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REVIEW ARTICLE

Issues currently complicating the risk assessment of synthetic amorphous
silica (SAS) nanoparticles after oral exposure

Walter Branda, Petra C. E. van Kesterena, Ruud J. B. Petersb and Agnes G. Oomena

aNational Institute for Public Health and the Environment (RIVM), Bilthoven, The Netherlands; bWageningen Food Safety Research
(WFSR), Wageningen, The Netherlands

ABSTRACT
Synthetic amorphous silica (SAS) is applied in food products as food additive E 551. It consists
of constituent amorphous silicon dioxide (SiO2) nanoparticles that form aggregates and agglom-
erates. We reviewed recent oral toxicity studies with SAS. Some of those report tissue concentra-
tions of silicon (Si). The results of those studies were compared with recently determined tissue
concentrations of Si (and Si-particles) in human postmortem tissues. We noticed inconsistent
results of the various toxicity studies regarding toxicity and reported tissue concentrations,
which hamper the risk assessment of SAS. A broad range of Si concentrations is reported in con-
trol animals in toxicity studies. The Si concentrations found in human postmortem tissues fall
within this range. On the other hand, the mean concentration found in human liver is higher
than the reported concentrations causing liver effects in some animal toxicity studies after oral
exposure to SAS. Also higher liver concentrations are observed in other, negative animal studies.
Those inconsistencies could be caused by the presence of other Si-containing chemical substan-
ces or particles (which potentially also includes background SAS) and/or different sample prepar-
ation and analytical techniques that were used. Other factors which could explain the
inconsistencies in outcome between the toxicity studies are the distinct SAS used and different
dosing regimes, such as way of administration (dietary, via drinking water, oral gavage), disper-
sion of SAS and dose. More research is needed to address these issues and to perform a proper
risk assessment for SAS in food. The current review will help to progress research on the toxicity
of SAS and the associated risk assessment.
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Introduction

Synthetic Amorphous Silica (SAS) is applied in pro-
duction of food and feed products as a clearing
agent, stabilizer, carrier, anticaking agent or flow aid
(EFSA ANS Panel et al. 2018; Fruijtier-P€olloth 2016;
Villota, Hawkes, and Cochrane 1986). It is known as
food additive E 551. As an anticaking agent or flow
aid, SAS covers the surface of host powders in the
food product, thereby reducing attracting Van-der
Waals forces and/or absorbing the liquid film cover-
ing the host particles. In addition to its use as food
additive, its use in dietary supplements, medicines
and toothpaste can result in direct oral exposure
(Aureli et al. 2020). SAS has many other applications,
including in personal care products (i.e. cosmetics)

other than toothpaste, as biocidal active substance,

and in food contact materials.
SAS added to food consists of amorphous silicon

dioxide (SiO2) particles. Dependent on different pro-

duction processes, SAS exists as pyrogenic silica,

precipitated silica, silica gel and colloidal silica

(Fruijtier-P€olloth 2012). Colloidal silica is not author-

ized as food additive E 551 (EFSA ANS Panel et al.

2018; EU 2012). SAS is also allowed as animal feed

additive (EC 2020; RIKILT and JRC 2014). SAS in feed

is divided into E 551a, E 551b and E 551c, consist-

ing of precipitated silica, colloidal silica, and kiesel-

guhr (diatomaceous earth), respectively (EC 2020).
SAS should be considered as a nanomaterial

according to the EU Recommendation on the

CONTACT Walter Brand walter.brand@rivm.nl National Institute for Public Health and the Environment (RIVM), Bilthoven, The Netherlands
Supplemental data for this article can be accessed here.

� 2021 National Institute for Public Health and the Environment (RIVM). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-
nc-nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed,
or built upon in any way.

NANOTOXICOLOGY
https://doi.org/10.1080/17435390.2021.1931724

http://crossmark.crossref.org/dialog/?doi=10.1080/17435390.2021.1931724&domain=pdf&date_stamp=2021-05-27
https://doi.org/10.1080/17435390.2021.1931724
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.tandfonline.com


Definition of a Nanomaterial (Bleeker et al. 2013; EU
2011). The size of its constituent particles range
between 5 and 100 nm and the material usually
forms small aggregates and larger agglomerates
(Fruijtier-P€olloth 2012). As a result of the conditions
in the gastrointestinal tract, the SAS nanoparticles
(NPs) were shown to form larger agglomerates in
the stomach (Peters et al. 2012). These agglomer-
ates were observed to fall apart again in smaller
NPs under intestinal conditions, leading to exposure
to SAS NPs in the gastrointestinal tract (Peters et al.
2012). In principle, SAS particles could dissolve at a
higher rate in an alkaline environment (pH > 7.5)
or in the presence of certain biomolecules too, and
precipitate again under acidic conditions (Sohal et
al. 2018). However, at the physiologically relevant
pH’s and transit times of the intestinal tract, dissol-
ution is not conceived to play an important issue
(Peters et al. 2012).

Although it is sometimes assumed that aggre-
gates and agglomerates are less toxic (Fruijtier-
P€olloth 2012), aggregates of SAS were recently
shown to cause similar effects with regard to cyto-
toxicity as SAS NPs in certain in vitro assays
(Murugadoss et al. 2020). The safety of SAS has
been addressed by several reviews (Croissant et al.
2020; Fruijtier-P€olloth 2016; Murugadoss et al. 2017;
van Kesteren et al. 2015; Winkler, Suter, and
Naegeli 2016).

Until recently, the acceptable daily oral intake
(ADI) for SiO2 (and certain aluminum, calcium and
sodium silicates) in the EU was ‘not specified’, as it
was considered inert (SCF 1991). This meant that on
the basis of the available data, the total daily intake
of the substance via food did not represent a haz-
ard to health. However, in 2018, the European Food
Safety Authority (EFSA) concluded it was unable to
confirm this status. The need to derive an ADI was
indicated and additional information was requested
because of the limitations in the toxicological data-
base (EFSA ANS Panel et al. 2018).

In the past decade, we have taken several steps
in the human risk assessment of SAS ingested via
food (Figure S1 in the Supplemental Material illus-
trates this process). Our first studies demonstrated
that nanosized SiO2 is present in food products and
remains present as particles in the gastrointestinal
tract, showing the need for further toxicological
investigations taking insights on the effects of NPs

into account (Dekkers et al. 2011; Peters et al.
2012). The initial risk assessments indicated that a
health risk related to SAS in food could not be
excluded (Dekkers et al. 2013; Dekkers et al. 2011).
In 2015, we refined the risk assessment approach
by using new oral toxicity data (van der Zande et
al. 2014), kinetic information (Jacobsen et al. 2013),
and modeled internal concentrations (van Kesteren
et al. 2015). The latter allowed us to incorporate a
non-linear oral absorption rate of SAS in the risk
assessment, as an oral in vivo rat study showed a
higher oral absorption fraction for SAS at lower,
dietary relevant doses and a lower absorption at
higher doses (van der Zande et al. 2014). In add-
ition, the use of kinetic modeling allowed us to
incorporate tissue accumulation of SAS following
prolonged exposure (van Kesteren et al. 2015).
Based on the obtained internal concentrations an
improved risk assessment could be performed,
which confirmed our previous conclusion that a
health risk of SAS in food could not be excluded
(van Kesteren et al. 2015).

