Ctrl, n = 34; Mine Workers, n = 41;
- Urine samples: Ctrl, n = 61; Mine Workers, n = 75; Porcelain 

Workers, n = 60.

Table 1 
Physico-chemical properties of the crystalline silica samples used in the present study.

Sample Origin 
(Type)

Surface state Particle size (μm ± SD)a SSA (m2/g)b NFS contentc Ref.

Min-U-Sil 5 Commercial 
(α-quartz)

Fractured 1.3 ± 0.6 4.3 high (Pavan et al., 2024; Leinardi et al., 2020)

nQ-f Synthetic 
(α-quartz)

Fractured 0.28 ± 0.016* 55 high (Bellomo et al., 2022)

gQ Synthetic 
(α-quartz)

As-grown 1.3 ± 2.3 5.8 no/low (Pavan et al., 2020; Leinardi et al., 2020)

gQ-f Synthetic 
(α-quartz)

Fractured 1.2 ± 0.7 4.5 high (Pavan et al., 2020; Leinardi et al., 2020)

a Measured by flow particle image analysis (FPIA) in ultrapure H2O;
* Measured by dynamic light scattering (DLS) analysis in ultrapure H2O;
b Specific surface area (SSA) measured by the Brunauer-Emmett-Teller (BET) method using Kr or N2 depending on the expected SSA value;
c Nearly free silanols (NFS) assessed by FT-IR spectroscopy.
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2.8. Quantitative analysis of silicon levels in organs and fluids collected 
from animals and humans via ICP-MS

Crystalline silica exposure was biomonitored in murine organs (lung, 
liver, kidneys, mediastinal lymph nodes, spleen, and skin), and urine, 
whole blood and plasma obtained from mice or humans. To this, silicon 
(Si) levels were quantified via inductively coupled argon/helium plasma 
mass spectrometry (ICP-MS), using an Agilent 7500ce Octopole Reac
tion System (Agilent Technologies, Santa Clara, USA). The approach 
(summarized in Fig. 1) was developed in accordance with the study from 
Hoet (Hoet et al., 2013). Prior to ICP-MS measurement, 500 µl of tissue 
homogenates or urine/blood/plasma collected from control and 
exposed mice or control and exposed humans were transferred into PTFE 
reactors and mineralized at 200 ◦C for 2 h in alkaline environment 
(approx. pH 15) obtained via the addiction of two NaOH pellets (200 
mg). The residue was dissolved by adding 4600 µl of ultrapure H2O and 
neutralized with 400 µl concentrated HNO3 (14 M). Then, 500 µl of the 
mixture were transferred into disposable polypropylene tubes and 
diluted quantitatively (1 + 9) in ICP-MS diluent (a 0.5 % HCl, 1 % HNO3 
solution containing Sc, Ir, Ge, Rh as internal standards). The resulting 
mixture was then injected into the spectrometer for the determination of 
Si content. The use of glass equipment was avoided during sample 
preparation to prevent Si contamination. All sample manipulations were 
carried out in clean room conditions, under laminar flow. TraceCERT 
silicon standard (Sigma-Aldrich, St Louis, MO, USA; 10,000 mg/l Si in 
nitric acid) was used for Si quantification. Laboratory duplicates were 
included in all analyses. The carry-over effect from previous measure
ments was reduced performing rinsing between the samples with 2 % 
HNO3 for 60 s, followed by rinsing with 1 % HNO3 for 30 s. Limits of 
detection (LoD, 3.51 μg/l) and quantification (LoQ, 10.54 μg/l) were 
calculated as the standard deviation of the blank (three and nine times, 
respectively) (Hoet et al., 2021). The instrument set-up is summarized in 
the Supplementary materials (Table S2).