Yet, this conclusion includes a number of uncer-
tainties and assumptions. Part of these uncertain-
ties are related to the actual human exposure via
dietary intake and to the corresponding estimated
SAS burden of the human liver as the critical effect
organ. With new data, we try to further address
these uncertainties in the current paper. Recently,
the presence of the element Si and of Si-contain-
ing particles (interpreted as SiO2 particles), which
include aggregates and agglomerates, was deter-
mined in human postmortem tissues (Peters et al.
2020). These included liver, spleen, kidney and
intestinal tissues. In addition, also a number of
new oral toxicity studies and other (animal) studies
reporting tissue concentrations of Si were pub-
lished since our risk assessment by van Kesteren et
al. (2015). Most of these new oral toxicity studies
were not included in the re-evaluation of E 551
(EFSA ANS Panel et al. 2018), because they were
not yet published or finished too late to be taken
into account by EFSA. Recently, it has also become
more clear what issues are critical in the risk
assessment of nanomaterials (EFSA Scientific
Committee et al. 2018; EFSA Scientific Committee
et al. 2020).

In the present review, we interpreted all above
mentioned relevant new data for risk assessment of
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oral exposure to SAS. We compiled, structured and
critically assessed the available toxicity studies. We
also compared the reported tissue concentrations
of Si as observed in animal toxicity studies with the
concentrations found in humans in the same tis-
sues. Exposure to Si from other sources than SAS
are discussed to put the findings into perspective.
Furthermore, several other issues appeared to com-
plicate the risk assessment. These include back-
ground exposure to soluble Si and Si-particles,
analytical issues, the silica used, the dosing regime
and dispersion in animal toxicity studies. These
issues are discussed as well. Altogether, this manu-
script presents a comprehensive overview and
assessment on the available information on the tox-
icity of SAS and the associated risk assessment
upon oral exposure to SAS, and a way forward to
progress research in this field.

Toxicity studies

In our previous risk assessment by van Kesteren et
al. (2015), the key oral and intravenous in vivo tox-
icity studies were collected and evaluated to deter-
mine the target tissues and their critical internal
effect level, i.e. the critical organ burden, of SAS.
Those studies indicated the liver to be the main tar-
get organ. The oral in vivo rat study by van der
Zande et al. (2014), in which rats were exposed for
84 days to a commercially available food-grade,
pyrogenic SAS or to a pyrogenic SAS reference
material (NM-202) via their diet, was determined to
be the key study for risk assessment (van Kesteren
et al. 2015). As a result of exposure to NM-202, van
der Zande et al. (2014) observed mild periportal
fibrosis in the liver by histopathology, which was
supported by whole genome gene expression ana-
lysis that demonstrated induced gene expression in
a fibrosis-related gene set. However, such an effect
was not (significantly) observed for the other pyro-
genic SAS used. Those findings provided a Lowest
Observed Adverse Effect Level (LOAEL) of 1000mg/
kg bw/d (van der Zande et al. 2014). Results of
other, intravenous toxicity studies also showed indi-
cations for liver fibrosis after intravenous exposure
to SAS (Hasezaki et al. 2011; Isoda et al. 2011;
Nishimori et al. 2009a, b).

New oral toxicity studies

Since our previous work, several new oral animal
toxicity studies with SAS were published. These
have been summarized in Table 1 (Table S1 in the
Supplemental information provides a more detailed
version). Note that these studies use different SAS
(not all compliant with the specifications of food
additive E 551), focused on different endpoints and
differ in level of detail and quality, and outcome.
Aspects that might play a role and affect the differ-
ences in outcome are discussed in the discussion
section. Part of the studies (i.e. Hofmann et al.
(2015), Tarantini et al. (2015), Wolterbeek et al.
(2015), Yoshida et al. (2014), Yun et al. (2015)) were
also included in the re-evaluation of E 551 by EFSA
published in 2018. EFSA concluded there was no
indication for toxicity of SiO2 (E 551) at the reported
uses and use levels, but that there were limitations
in the toxicity data. Those limitations included the
lack of a chronic exposure study with SiO2 represen-
tative for SAS used as food additive (EFSA ANS
Panel et al. 2018). The data from the study by van
der Zande et al. (2014) was regarded by EFSA as
not sufficiently robust to conclude on the reliability
and relevance of the effects reported. The studies
listed in Table 1 were clustered in (sub)chronic
studies and subacute studies and have been sum-
marized below.

(Sub)chronic oral toxicity studies
Six new oral (sub)chronic toxicity studies were pub-
lished since our previous risk assessment in 2015.
Among those are three traditional OECD guideline
90-day oral toxicity studies applying relatively high
doses, from 167 up to 2000mg/kg bw/d. Those
studies did not report adverse effects of exposure
to SAS (Table 1), as studied amongst others by
histopathology and blood biomarkers (Y. R. Kim et
al. 2014; Liang et al. 2018; Yun et al. 2015). The
study by Y. R. Kim et al. (2014) raises some ques-
tions about the dispersion of SAS and reported
alveolar effects (see discussion below). EFSA did not
take the study into account in its re-evaluation, pos-
sibly because of those questions. Note that in the
study by Liang et al. (2018) the larger SAS micropar-
ticles (MPs) studied were not well dispersed, as they
settled during the preparation of suspensions, and
their hydrodynamic size could not be determined

NANOTOXICOLOGY 3



Table 1. Overview of recent in vivo, oral toxicity studies performed with SAS (published after June 2014), in addition to the
study by van der Zande et al. (2014).

Reference Study design SAS used

Effects
(with a focus on
liver toxicity) Remarks

Earlier (sub-chronic) key study
(van der Zande et
al. 2014)

28-day þ 84-day study
Male Wistar rats
group size: n¼ 5
Dietary exposure (daily)
mixed with standard feed

and chocolate milk,
characterized in the feed
matrix

� NM-202: 0, 100, 500,
1000mg/kg bw/d

� SAS: 0, 100, 1000,
2500mg/kg bw/d

Only the highest dose level
tested at 84 days

Studied general toxicology,
blood serum biomarkers,
histopathology,
immunotoxicity,
transcriptomics

SiO2 content determined in
liver, kidney, spleen,
brain and testis by
ICP-MS

Two pyrogenic silicas:
NM-202
Constituent particle size:

10-25 nm (as reported by
supplier)

SAS (Aerosil 380)
Constituent particle size:

7 nm (as reported
by supplier)

NM-202
Induction of mild liver

(periportal) fibrosis
(only after 84 days) at
highest dose (1000mg/
kg bw/d).
No other significant
histopathological
changes.
Induced gene
expression in fibrosis-
related gene sets.
No relevant changes in
ALP, ALT, AST and
other liver injury
associated biomarkers.

SAS
No statistically significant

adverse effects.

Different pyrogenic SAS
(including NM-202),
compliant with E 551
specifications

Three, medium-high dose
levels (only highest dose
tested for 84 days)

Dietary exposure, particle
characteristics analyzed
in feed matrix and
intestinal content

(Sub)chronic studies
(Boudard et al. 2019;
Boudard et al. 2020)

18-months non-guideline
study focusing on kidney
and liver effects

C57BL/6 and C57BL/6S mice
(differing in expression
of a-synuclein)

group size: n¼ 5-8
Drinking water exposure

(daily)
Stock solution dispersed in

tap water by sonication
according to
NANOGENOTOX protocol
(Jensen et al. 2011).

� 0, 4.8mg/kg bw/d
Studied general toxicology,

histopathology (of
kidney and liver), kidney
function

Si determined in liver and
kidney by ICP-MS

Precipitated silica: NM-200.
Analysis performed by
TEM at JRC (Rasmussen
et al. 2013)

Particle characteristics in
solution characterized by
ICP-MS techniques

Constituent particle size:
14-23 nm

Dispersion particle size
distribution showed two
peaks: 113 ± 6 nm
and 141 ± 1 nm

Triggered renal and liver
inflammation and
resulted in lesions, e.g.
vacuolization of tubular
epithelial cells,
including amyloidosis in
kidney glomeruli and in
perivascular regions in
liver. C57BL/6S mice
showed fewer lesions.

Precipitated SAS NPs (NM-
200), compliant with E
551 specifications

One, low dose level
Exposure via drinking

water, dispersed
according to
NANOGENOTOX protocol

Study focused on limited
endpoints and was
performed with one
dose level and very
limited number of
animals (n¼ 5-8/group,
with histopathology
performed on
fewer animals)

(Hu et al. 2019) 18-week non-guideline
study focusing on
endocrine effects and
blood glucose

Male ICR mice
group size: n¼ 10
Oral gavage (daily)
Dispersed by sonication

(40 kHz, 400W, 30min)
in PBS

� Pyrogenic NPs: 0, 25, 50,
100, 200mg/kg bw/d

� Other SAS: 100mg/kg
bw/d

Studied blood glucose
levels and serum
biomarkers (checked
weekly), RNA
sequencing,
immunofluorescence

Si determined in liver,
pancreas, spleen, kidney,

Two pyrogenic silicas and
two colloidal silicas
(St€ober) analyzed by TEM
and SEM

Particle characteristics in
solution characterized by
DLS

Pyrogenic NPs
Constituent particle size:

36 ± 5 nm
Hydrodynamic size:

57 ± 5 nm
Pyrogenic MPs
Constituent particle size:

228 ± 10 nm
Hydrodynamic size:

409 ± 10 nm
Colloidal NPs
Constituent particle size:

32 ± 2 nm
Hydrodynamic size:

51 ± 4 nm

Both silica NPs caused ROS
generation associated
with ER stress after
7weeks (tested at
100mg/kg bw/d): after
exposure to pyrogenic
NPs blood serum
biomarkers SOD#, GSH#
and MDA" indicating
liver ROS. Both silica
NPs affected expression
of genes associated
with ROS production
and ER stress in liver.

Different SAS, NPs and MPs,
unclear whether the
pyrogenic SAS used is
compliant with E 551
specifications; the
colloidal SAS used is not
compliant with E 551
specifications

Four, low dose levels
Oral gavage, dispersed by

sonication, particles
characterized in solution.

Study focused on limited
endpoints;
histopathology was
not performed

(continued)
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Table 1. Continued.

Reference Study design SAS used

Effects
(with a focus on
liver toxicity) Remarks

small intestine and
muscle tissue by ICP-
OES. Pyrogenic NPs at all
dose levels, the other
SAS exposed groups only
at 100mg/kg bw/d.
Presence of particles
confirmed by SEM and
EDX in tissues exposed
to pyrogenic and
colloidal NPs, not MPs.

Colloidal MPs
Constituent particle size:

213 ± 3 nm
Hydrodynamic

size: 387 ± 8 nm

(Y. R. Kim et al. 2014) 90-day study (OECD TG
408)

Femaleþmale Crl:CD(SD)
rats

group size: n¼ 10-15 per
sex

Oral gavage (daily)
Diluted in distiled water

and vortexed before
administration

� 0, 500, 1000, 2000mg/kg
bw/d

Studied general toxicology,
hematology, blood
serum biomarkers,
histopathology

No tissue
distribution determined

Two sizes of colloidal silica,
analyzed by SEM
separately (K. M. Kim et
al. 2014)

Particle characteristics in
solution analyzed by DLS
separately (K. M. Kim et
al. 2014)

SAS 20 nm
Constituent particle size:

33 ± 7 nm
Hydrodynamic size:

21.0 ± 0.1 nm
SAS 100 nm
Constituent particle size:

90 ± 13 nm
Hydrodynamic

size: 91.6 ± 0.5 nm

SAS 20 nm:
Granulomatous and

bronchio-alveolar
inflammation (at 1000
and 2000mg/kg bw/d)
in the lungs (considered
not-treatment-related by
authors). No treatment-
related clinical changes
or histopathological
effects (including liver).

SAS 100 nm:
No treatment -related

clinical changes or
histopathological effects
(including liver).

Two sizes colloidal SAS,
compliant with E 551
specifications

Three, high dose levels
Oral gavage, dispersion

questionable (no
sonication), particles
characterized in solution
(low hydrodynamic size)

Study was not taken into
account by EFSA in the
re-evaluation of E 551
in 2018.

(Liang et al. 2018) 90-day study (OECD TG
408)

Femaleþmale SD rats
group size: n¼ 10 per sex
Oral gavage (daily)
Dispersed in deionized

water by sonication
(400W, 2min (3 s on/off)
on ice)

� 0, 167, 500, 1500mg/kg
bw/d

Studied general toxicology,
hematology, blood
serum biomarkers,
histopathology

Si determined in blood,
liver, kidney and testis
by ICP-AES

Two precipitated silicas,
analyzed by TEM

Particle characteristics in
solution analyzed by DLS

NPs
Constituent particle size:

26 ± 3 nm
Hydrodynamic size:

247 ± 48 nm
MPs
Constituent particle size:

1088 ± 390 nm;
Hydrodynamic size could
not be determined
(particles settling
at bottom)

No dose-related and
relevant treatment-
related adverse effects
(including liver); lesions
in lung (focal epithelial
cell proliferation, foreign
body granulomas, and
mild alveolar septum
widening) considered
not exposure route-
related by authors.

Precipitated SAS, NPs and
MPs, unclear whether
compliant with E 551
specifications

Three medium-high dose
levels

Oral gavage, dispersed by
sonication, particles
characterized in solution
(MPs do not
disperse well)

(Yun et al. 2015) Acute study (OECD TG 420)
þ 14-day preliminary
study þ 90-day study
(OECD TG 408)

Femaleþmale SD rats
group size: n¼ 12 per sex

(90-day)
Oral gavage (daily)
Dispersed in drinking water

by supplier
� Acute: 1959mg/kg bw/d
� 14-day: 0, 490, 980,

1959mg/kg bw/d
� 90-day: 0, 245, 490,

980mg/kg bw/d
Studied general toxicology,

hematology, blood
serum biomarkers,
histopathology

Si determined in liver,
kidney, spleen, lung and
brain by ICP-MS

SAS (not further specified),
analyszd by TEM and
SEM

Particle characteristics in
solution analyzed by DLS

Constituent particle size:
12 nm

Hydrodynamic
size: 33.5 ± 7.5 nm

No dose-related and
relevant treatment-
related adverse effects
(including liver).

Unclear whether SAS used
is compliant with E 551
specifications

Three, medium-high dose
levels

Oral gavage, dispersed by
sonication, particles
characterized in solution

(continued)
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Table 1. Continued.

Reference Study design SAS used

Effects
(with a focus on
liver toxicity) Remarks

(Tassinari et al. 2020) 90-day study (OECD TG
408)

Femaleþmale SD rats
group size: 8 per sex
Oral gavage (5 d/w)
Dispersed according to

NANOGENOTOX protocol
(Jensen et al. 2011), but
in deionized water by
sonication (differences
compared)

� 0, 2, 5, 10, 20, 50mg/kg
bw/d

Studied general toxicology,
blood serum biomarkers,
histopathology,
immunotoxicity

Si determined in liver,
spleen, brain and small
intestine (duodenum) by
ICP-MS

Pyrogenic silica: NM-203.
Analysis performed by
TEM at JRC (Rasmussen
et al. 2013)

Particle characteristics in
solution analyzed by DLS

Constituent particle size:
13-45 nm

Hydrodynamic
size: 126.1 nm

Blood serum biomarkers
affected in female rats
already at 2mg/kg bw/
d: CREA#, TSH". Several
histopathological effects
in liver including
enlarged sinusoids at
10, 20 and 50mg/kg
bw/d (dose-related) in
male rats.