3. Results

3.1. An early and progressive reduction of pulmonary silica burden 
follows particle administration in the lungs

To biomonitor the persistence of silica particles in the lungs, we first 
quantified crystalline silica pulmonary burden 15 min (15 min), 3 h (3 
h), 1 day (1 d), 3 days (3 d), 60 days (60 d) and 120 days (120 d) after 
administration in animals (Fig. 2A). Mice were treated with crystalline 
silica (Min-U-Sil 5, 2.5 mg/mouse) via oropharyngeal aspiration (o.p.a.). 
The mass (mg) of particles accumulated in the lungs was quantified by 
measuring the level of silicon (Si) in mineralized lung homogenates via 
ICP-MS. The dose measured in the lungs fifteen minutes after 

administration (baseline value), corresponding to 1.25 mg of SiO2 (i.e., 
50 % or the instilled dose), was considered as the effective deposited 
particle dose (Fig. 2B). We then quantified silica burden at specific time 
intervals representative of acute- and long-term responses to crystalline 
silica (Giordano et al., 2010; Rabolli et al., 2014; Huang et al., 2019). A 
sustained time-dependent decrease in pulmonary silica content was 
observed. Indeed, 34 % (0.45 mg) of silica initially deposited in the lungs 
was removed during the first 3 days following the exposure. At 60 days, 
around 45 % (0.58 mg) of silica was cleared from the lungs. Between day 
60 and 120, a plateau in the residual particle burden was reached, and 
no further clearance was observed (Fig. 2B). We concluded that 
pulmonary-deposited crystalline silica was rapidly, and progressively, 
transported out of the lungs.

Physico-chemical properties affect the pulmonary retention of par
ticles deposited in the lungs (Nemmar et al., 2001; Choi et al., 2010; Liu 
et al., 2020). Therefore, we first hypothesized that particle size may play 
a relevant role in driving translocation. This was evaluated by treating 
mice with membranolytic synthetic crystalline silica particles (nQ-f) in 
nanometric size with an average hydrodynamic diameter of ca. 300 nm 
(see Table 1) (Bellomo et al., 2022). Early translocation of nQ-f was 
compared with Min-U-Sil 5 silica particles, characterized by diameters 
in the micrometric range (1.3 ± 0.6 μm). In line with Min-U-Sil 5, a 
substantial decrease (approx. 50 % of the deposited silica dose) was 
noticed at 3 d in nQ-f burden (Fig. 2C). This result suggested that particle 
size was not a primary factor in determining crystalline silica 
translocation.

We then evaluated whether particle toxicity was implicated in the 
translocation process. To this, we used two synthetic quartz samples 
showing comparable size but contrasting toxic potential due to different 
nearly free silanols (NFS) content (gQ-f: NFS-rich, toxic; gQ: NFS-poor, 
low toxic). This specific subgroup of surface silanols (Si-OH) was 
recently pointed out as the primary determinant of silica pathologic 
activity, because of the ability to interact with cell membrane epitopes, 
leading to membrane disruption (Pavan et al., 2020; Pavan et al., 2022). 
After exposing mice to NFS-rich gQ-f or NFS-poor gQ, we found that the 
toxicity effect determined by the NFS content played a critical role in the 
translocation process. Data suggested that gQ particles with low toxicity 
were retained in the lungs to a significantly greater extent when 
compared to the more toxic gQ-f. Indeed, 25 % of the gQ-f particles 
deposited in the lungs were cleared 120 days post treatment when 
compared to 15 min, whereas no time-dependent change in particle load 
was observed in the lungs of mice exposed to gQ (Fig. 2D).

Overall, these results indicate that crystalline silica deposited in the 
lungs was rapidly and continuously cleared until reaching a plateau, in a 
process driven by particle toxic potential rather than size.

Fig. 1. Sample pretreatment and ICP-MS analysis process. Biological tissues and fluids collected from animals and/or humans were digested in an alkaline envi
ronment (pH ca. 15, 200 ◦C, 2 h). The resulting mixture was then stabilized by adding concentrated HNO3. Then, 500 µl of the mixture were diluted in 4500 µl of ICP- 
MS diluent and injected into the spectrometer for the determination of silicon (Si) content.

R. Leinardi et al.                                                                                                                                                                                                                                Environment International 199 (2025) 109473 

4 



3.2. Crystalline silica particles accumulate in different distal organs after 
early and late translocation

To detail particle migration in extrapulmonary target sites, we 
monitored crystalline silica accumulation in the liver, kidneys, medi
astinal lymph nodes, spleen, and skin 15 min, 3 d and 120 d after Min-U- 
Sil 5 instillation. Time-dependent accumulation in extrapulmonary or
gans is expressed as the ratio calculated between the quantity of silica 
deposited in the lungs (Si levels, deposited dose at 15 min) and in the 
other organs at each time interval. As mentioned before, a progressive 
decrease in the pulmonary content was observed at 3 and 120 days (34 
% and 45 % when compared to 15 min, respectively) (Fig. 3). This 
reduction paralleled particle accumulation in the liver (3 and 12 % at 3 
and 120 d, respectively) and kidneys (1 and 2 % at 3 and 120 d) (Fig. 3). 
Significant particle accumulation was also evidenced 120 d post 
administration in the two distal immune organs lymph nodes (12 % of 
the deposited dose) and spleen (1.8 %). At this late time interval, particle 
accumulation in skin specimens was also detected (1.7 %). Interestingly, 
these three compartments (lymph nodes, spleen, and skin) were not 
impacted by early particle translocation occurring from 15 min to 3 d.

To support ICP-MS findings, we investigated particle burden by mi
croscopy in the impacted organs (lungs, liver, kidneys, lymph nodes, 
spleen, and abdominal skin). Representative bright field (BF) and 
polarized microscopy (PL) images collected at day 120 are shown in 
Fig. 4 and in the Supplementary materials (Fig. S3). When compared to 
control lungs (Fig. 4A), H&E-stained slides first confirmed a substantial 

disorganization of the pulmonary tissue characterized by large nodules 
following silica exposure (Fig. 4C). No major tissue damage was 
observed in the liver (Fig. 4E-4G), kidneys (Fig. 4I-4 K), lymph nodes 
(Fig. 4M-4O), spleen (Fig. 4Q-4S), and skin (Fig. 4T-4 W). In line with 
ICP-MS data, PL imaging confirmed the presence of crystalline silica 
particles retained in the lungs of silica-treated mice (Fig. 4D). In addi
tion, the significant presence of particles in the liver was evidenced 
(Fig. 4H). As expected, variable silica accumulation was also observed in 
kidneys (especially in proximity of the glomeruli) (Fig. 4L), mediastinal 
lymph nodes (Fig. 4P), spleen (Fig. 4T), and abdominal skin (in partic
ular, throughout the dermis and subcutaneous tissue, Fig. 4X) of exposed 
mice.

Overall, these observations suggest that extrapulmonary particle 
relocation is a dynamic, biphasic, and time-dependent process. An early- 
phase mechanism drives the rapid distribution and accumulation of 
particles in the liver and kidneys, while a later-phase process contributes 
to their delayed relocation into immune organs and skin.

3.3. Silicon level increase in blood and urine as a hallmark of early and 
late particle translocation in treated mice

Aiming to clarify the routes leading to extrapulmonary silica distri
bution, we next quantified Si levels in different body fluids (including 
urine, blood, and plasma) collected from Min-U-Sil 5 silica-treated mice 
at different time points (15 min, 1 d, 3 d and 120 d, Fig. 5). Different 
patterns were observed, according to the considered fluid. Crystalline 