Pyrogenic SAS (NM-203),
compliant with E 551
specifications

Five, low dose levels
Oral gavage, dispersed

according to
NANOGENOTOX protocol

Subacute studies
(Li et al. 2018) 30-day non-guideline study

focusing on
hepatotoxicity in fructose
induced metabolic
syndrome mice.

Male Kun-Ming mice
group size: 15
Oral gavage (daily)
Dispersed in drinking water

by sonication (160W,
20 kHz, 5min)

� 0, 10mg/kg bw/d (with
or without fructose)

Studied hepatic
histopathology, serum
biomarkers (checked
weekly), RNA
sequencing, DNA
damage (Comet assay)

Si determined in liver by
ICP-AES

Silica NPs (not further
specified). Analyzed by
TEM, amorphous
structure according to
XRD.

Hydrodynamic particle size
not analyzed upon
dispersion

Constituent particle
size: 15.4 ± 1.8 nm

Resulted in liver injury
(infiltration of
inflammatory cells,
indication of fibrosis
(collagen deposition).
Increased mRNA levels
of hepatic IL-1b and
TNF-a, indications of
apoptosis). Effects were
stronger in fructose
induced metabolic
syndrome mice.

Comet assay suggests
genotoxic effect.

Unspecified SAS, unclear
whether compliant with
E 551 specifications

One, low dose level
Oral gavage, dispersed by

sonication, particles not
characterized in solution

(Buesen et al. 2014) 28-day study (OECD TG
407)

Femaleþmale Wistar rats
group size: 5 per sex
Oral gavage (daily)
Dispersed by supplier.

Further diluted in PBS þ
1 g/L BAS or DMEM þ
10% FCS

� 0, 1000mg/kg bw/d
Studied general toxicology,

hematology, blood
serum biomarkers,
histopathology

metabolome analysis
No tissue

distribution determined

Untreated and surface-
modified colloidal SAS
(Levasil 200). Analyzed
by TEM

Particle characteristics in
solution analyzed by DLS

SiO2-untreated
Constituent particle size: 5-

50 nm
Hydrodynamic size: 40 nm
SiO2-PEG
Constituent particle size: 8-

45 nm
Hydrodynamic size: 50 nm
SiO2-phosphate
Constituent particle size: 5-

50 nm
Hydrodynamic size: 40 nm
SiO2-amino
Constituent particle size: 5-

50 nm
Hydrodynamic size: 42 nm

No particle-related and
relevant treatment-
related adverse effects
(including liver).

Different colloidal SAS,
including surface
modifications, not
compliant with E 551
specifications

One, high dose level
Oral gavage, dispersed by

supplier, particles
characterized in solution

(Yoshida et al. 2014) 28-day study
Female BALB/c mice
group size: n¼ 4-12
Oral gavage (daily)

Untreated and surface
modified colloidal SAS.

Analyzed by TEM separately
(Yamashita et al. 2011),

No particle-related and
relevant treatment-
related adverse effects

Different colloidal SAS sizes,
including surface
modifications, not
compliant with E 551

(continued)
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Table 1. Continued.

Reference Study design SAS used

Effects
(with a focus on
liver toxicity) Remarks

Dispersed by sonication
(280W, 5min) and
vortexed 1min prior to
use

� 0, 2.5mg/animal/d
(�150mg/kg bw/d)

Studied general toxicology,
hematology, blood
serum biomarkers,
histopathology

No tissue
distribution determined

confirmed sizes provided
by supplier

Particle characteristics in
solution analyzed
separately (Yamashita et
al. 2011) by DLS

nSP70:
Constituent particle size:

70 nm
Hydrodynamic size: 65 nm
nSP300:
Constituent particle size:

300 nm
Hydrodynamic size: 322
nSP1000:
Constituent particle size:

1000 nm
Hydrodynamic size:

1140 nm
nSP70-C: nSP70 surface-

modified with carboxyl
groups

Hydrodynamic size: 70 nm
nSP70-N: nSP70 surface-

modified with amine
groups

Hydrodynamic size: 72 nm

(including liver). specifications
One, medium dose level
Oral gavage
Oral gavage, dispersed by

supplier, particles
characterized in solution
(low hydrodynamic size)

(Kim et al. 2017) 7-day sub-acute toxicity
with 11week follow up
(study compares oral
with topical
administration)

Femaleþmale SD rats
group size: 5 per sex
Dietary exposure (1week)
mixed with feed
� 0, 100, 1000mg/kg bw/d
Studied general toxicology,

hematology, blood
serum biomarkers,
histopathology

No tissue
distribution determined

Colloidal silica (St€ober),
analyzed by SEM
separately (Park et al.
2016)

Mixed with feed, not
characterized in the feed
matrix

Constituent particle size:
103 nm

No dose-related and
relevant treatment-
related adverse effects
(including liver).

Colloidal SAS, not
compliant with E 551
specifications

Two, medium-high dose
levels

Dietary exposure, particle
characteristics not
analyzed in feed matrix
or intestinal content.

(Cabellos et al. 2020) 5-day sub-acute toxicity
study (animals were
sacrificed 1 day or
3weeks after last
administration)

Female Swiss mice
group size: n¼ 8
Oral gavage (daily)
Dispersed by sonication

(6.21 J, 5min) in CMC-
Tween80

� 0, 100, 1000mg/kg bw/d
Studied general toxicology,

hematology, blood
serum biomarkers, comet
assay, micronucleus test,
histopathology (liver and
intestine), intestinal
inflammation

Presence of SiO2 particles
(as % of tissue coverage)
determined in small
intestine (jejunum) by
enhanced darkfield
microscopy and
hyperspectral mapping

Two methylated colloidal
silicas (St€ober) (and two
mesoporous silicas, not
described further here)

Particle characteristics in
solution analyzed by DLS

100 nm
Constituent particle size:

128 nm
Hydrodynamic size:

182 ± 16 nm
300 nm
Constituent particle size:

301 nm
Hydrodynamic

size: 322 ± 15 nm

No dose-related and
relevant treatment-
related adverse effects
(including liver).

Colloidal SAS, not
compliant with E 551
specifications

Two, medium-high dose
levels

Oral gavage, dispersed by
sonication, particles
characterized in solution

(continued)
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(Table 1). It is not clear whether the SAS used by
Liang et al. (2018) and Yun et al. (2015) is compliant
with the E 551 specifications.