Fig. 2. Early and progressive clearance mechanisms partially remove crystalline silica deposited in the lungs. Changes of silica burden vs. time in the lungs of mice 
exposed to a set of different crystalline silica particles. (A) Experimental setup: animals were sacrificed 15 min, 3 h, 1 d, 3 d, 60 d or 120 d after particle exposure via 
oropharyngeal aspiration (o.p.a, 2.5 mg/mouse, 50 μl). Control animals were exposed to 0.9 % NaCl. Lungs were extracted and mineralized. Time-dependent 
crystalline silica burden was quantified by monitoring pulmonary Si content via ICP-MS analysis in the lungs of exposed mice. (B) Progressive decrease in the 
pulmonary content of Min-U-Sil particles due to particle translocation monitored 15 min, 3 h, 1, 3, 60, and 120 d after instillation (Ctrl and Min-U-Sil: n = 8/group 
per time interval). (C) Mice treated with nano-nanometric nQ-f crystalline silica do not show evident differences in the translocation amplitude when compared to 
animals treated with the same mass of micrometric Min-U-Sil 5 particles (Min-U-Sil and nQ-f: n = 8/group per time interval). (D) Mice treated with synthetic 
crystalline silica particles having different NFS content and contrasting toxic potentials (gQ-f: NFS-rich, high toxicity; gQ: NFS-poor, low toxicity) show silica particles 
are cleared from the lungs in a toxicity-dependent fashion (gQ-f and gQ: n = 8/group per time interval). One-way ANOVA with post-hoc Tukey’s multiple com
parisons test was applied to compare treated groups (3 h, 1 d, 3 d, 60 d, 120 d) vs. 15 min (panel B). Unpaired Student’s t-test was applied to compare 15 min vs. 3 
d and Min-U-Sil vs nQ-f (panel C) or 15 min vs. 120 d and gQ-f vs. gQ (panel D); ns: not significant, *P < 0.033, **P < 0.002, and ***P < 0.001.
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silica exposure resulted in a 2-fold increase in urine Si level with respect 
to controls at day 120 (Fig. 5). Conversely, no early variation was evi
denced at 3 d, indicating accumulation in urine and clearance as a late- 
occurring event (Fig. 5). In contrast, an early Si increase was detected in 
the blood 1 and 3 days after the treatment (Fig. 5). At 120 d, blood Si 
content was undistinguishable from control animals, suggesting the 
early (not late) accumulation of silica in the blood circulation after 
pulmonary deposition (Fig. 5). Unchanged Si content was measured in 
the plasma of exposed animals among the different time points evalu
ated (Fig. 5). These observations highlight the pivotal role of blood 
circulation in the early extrapulmonary biodistribution of silica and 
reveal delayed renal clearance in treated mice. Furthermore, the results 
suggest that Si levels in blood and urine could serve as potential bio
markers for tracing crystalline silica exposure.

3.4. The level of silicon in urine and blood of exposed workers represents 
an effective biomarker to assess human exposure to crystalline silica

To test Si level as a possible biomarker of occupational exposure to 
silica dust, we compared Si concentration in the fluids previously 
described (urine, blood, and plasma) collected from a mine worker 
group and a group unexposed to silica (Fig. 6). Consistent with the result 
of animal experiments, we observed that the median (Fig. 6A, red line) 
urine Si in the workers was significantly higher than that of the control 
group (ca. 15,000 vs. 5,000 µg/l). Similarly, quantification in blood 
showed a higher amount of Si in workers when compared to controls 

(Fig. 6B). No difference was observed in plasma Si from controls and 
mine workers (Fig. 6C). To corroborate these results, Si was further 
quantified in urine samples (n = 61) collected from subjects working in 
the porcelain industry (Porcelain workers). This industrial context is 
characterized by the potential exposure of workers to silica, especially in 
the form of quartz (Birk et al., 2010; Molinari et al., 2024). Consistent 
with the findings in miners, porcelain workers exhibited a significant 
increase in urinary Si with respect to the control group (Fig. 6D). These 
results indicate that systemic distribution of silica resulting from inha
lational exposure occurs in humans and leads to an increase in both 
urine and blood silicon. Si concentration in urine and/or blood may thus 
serve as biomarker for assessing the occupational exposure to silica 
particles, providing insights into both current and past exposure levels.

4. Discussion

Case studies suggest that respirable crystalline silica (RCS) particles 
deposited in the lungs following inhalation impact distal organs because 
of particle extrapulmonary migration and relocation (Guarnieri et al., 
2019; Steenland et al., 2002; Carreno Hernandez et al., 2019). Although 
different mechanisms have been proposed, the exact pathway driving 
the internal distribution of particles from the lungs to extrapulmonary 
organs remains unclear and not yet quantified (Nakane, 2012; Wang 
et al., 2022).

In vivo studies represent suitable experimental approaches to 
quantify the extrapulmonary distribution of particles following 

Fig. 3. Time-dependent biodistribution mechanisms contribute to particle translocation from the lungs to distal organs. Crystalline silica short- (15 min and 3 d) and 
long-term (120 d) biodistribution following Min-U-Sil 5 pulmonary administration (o.p.a., 2.5 mg /mouse) was evaluated by monitoring Si content via ICP-MS 
analysis in a set of distal organs, including liver, kidneys, mediastinal lymph nodes, spleen, and abdominal skin (Ctrl: n = 24 including control samples from the 
3 time intervals considered; Min-U-Sil: 15 min, n = 8; 3 d, n = 8; 120 d, n = 8). Short- and long-term accumulation was detected in liver and, to a small extent, 
kidneys. Long-term translocation of silica, but not early, was additionally observed in lymph nodes, spleen, and abdominal skin. Accumulation in distal organs 
occurred in parallel with particle removal from the lungs. One-way ANOVA with post-hoc Tukey’s multiple comparisons test was applied to compare treated groups 
(15 min, 3 d, 120 d) vs. Ctrl; *P < 0.033, **P < 0.002, and ***P < 0.001.
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deposition in the lungs. By using an innovative quantitative methodol
ogy based on ICP-MS measuring the level of silicon (Si), we found that a 
significant fraction of crystalline silica settled in the lungs of mice 
treated with a single instillation via o.p.a., translocated and 

accumulated in specific distal organs including liver (12 % of the par
ticle dose initially deposited in the lungs), kidneys (2 %), mediastinal 
lymph nodes (12 %), spleen (1.8 %), and abdominal skin (1.7 %). The 
biodistribution of silica particles in extrapulmonary targets was further 

Fig. 4. Imaging evidenced particle bioaccumulation in distal organs of silica-exposed mice as the result of extrapulmonary translocation processes. Representative 
images of H&E-stained slides (5 µm) in bright field (BF) and polarized light (PL) of organ specimens obtained from saline-treated mice (Ctrl, n = 6) and mice exposed 
120 days to 2.5 mg of crystalline silica particles (Min-U-Sil, n = 6). (A-D) lung, (E-H) liver, (I-L) kidney, (M− P) mediastinal lymph nodes, (Q-T) spleen, (U-X) skin. 
Crystalline silica particles deposited in the tissue are pointed by red arrows. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.)
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confirmed by imaging via polarized microscopy. This technique is 
commonly used to detect crystalline silica localized in lung sections 
collected from exposed murine models (Arras et al., 2001; Satpathy 
et al., 2015).

The accumulation rate in distal organs was not uniform over time. 
Specifically, the liver and kidneys exhibited early translocation, occur
ring within 3 days of particle administration. This rapid extrapulmonary 
accumulation suggests the activation of bloodstream-dependent trans
location mechanisms, which facilitate the distribution of a primary 
fraction of toxic particles rich in nearly free silanols (NFS) to early target 
organs. The marked difference in pulmonary retention between NFS- 
poor and NFS-rich silica may be due to the latter’s ability to enhance 
the permeabilization of the alveolar-capillary barrier (Pavan et al., 
2024), promoting the migration of NFS-rich toxic particles into the 
bloodstream. In contrast, nonreactive NFS-poor particles, which do not 

induce harmful tissue responses, remained in the lungs. This finding 
supports the crucial role of particle toxicity (influenced by surface 
chemistry) in governing lung clearance and extrapulmonary distribu
tion. Notably, our results suggest that particle size is not a principal 
determinant in the removal of crystalline silica from the lungs. Specif
ically, although the average hydrodynamic diameter of nQ-f is signifi
cantly smaller than that of Min-U-Sil 5 (refer to Table 1), no appreciable 
differences in pulmonary clearance were observed between the two 
crystalline dusts. Nonetheless, we cannot completely rule out the po
tential influence of particle size on the systemic distribution and sub
sequent bioaccumulation of silica in extrapulmonary tissues. Further 
mechanistic studies employing silica preparations with broader and 
well-defined particle size distributions are warranted.