Three recent studies using relatively low dose
levels (from 2 up to 200mg/kg bw/d), however, did
report effects, including effects on the liver
(Boudard et al. 2019; Hu et al. 2019; Tassinari et al.
2020). The study by Boudard et al. (2019) demon-
strated that chronic exposure (18months) of mice
to 4.8mg/kg bw/d precipitated SAS (NM-200) via
the drinking water triggered renal and liver inflam-
mation accompanied by amyloidosis in kidney glo-
meruli and in perivascular regions. However, the
study was performed with only one dose level, a
limited number of animals and focused on a limited
number of endpoints, i.e. on liver and kidney
(Boudard et al. 2019; Boudard et al. 2020). A sub-
chronic study using relatively low dose levels was
performed by Hu et al. (2019), in which mice were
treated for 18weeks with different doses pyrogenic
or colloidal silica particles (both NPs and MPs)
focusing on endocrine effects and blood glucose
levels. Exposure to 100mg/kg bw/d (the only tested
dose) of pyrogenic NPs resulted in lowered super-
oxide dismutase (SOD) and glutathione (GSH) levels
and increased malonyl dialdehyde (MDA) levels
after 7weeks in serum and in the liver, indicating
reactive oxygen species (ROS) generation in the
liver. In addition, exposure to both pyrogenic or col-
loidal SAS NPs affected the expression of genes

associated with ROS production and endoplasmatic
reticulum (ER) stress in the liver (as detected by
RNA sequencing). Those effects were not seen as a
result of exposure to silica MPs (Hu et al. 2019).
Unfortunately, histopathology was not performed in
this study by Hu et al. (2019). Tassinari et al. (2020)
performed an OECD guideline 90-day toxicity study
with low doses of pyrogenic SAS (NM-203) and
demonstrated several histopathological effects in
male rats’ liver including dose-related enlarged
sinusoids at 10, 20 and 50mg/kg bw/d. Therefore,
the authors derived a NOAEL of 5mg/kg bw/d for
male rats (Tassinari et al. 2020). Remarkedly, this
effect was not shown in female rats. In female rats,
however, decreased creatinine (CREA) and increased
thyroid-stimulating hormone (TSH) levels led the
authors to derive a LOAEL for female rats of 2mg/
kg bw/d (Tassinari et al. 2020).

(Sub)acute oral toxicity studies
Recently also several (sub)acute toxicity studies with
SAS were published (Table 1). Note that also the
studies by van der Zande et al. (2014) and Yun et
al. (2015), which are listed under the (sub)chronic
studies, ran a 28-day and 14-day rat study, respect-
ively. No effects were found in these two studies.
Two 28-day studies in rats or mice focusing on sur-
face-modified colloidal silica particles did not report
any particle-related and relevant treatment-related
adverse effects either (Buesen et al. 2014; Yoshida

Table 1. Continued.

Reference Study design SAS used

Effects
(with a focus on
liver toxicity) Remarks

(Hassankhani et al. 2015) 5-day sub-acute toxicity
study

Male Wistar mice
group size: n¼ 4
Oral gavage (daily)
Dispersed in deionized

water by sonication (15-
20min).

� 0, 333mg/kg bw/d
Studied general toxicology,

blood serum biomarkers,
histopathology,

No tissue
distribution determined

SAS (not further specified).
Analyzed by SEM
according to supplier

Particle characteristics in
solution not analyzed

Constituent particle size:
10-15 nm

Among the effects in
blood serum
biomarkers: ALT" and
AST" indicating liver
injury. Histopathological
alterations in kidney,
lung, testis and liver
(hepatocyte swelling
and cellular necrosis)
were reported.

The lung lesions include
congestion, interstitial
pneumonia, thickness of
the alveolar, infiltration
of the inflammatory
exudates in the alveoli,
and bronchopneumonia.

Unclear whether SAS used
is compliant with E 551
specifications

One, medium dose level
Oral gavage, dispersion by

sonication, particles not
characterized in solution

Study was performed with
very limited number of
animals (n¼ 4/group)

Studies were clustered in (sub)chronic studies and subacute studies, and are placed in order of descending study length per cluster. More details and
the reproduction and developmental toxicity studies, and genotoxicity studies can be found in the Supplementary information (Table S1). Studies on
(meso)porous SAS are excluded. Colors in the effects column indicate relevant positive effects in histopathology studies (RED), relevant positive effects in
biomarkers/gene expression (YELLOW), or negative effects (GREEN).
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et al. 2014). Also two shorter studies, including a 7-
day study with an 11-week follow-up upon adminis-
tering 100 or 1000mg/kg bw/d colloidal silica par-
ticles via feed to rats (Kim et al. 2017), and a 5-day
study up administering 100 or 1000mg/kg bw/d of
two sizes of colloidal silica to mice (Cabellos et al.
2020), were negative.

In contrast, Li et al. (2018) studied the effects of
30-day exposure of silica NPs in male Kun-Ming
mice, some co-exposed to fructose in order to
induce metabolic syndrome. Only a dose level of
10mg/kg bw/d silica NPs (physicochemical proper-
ties not specified) was tested. As a result liver injury
was reported (infiltration of inflammatory cells, indi-
cations of fibrosis, increased mRNA levels of hepatic
IL-1b and TNF-a, and indications of apoptosis).
Those effects were stronger in mice with fructose-
induced metabolic syndrome (Li et al. 2018). Also
histopathological effects in the liver have been
reported after 5 days of oral exposure to 333mg/kg
bw/d (unspecified) SAS (Hassankhani et al. 2015).
The particularly study was performed with only one
dose level (of minimally characterized material) and
a very limited number of animals, and therefore not
considered reliable for risk assessment.

Other studies
In addition to (sub)chronic and (sub)acute oral tox-
icity studies, some other repeated-dose studies
were published since our previous work (See Table
S1 in the Supplementary information). Those
included OECD guideline studies for reproduction
toxicity (Wolterbeek et al. 2015) and developmental
toxicity (Hofmann et al. 2015) with precipitated SAS
(NM-200). The studies reported no dose-related and
relevant treatment-related adverse effects up to a
dose of 1000mg/kg bw/d. Genotoxicity in vivo stud-
ies with low doses (up to 20mg/kg bw/d) precipi-
tated (NM-200, NM-201) or pyrogenic SAS (NM-203,
NM-203) reference materials (Tarantini et al. 2015),
or higher doses of colloidal SAS (Cabellos et al.
2020), were negative as well.

Remarkable effects on lung
As mentioned above, the sub-chronic study by Y. R.
Kim et al. (2014) reported alveolar effects. They
observed granulomatous and bronchio-alveolar
inflammation in the lungs, after 90 days of exposure
to a dose of 1000 or 2000mg/kg bw/d of 20 nm

colloidal silica given by oral gavage. Systemic
exposure of nanoparticles, also resulting from oral
exposure, could lead to distribution to the lungs
and cause adverse effects (Landsiedel et al. 2012).
The possibility of treatment-related adverse effects
in the lung is supported by findings of Xie et al.
(2010), who showed prolonged retention of radio-
labeled SiO2 in the lung (and liver and spleen) after
a single intravenous injection of 10mg/kg bw of
20 nm and 80 nm sized particles (Xie et al. 2010).
On the other hand, especially in extended
repeated-dose studies, the possibility that silica
might get into the respiratory tract as a result of
the gavage administration (i.e. by gavage-related
reflux or technical gavage errors) causing adverse
effects, should be taken into account (Damsch et
al. 2011).

According to the authors, the alveolar effects
reported by Y. R. Kim et al. (2014) were not treat-
ment-related as the number of animals in which
they occurred was too little. The lesions were
observed in only one out of five 1000mg/kg bw/d
and in three out of five 2000mg/kg bw/d dosed
male animals while no effects were seen in female
animals, and the lesions were minimal to mild in
severity. However, a treatment-related effect cannot
just be excluded as such effects usually not appear
spontaneously, but also gavage-related reflux or
gavage errors should have been considered as a
cause. Remarkably, the effects were not seen in the
animals exposed to 100 nm colloidal silica (Y. R. Kim
et al. 2014). Interestingly, also other studies report
similar lung lesions. Liang et al. (2018) reported
lesions in the lung (focal epithelial cell proliferation,
foreign body granulomas, and mild alveolar septum
widening) after 90 days of exposure to precipitated
SAS (both NPs and MPs, at all dose levels starting
at 167mg/kg bw/d) given by oral gavage, which
was considered not exposure route-related accord-
ing to the authors. They indeed speculated that sil-
ica might have entered the lungs via the gavage
administration (Liang et al. 2018). Also the study by
Hassankhani et al. (2015), which is not considered
reliable for risk assessment, reported lung lesions
(congestion, interstitial pneumonia, thickness of the
alveolar, infiltration of the inflammatory exudates in
the alveoli, and bronchopneumonia) after 5 days of
exposure to 333mg/kg bw/d SAS given by
oral gavage.
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Lung effects have not been investigated in most
oral toxicity studies. Though the reported effects on
the lung after oral exposure by three studies are
remarkable, this review further focusses on liver
effects, as the liver is considered the critical target
organ and more relevant with regard to oral expos-
ure to the low, dietary dose levels of SAS.

Altogether, there are several recent toxicity stud-
ies, including six (sub)chronic studies, testing the
effects upon oral exposure to SAS. These studies
differ both in set-up, including quality, and out-
come (Table 1). Aspects that might play a role and
affect the differences in outcome are discussed in
the discussion section.

Presence of Si in animal tissues

van der Zande et al. (2014) reported concentrations
of SiO2 in rat liver, spleen, kidney, brain and testis
after 28-day exposure to different dose levels of
two pyrogenic silicas (NM-202 and Aerosil 380), and
after 84-day exposure to the highest dose level.
Apart from the study by Y. R. Kim et al. (2014), all
new (sub)chronic animal toxicity studies reported
tissue concentrations (of silicon (Si), i.e. total-Si)
after oral exposure to silica (Boudard et al. 2019; Hu
et al. 2019; Liang et al. 2018; Tassinari et al. 2020;
Yun et al. 2015). The six (sub)chronic animal studies
reporting tissue concentrations were already
described in the toxicity study section above
(including in Table 1). Table 2 presents an overview
of the reported tissue concentrations in liver and
spleen reported by those studies. For comparison
also the tissue concentration (total-Si) determined
in human postmortem tissues from the study by
Peters et al. (2020) is included in Table 2 (in the
final row below the animal tissue measurements).
Tissue concentrations in kidney and intestinal tissue
reported by those studies can be found in Table S2
of the Supplementary information. Reported tissue
concentrations after short sub-acute or single-dose
studies (Jacobsen et al. 2013; Lee et al. 2014) were
not taken into account, as steady state tissue con-
centrations as a result of (sub)chronic exposure
ought to better represent the human levels, as
determined by Peters et al. (2020), after life-long
exposure (van Kesteren et al. 2015).

In general, inorganic nanomaterials are detected
by their elemental composition via inductively

coupled plasma mass spectrometry (ICP-MS), or
related similar techniques. ICP-MS offers the detec-
tion power needed for measuring even low
amounts of particles via the concentration of their
characteristic chemical elements (Aureli et al. 2020).
It can also be used to directly detect particles and
analyze their chemical composition when used in
single particle mode (sp-ICP-MS) (Peters et al. 2015)
or coupled with asymmetric flow field fractionation
(Aureli et al. 2015). Usually total-Si is quantified in
tissues as a measure for the concentration of SiO2.

Boudard et al. (2019) determined Si concentra-
tions in mice liver and kidney by ICP-MS after
18months exposure to one dose level (4.8mg/kg
bw/d) of precipitated SAS (NM-200) particles via
drinking water. Hu et al. (2019) determined Si con-
centrations in mice liver, spleen, kidney and small
intestine (and in pancreas and muscle tissue) using
ICP-OES after 18-weeks exposure to different dose
levels of pyrogenic silica NPs, or one dose level
(100mg/kg bw/d) of pyrogenic MPs, colloidal silica
NPs or pyrogenic silica MPs, via oral gavage.
Tassinari et al. (2020) determined Si concentrations
in rat liver, spleen and small intestine (and brain) by
ICP-MS after 90-day exposure to different, low dose
levels of pyrogenic silica NPs (NM-203) after oral
gavage. Yun et al. (2015) determined Si concentra-
tions in rat liver, spleen and kidney (and brain)
using ICP-MS after 90-day exposure to three,
medium-high dose levels of unspecified SAS NPs
via oral exposure. Although not reported, the SAS
used is likely colloidal, as it has been dispersed
already by the supplier. Finally, Liang et al. (2018)
determined Si concentrations in rat liver and kidney
(and blood and testis) by ICP-AES after 90-day
exposure to three, medium-high dose levels of pre-
cipitated SAS NPs or MPs (Table 2).

Compared to the reported control values, only a
few significantly increased tissue concentrations
were reported as a result of (sub)chronic exposure
to SAS (Table 2). Looking at the reported levels
within individual studies that tested more than one
dose level, some studies do not report significantly
increased tissue concentrations with increased
administered doses (Liang et al. 2018; Yun et al.
2015). In case of the 1088 nm precipitated SAS MPs
tested by Liang et al. (2018), this could be
expected, as these particles did not disperse prop-
erly in the solution as noted by the authors. Note
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that Liang et al. (2018) even reported significantly
decreased Si-concentrations in the liver of female
rats. In two other studies, in which a significant
increase in tissue concentration with administration of
SAS is observed, this does not seem to increase dose-
dependently (Tassinari et al. 2020; van der Zande et al.
2014). An exception is the study by Hu et al. (2019)
that reports a clear dose-responsive increase as a result
of exposure to pyrogenic SAS NPs. It can therefore be
concluded that the relationship between external dose
and internal tissue concentration is not straightforward.
It should be noted that in the study by van der Zande
et al. (2014), for example, the reported total-Si levels in
spleen in control animals vary between <75 and
�175mg/kg (Table 2(B)), and that this variation is
mostly larger than between the reported values after
exposure to SAS and the respective controls. In add-
ition, the LOD in the study by van der Zande et al.
(2014) can be too high to distinguish increased organ
concentrations from the background. Altogether, the
present evidence for a real increase of total-Si in
organs in animal studies is limited.

Measuring total-Si by ICP-MS is challenging
because of contamination due to the ubiquitous
presence of Si in reagents and of silica in labware
and analytical equipment (Aureli et al. 2020; Peters
et al. 2020). Also, a substantial endogenous back-
ground exists as Si naturally-occurs in biological tis-
sues. It has also to be noted that for total-Si silica
measurements particles need to be converted into
soluble Si and, when ICP-MS detection is opted for,
there are severe spectral interferences affecting the
accuracy of analytical determinations unless specific
methodologies are used to deal with them. Quality
control is also limited due to the lack of reference
materials with a biological matrix (Aureli et al.
2020). These factors need to be taken into account
as they affect the quantification of Si and the inter-
pretation of the results. The studies by van der
Zande et al. (2014), Boudard et al. (2019), and
Tassinari et al. (2020) address at least some of these
issues, although the LOD of the analytical method
by van der Zande et al. (2014) is too high. The pro-
cedures used by Hu et al. (2019) Liang et al. (2018)
and Yun et al. (2015) have been reported much
more briefly, and their description does not address
these issues. This uncertainty should be considered
in the interpretation of data of these studies.

Background Total-Si in animals

Across all studies reporting tissue concentrations in
Table 2, a wide range of Si concentrations is
reported, even in the control tissues. For example,
the apparent background levels reported (i.e. con-
centrations in the tissues of the experimentally
unexposed control animals) in liver varied from
�0.1mg Si/kg up to �95mg SiO2/kg (the latter cor-
responding with �44mg Si/kg) (Table 2(A)). In
spleen, a range of apparent background levels from
�1.4mg Si/kg up to �175mg SiO2/kg (the latter
corresponding with �81mg Si/kg) were reported
(Table 2(B)). As in the control animals those levels
cannot result from the administered dose of SAS,
these must already be present as background, e.g.
as a result from the presence of Si containing
chemical substances (including Si-particles such as
SAS) in feed or drinking water, or be the result of
contamination due to experimental procedures of
analytical equipment.