The liver and the kidneys have a high blood supply relative to their 
weight (Racanelli and Rehermann, 2006). The liver, a key filtration 

Fig. 5. Silicon level in urine and blood show time-dependent increase following silica pulmonary exposure. Changes in silicon (Si) concentration in urine, blood and 
plasma samples collected from animals unexposed (Ctrl; urine: n = 24, blood and plasma: n = 32) or exposed to Min-U-Sil crystalline silica (2.5 mg/mouse; sample 
size: n = 8 per each time interval were measured 15 min, 1 d, 3 d, and 120 d after crystalline silica exposure via ICP-MS analysis. Control animals were treated with 
0.9 % NaCl. A significant increase in urine Si was observed 120 d after the exposure. Early (1 d and 3 d) Si level increase was found in the blood. No significant time- 
dependent variation was detected in plasma. *P < 0.033, **P < 0.002, and ***P < 0.001 vs. Ctrl unexposed to silica. (One-way ANOVA with Tukey’s multiple 
comparisons test).

Fig. 6. Biomonitoring of silica exposure in workers by quantifying urine and blood Si levels. The concentration of Si in body fluids (urine, blood, and plasma) 
collected from nonexposed (Ctrl) or exposed volunteers (Mine Workers, Porcelain Workers) was measured via ICP-MS. (A) Urine Si of Ctrl and Mine workers. (B) 
Blood Si of Ctrl and Mine workers. (C) Plasma Si of Ctrl and Mine workers. (D) Urine Si of Ctrl and Porcelain workers. Red line: median. Each circle represents one 
volunteer. ns: not significant. ***P < 0.001 vs. Ctrl unexposed to crystalline silica (unpaired Student’s t-test). (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)
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organ, has been shown to purify blood of administered particles, aided 
by blood-circulating Kupffer cells (Zhang et al., 2016). The rapid accu
mulation of particles in these organs, due to bloodstream distribution, 
has been previously observed in a rat model (Brooking et al., 2001). We 
propose that NFS-reactive silica accumulated in the bloodstream is 
quickly distributed to the liver via the hepatic artery and/or portal vein. 
A similar mechanism, likely driven by the renal artery, may account for 
silica accumulation in the kidneys after retention in the glomeruli. This 
process involves damage to the air-blood barrier, translocation to the 
capillary lumen, and passive accumulation in the well-perfused liver and 
kidneys (Leibrock et al., 2020; Leibrock et al., 2019; Singh et al., 2021). 
Notably, enhanced alveolar-capillary barrier permeability is a known 
early outcome of the pulmonary proinflammatory activity of toxic 
crystalline silica (Castranova et al., 2002; Inoue et al., 2009). The 
rapidity of this translocation suggests that phagocytosis by macrophages 
and/or endocytosis by epithelial/endothelial cells are unlikely mecha
nisms in steering the early extrapulmonary distribution of silica 
(Nemmar et al., 2002).

An additional fraction of toxic particles was distributed via the 
contribution of supplementary mechanisms to late-impacted organs 
including mediastinal lymph nodes, spleen, and abdominal skin (Fig. S3 
and S4, Supplementary materials). This delayed process probably im
plicates active phagocytosis and distribution in draining lymph nodes by 
alveolar macrophages and dendritic cells via the lymphatic vessels 
(Manolova et al., 2008; Blank et al., 2013). This immuno-mediated 
clearance is potentially based on specific subclasses of surface re
ceptors including the scavenger receptor MARCO (macrophage receptor 
with collagenous structure) and/or the pattern recognition receptor 
(PRR) CD206. Indeed, these protein molecules were proposed as 
responsible for silica sensing and internalization in antigen-presenting 
cells (Hammad and Lambrecht, 2007; Feray et al., 2021; Hamilton 
et al., 2006; Gallud et al., 2017; Huaux, 2018). The translocation of 
particles to draining lymph nodes may also be a direct consequence of 
silica-associated lung epithelial injury, resulting in a compromised tissue 
integrity and increased accumulation of particles in the lymphatic ves
sels (Adamson and Prieditis, 1998; Wei et al., 2012). Despite some 
studies suggest that the transport through the lymphatic system may 
also result in splenic accumulation upon inhalation, the influence of the 
bloodstream in silica biodistribution process to the spleen should be 
considered (Nakane, 2012; Wei et al., 2012; Mitchell et al., 2007). 
Overall, our data support the possibility that target immune organs, 
including spleen and lymph nodes, may be largely impacted by direct or 
indirect adverse toxic effects (including proinflammatory responses) 
associated with the chronic accumulation of NFS-rich toxic particles 
(Chandrasekar et al., 2024). Such effects could ultimately trigger auto
immune/autoinflammatory responses compromising crucial physiolog
ical immune functions (Parks et al., 1999; Ural et al., 2022; Zhang et al., 
2024). In line with our results, rats treated with crystalline silica in the 
form of alpha-cristobalite or quartz, showed particle migration in 
mediastinal lymph nodes after administration in the lungs via pulmo
nary deposition (Absher et al., 1992; Kobayashi et al., 2023). Silica ul
timately accumulated in urine, in accordance with a previous study 
carried out in the rat (Sasai et al., 2022). Since crystalline silica disso
lution in vivo is negligible because of its intrinsic physico-chemical 
properties, our data suggest the presence of particles in urine of 
exposed mice as the result of late renal clearance. The presence of silica 
or high Si levels in body fluids (urine and blood serum) collected from 
individuals occupationally exposed to crystalline silica has been re
ported in previous studies (Ferri et al., 2018; Wang et al., 2021; Hussein 
et al., 2023). Accordingly, our data revealed significant urine and blood 
Si increase in silica-exposed workers, when compared to unexposed 
controls. This supports the potential role of blood/urine Si as a general 
tracer for silica exposure. In addition, these results, corroborated by the 
observations in the mouse, suggest the bloodstream as a key player in 
the process of systemic biodistribution following particle exposure and 
reinforce silica accumulation in urine following extrapulmonary 

distribution in the kidneys. The body of evidence for a causal relation
ship between exposure to crystalline silica and kidney disease is 
continuously growing, despite the nature of this association is unclear 
(Mohner et al., 2017; Vupputuri et al., 2012; Fenwick and Main, 2000). 
Our data suggest that silica-induced nephrotoxicity could be the direct 
consequence of the deposition of reactive particles in the kidney, in line 
with observations reported in the literature (Vupputuri et al., 2012; 
Steenland et al., 2002; ATSDR, 2019). By taking advantage of our animal 
data, these observations lead us to propose blood Si as a function of 
current exposure to crystalline silica, and urine Si as a biomarker of past 
exposure.

This study presents some limitations. We recognize that different 
species-specific features between mice and humans including anatomy 
and geometry of airways, respiratory physiology, cell subtypes, pul
monary mucus compositions, biochemical mechanisms, and metabolic 
processes, modify the deposition and retention of inhaled particles in the 
respiratory tract (Movia et al., 2020; Asgharian et al., 2014). A recent 
computational study pointed out a higher clearance rate for murine 
lungs, when compared to the human lung (Kolanjiyil et al., 2019). 
However, the effectiveness of models developed in rodents in predicting 
the pulmonary deposition, biodistribution and clearance of inhaled 
particles in humans, in particular for fine (< 2.5 μm) and submicrometer 
(< 1 μm) objects, has been suggested by different studies (Gakis et al., 
2022; Han et al., 2023). Another possible criticism of our study regards 
oropharyngeal aspiration (o.p.a.) as the selected particle administration 
route (De Vooght et al., 2009). This bolus-type approach does not 
represent the physiological mode of exposure to airborne particles, and 
accidental particle ingestion may occur (Kunda et al., 2018). In this 
context, we did not observe short- or long-term silica accumulation in 
stomach or gut (Fig. S2, Supplementary materials). The administration 
route is known to affect pulmonary particle deposition and modulate the 
pattern of cells recruited in the lungs (Yisrael et al., 2023; Lazaridis, 
2023). Nevertheless o.p.a., which allows to instill a precise dose of 
particles in the airways of treated animals, presents additional advan
tages when compared to other administration routes, including more 
efficients particle distribution and penetration in the lungs following 
deposition, and great reproducibility among the animals (De Vooght 
et al., 2009; Lakatos et al., 2006). Inhalation experiments would 
potentially simulate exposure conditions more realistically than o.p.a. 
However, inhalation exposure presents several drawbacks such as ani
mal discomfort, potential issues with the administrated dose, and 
possible sample contamination (Pauluhn, 2005; Song et al., 2021).