Si could originate from the biological back-
ground in feed or drinking water, but because SAS
is also allowed as feed additive, i.e. E 551a, E 551b
and E 551c (EC 2020; Reeves 1997; RIKILT and JRC
2014), the total-Si detected in animal studies may
also (partly) consist of added SiO2 particles. Total-Si
analysis cannot differentiate between Si containing
chemical substances (including Si-particles such as
SAS). Aureli et al. (2020) studied the Si content in 5
different, commercially available pelleted standard
rodent feeds, and found a 10-fold difference.
According to the authors, the Si consists of natur-
ally occurring soluble Si, i.e. orthosilicic acid and
associated Si-containing species with high bioavail-
ability, and some polymeric or phytolithic silica in
vegetable food (thought to be hydrolyzed to ortho-
silicic acid in the gastro-intestinal tract) (Aureli et al.
2020). The presence of particulate Si has not been
studied, or speculated upon by the authors. In add-
ition, silicon (as orthosilicic acid and associated Si-
containing species) can be regarded as a bio-elem-
ent involved in bone formation (Chappell,
Jugdaohsingh, and Powell 2020).

Because the detection of total-Si is challenging,
as mentioned above, also experimental procedures
related to the analysis have been pointed out as a
source of Si in measurements (Aureli et al. 2020).
Therefore, it is expected that differences in both
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experimental procedures including sample prepar-
ation and analytical techniques are also a likely
cause of the differences in the reported Si back-
ground levels in Table 2. Especially the high total-Si
concentrations in tissues of control animals
reported (i.e. by van der Zande et al. (2014), and to
a lesser extent by Hu et al. (2019) and Liang et al.
(2018)), seem implausible as background compared
to physiologically total-Si concentrations in rats
(Jugdaohsingh et al. 2015). This indicates the suit-
ability of the experimental procedures and/or ana-
lytical method used by such studies to determine
background concentrations and somewhat
increased tissue concentrations due to exposure to
SAS is limited.

Measurements in human tissues

Information about human tissue concentrations of
Si is limited, and only one, recent study quantitively
reported particulate concentrations (Peters et al.
2020). Peters et al. (2020) examined the Si concen-
tration in organs known for distribution/accumula-
tion of NPs, i.e. the liver, spleen, kidney and two
sections of intestinal tissue by (single particle)
Inductively Coupled Plasma High Resolution Mass
Spectrometry (sp-ICP-HRMS) techniques. These find-
ings were substantiated with a few EM-energy dis-
persive X-ray spectroscopy (EDX) images. The
postmortem tissues were obtained from 15 individ-
uals (8 females and 7 males, age 64–98 years)
whose bodies were donated to the Department of
Anatomy of the University Medical Center Utrecht
for educational and research purposes (Peters et al.
2020). Total-Si concentrations of 3.2–26mg/kg liver,
3.0–47mg/kg spleen, 4.4–21mg/kg kidney and
2.7–191mg/kg small intestinal tissue were demon-
strated (Table 3). Although the intestinal tissues
were rinsed with Milli-Q water, in cannot be
excluded that a (limited) part of the total-Si deter-
mined present at the lumen side of the intestinal
tissues, i.e. entrapped in the crypts of Lieberkuhn
and/or around the intestinal villi.

As with the quantification of the presence of Si
in animal tissues mentioned above, measuring
total-Si is troubled because of potential contamin-
ation of other sources of Si, i.e. from reagents, lab-
ware and analytical equipment. For the
determinations by Peters et al. (2020), all materials

that have been in contact with the organs, includ-
ing scalpels and knives, and materials and utensils
to process and homogenize the organs the total-Si
concentrations in these materials, or released by
these materials, were determined to determine
potential sample contamination. The sum of the
blank contributions of each of the materials was
equal to or lower than the limit of detection (LOD).
Also the contribution by formaldehyde used to fix
the body tissues, a known source of Si contamin-
ation, was determined. Formaldehyde contributed
to the total-Si concentration about 2 times the LOD,
and the total-Si values reported by Peters et al.
(2020) were corrected for this contribution.

As can be seen in Table 3, only about 10% of the
total-Si concentrations in the study by Peters et al.
(2020) can be explained by the measured concen-
trations of Si-particles (Table 3). This can be
explained by three reasons. First, non-particulate Si
(e.g. orthosilicic acid) could be present (Aureli et al.
2020; Powell et al. 1996). Second, the presence of
micro-sized SiO2 particles or other Si-containing par-
ticles, i.e. aggregates/agglomerates, which were not
analyzed with the approach used because the par-
ticle size detection range was between 100 nm and
about 1000 nm (Peters et al. 2020). Third, any
smaller SiO2 or other Si-containing particles
<100 nm being missed. However, although these
might be high in number, they could be contribu-
ting little to the total particulate Si mass and
concentration.

Another study by Locci et al. (2019) detected the
presence of Si-particles in human liver and kidney,
but in a qualitative manner. In that study, size,
shape and elemental composition of particles was
determined in postmortem liver and kidney from 35
subjects from Sardinia, Italy (Locci et al. 2019).
Quantitative determinations of particles, e.g. num-
ber or mass per kg tissue, were not performed.
Instead, the number of particles in a defined area
of a field-emission scanning electron microscopy
(FESEM) sample, as prepared from a slice of 5 g tis-
sue sample, was determined. The elemental com-
position of the particles was determined by EDX.
No major differences in the determined number of
particles, size and morphology between liver and
kidney were observed. In addition, no relationship
between gender, age and detected particles was
observed either. The presence of particles was
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reported, as aggregates or agglomerates, ranging
between 50 nm and 100 mm and often consisting of
multiple associations of elements. Si comprised
about 61% of the elemental composition over all
particles determined (note that the element oxygen
(O) was not included in the determination).
However, as the study was directed at larger par-
ticles, the potential presence of silica NPs smaller
than 50 nm is missed. Interestingly, there was a
large number of different Si aggregates/agglomer-
ates comprising of different elements, such as AlSi,
FeAlSi, FeSi, SiAlAs, SiAlFeHgTi, SiAlFeTi, SiAlSFe,
SiAlPbS, SiFeAl, SiGeAl, SSiAl, and SiAlTi (Locci et
al. 2019).

Sources of human Si exposure

It is still uncertain what the main origin of the Si in
human tissues is. Oral exposure is assumed to be
the major route of exposure to both total-Si and
SiO2 particles in the non-occupational setting.
Though it may be high in certain occupational set-
tings (including agriculture), air usually contains
only a very limited amount of Si containing miner-
als such as silica or silicates (Bhagia 2012). Though
highly variable, the concentration of silica (quartz)
in air (indoor and outdoor) for instance was esti-
mated to be up to 15.8 mg/m3 (Davis et al. 1984;
USEPA 1996), equivalent to an exposure of 4.6 mg/
kg bw/d via inhalation. There is no or negligible
dermal uptake of SiO2 (Ryu et al. 2014).

Deliberate oral exposure to Si and SAS can occur
via food, food supplements and medicinal products,
whereas soil and dust may be ingested unintention-
ally. Default values for the average daily soil inges-
tion via hand-to-mouth contact are 50mg/d for

adults and 100mg/d for children (1–7 years of age)
(Lijzen et al. 2001; Otte et al. 2001). As sand consists
almost fully of silica (quartz), the intake from hand-
to-mouth contact can be up to about 0.7mg SiO2/
kg bw/d for adults and 10mg SiO2/kg bw/d for chil-
dren. Deliberate oral exposure via soil is generally
considered to be rare, but could considerably con-
tribute to the exposure of young children ingesting
soil at a certain age (pica behavior). Since the silica
in soil consists mainly of larger particles with low
solubility, the absorption of soil is considered a lim-
ited source of Si in human tissues. The deliberate
oral exposure via food, supplements and medicinal
products consists of added Si-particles such as SAS,
or naturally present other Si-containing chem-
ical substances.