An additional limitation of our study regards quantitative relation
ship between the overall crystalline silica exposure and the level of silica 
(or silicon) in urine (ATSDR, 2019). This aspect includes the event of 
external contamination during sample collection, which could ulti
mately result in data misinterpretation when monitoring urine Si 
(Durand-Moreau, 2023). Furthermore, workers from the same mining 
site can be exposed to several sources of silicon in addition to crystalline 
silica, such as different groups of silicate minerals (i.e., feldspars, clay). 
Therefore, some uncertainty in proving crystalline silica as the only 
responsible for blood/urine Si increase may exist. Interestingly, urine Si 
recently measured in urine collected from a cohort of RCS-unexposed 
individuals from China, well matches our control group (Wang et al., 
2021). This suggests that confounding factors (i.e., dietary intake and 
other environmental sources of Si) are well represented in our unex
posed population. Because of comparable geographical location, age 
distribution, and smoking habits among the unexposed and exposed 
subjects considered in this study, we assume that the increased Si levels 
(and not the overall amount) detected in the blood and urine of miners 
and porcelain workers are due to occupational silica exposure. The 
quantitative evaluation of workers’ silica external exposure levels via 
environmental monitoring approaches (external dose) would assist in 
solving these constraints, certifying the effective reliability of urine Si as 
an exposure biomarker.

International agencies have set occupational exposure limit values 
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for RCS (0.1 mg/m3 in Europe, 0.05 mg/m3 in the United States) to 
ensure workers’ protection. However, because of the intrinsic physico- 
chemical properties of crystalline silica (e.g., poor solubility), the 
abundance of Si in the environment, and the technical difficulties 
affecting the sensitivity of common analytical methods in measuring Si 
in biological matrices, no biological limit values have been recom
mended so far. Therefore, the need for reliable biomonitoring strategies 
is compelling. Our study may assist national and international regula
tory agencies in proposing innovative biomonitoring strategies and 
harmonizing exposure assessment protocols, to standardize safety pol
icies and optimize uncertainty factors (Dankovic et al., 2015). The 
comparison of Si levels in body fluids from exposed subjects with those 
of patients diagnosed with silicosis and/or other RCS-related pathol
ogies, in association with early clinical biomarkers, may potentially 
contribute in identifying individuals with higher risk of developing 
occupational diseases (Calutu et al., 2022). Our findings can be extended 
to communities exposed to other silica-based materials including 
amorphous silicas and silicate mineral dust, which may represent an 
environmental hazard for non-occupational populations.

5. Conclusions

Our study unveils novel insights into the biokinetic mechanisms 
underlining the extrapulmonary biodistribution of crystalline silica, 
following deposition in the lungs. By this process, toxic silica progres
sively removed from the lungs via early or late processes reach and ul
timately accumulate into different target extrapulmonary 
compartments, before being excreted in urine. When prolonged over 
time, this biodistribution/accumulation mechanism may lead to organ 
dysfunctions due to direct or indirect effects associated with toxic par
ticle overloading. In the context of silica exposure biomonitoring, silicon 
level in urine and/or blood represents a potential candidate to serve as 
biomarker of current and past crystalline silica exposure. Future 
research should aim to set a quantitative threshold to determine 
excessive exposure, possibly related to the onset of silica-induced local 
and systemic pathologies.
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