The presence of (aggregated) nano-sized SiO2

particles in commercially available food products or
dietary supplements has been demonstrated in vari-
ous studies (Athinarayanan et al. 2015; Contado et
al. 2016; Contado, Ravani, and Passarella 2013; Lim
et al. 2015). Dekkers et al. (2011) measured concen-
trations of SiO2 particles in food products, and esti-
mated the average-to-worst-case daily dietary
intake to be 9.4mg SAS/kg bw/d for adults. This
value is in line with the dietary exposure to E 551
for six different age groups as estimated by EFSA.
They reported a mean dietary intake ranging from
0.7 to 18.4mg SiO2/kg bw/d, with a 95th percentile
ranging from 1.7 to 49.7mg SiO2/kg bw/d, based
on the lowest minimum and highest maximum val-
ues from these six age groups) (EFSA ANS Panel et
al. 2018).

In biological samples, including food, often total-
Si is measured rather than SiO2 particles. Part of the
detected Si in food could result from other sources

Table 3. Concentrations of total silicon (Total-Si) and silicon particles (Si-particles) in postmortem human tissues
(both measured as mg Si/kg) as reported by Peters et al. (2020).

Liver (n¼ 15) Spleen (n¼ 15) Kidney (n¼ 15)

Small intestine (n¼ 12)

Jejunum Ileum

Total-Si (mg Si/kg)
non-detects (n) 3 2 3 1 3
range (min-max) 3.2–26 3.0–47 4.4–21 2.7–23 5.2–191
Median 5.8 9.5 7.7 6.8 7.6
mean (±SD) 7.8 (±7.7) 12 (±12) 8.2 (±6.1) 8.9 (±6.4) 23 (±53)

Si-particles (mg Si/kg)
non-detects (n) 3 3 2 3 3
range (min-max) 0.3–2.2 0.4–6.5 0.3–4.1 0.2–2.2 0.3–25
Median 0.4 1.0 0.4 0.7 0.6
mean (±SD) 0.6 (±0.6) 1.3 (±1.6) 0.9 (±1.1) 0.7 (±0.7) 2.6 (±7.1)

The non-detects (n < LOD) were included in the calculation of median, mean and SD and were set at half of the limit of detection
(LOD). SD: Standard Deviation.
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than added E 551. Si can be also present in food
originating from other additives such as silicate par-
ticles (e.g. E 552). And Si can also be naturally pre-
sent in food in the form of orthosilicic acid, SiO2

(quartz or diatomaceous earth, also called kiesel-
guhr), and silicates. Higher levels of naturally pre-
sent Si are found in plant-based foods compared to
foods of animal origin (Sadowska and �Swiderski
2020). Major sources of naturally present Si in the
diet are cereals, such as barley, oats, wheat, and
rice, which contain up to 425mg Si/100 g
(Jugdaohsingh et al. 2002; Pennington 1991; Powell
et al. 2005; Prescha, Zabłocka-Słowi�nska, and
Grajeta 2019; Robberecht et al. 2008). Fruits and
vegetables vary in Si content, with higher amount
in green beans (raw up to 44mg Si/100 g), bananas
(4.8–6.2mg Si/100 g) and raisins (10–14mg Si/100 g)
(Jugdaohsingh et al. 2002; Pennington 1991; Powell
et al. 2005; Prescha, Zabłocka-Słowi�nska, and
Grajeta 2019; Robberecht et al. 2008). Also alcoholic
beverages, especially beer, contribute with a consid-
erable Si content (1–6mg/100ml) (Jugdaohsingh et
al. 2002; Pennington 1991; Powell et al. 2005;
Prescha, Zabłocka-Słowi�nska, and Grajeta 2019;
Robberecht et al. 2008). Drinking water
(0.02–1.5mg/100ml) may also be an important
source of Si (i.e. as orthosilicic acid), because of its
daily consumption and wide spread use in other
dietary products. Overall, cereals seem to be the
major source of naturally present Si intake via food,
followed by vegetables, (dried) fruits, beverages
and nuts (Sadowska and �Swiderski 2020).

Altogether, the Si intake may originate from both
naturally present Si and SiO2 particles, as well as Si-
containing particles added to products, including
SAS (E 551) and silicates (such as E 552). It is
unknown to what extent these sources contribute
to the total-Si detected in human tissues. The ana-
lysis of total-Si cannot distinguish between natural
or added Si, and for most Si-containing food prod-
ucts, the Si characteristics such as its form (soluble
or particulate) and the particle size are not ana-
lyzed. In addition it should be noted that the Si-
containing chemical substances potentially differ
with regard to their kinetics leading to differences
in absorption, distribution and subsequently in the
contribution to the Si detected in specific organs.

Roughly estimated, the exposure of Si-containing
chemical substances via the diet will be one order

of magnitude higher than the exposure via soil,
based on an ingestion of 0.7mg SiO2/kg bw/d for
soil for adults. Hence, food is considered the major
source of Si-particles in human tissues. The aver-
age-to-worst-case dietary intake estimate of 9.4mg
SAS/kg bw/d will result in a daily intake of 562mg
SAS in a 60 kg individual. This is more or less in the
same order of magnitude as the daily intake of nat-
urally present Si, based on the content reported for
the food products above, and plausible daily intake
of such products.

Although only 10% of the total-Si concentrations
in human tissue can be explained by the measured
concentrations of Si-particles, it is likely that the
detection excluded larger aggregates/agglomerates
and is therefore an underestimation (Peters et al.
2020). Overall, taken into account the estimated
dietary intake values of SAS, and the assumption
that a large part of the Si measured in human tis-
sue are particles, it is plausible that at least a con-
siderable part of the Si-particles present in human
tissues originates from the consumption of food,
toothpaste and/or medicines to which SAS is added

Comparing Si concentrations in human and
animal tissues and the relation between Si
concentrations and effects

A comparison between the reported tissue concen-
trations in animal studies and the Si concentrations
detected in human postmortem studies was per-
formed. Aspects that might play a role and affect
the differences in outcome between the animal
studies are discussed in the discussion section. In
case the reported Si concentrations in animal tis-
sues are accompanied by adverse effects, these are
mentioned, although these cannot be directly trans-
lated to the human situation. It should also be kept
in mind that it remains unknown to which extent
the total-Si concentrations detected in the human
postmortem tissues originate from SAS. The appar-
ent total-Si background in control animals of tox-
icity studies should also be present in the SAS-
exposed animals. However, sample preparation and
analytical techniques could also have contributed to
the apparent total-Si background detected. This
contributes to the uncertainty in the internal con-
centration resulting from exposure, and the toxico-
logical effects that can be regarded as a result. This
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should be kept in mind when comparing total-Si
concentrations in tissues between different studies
and the relationship between these concentrations
and effects.

Liver

The total-Si concentrations detected in human liver
(3.2–26mg Si/kg) fall within the range of reported
apparent background values (0.1–44mg Si/kg)
detected in the animal studies (Table 2(A), Figure
1). It cannot be excluded that the higher back-
ground levels in the animal studies, e.g. by Hu et al.
(2019) and van der Zande et al. (2014), could be
the result of the presence of Si or SiO2 in the ani-
mal feed, however, by both experimental proce-
dures and analytical techniques can also be a
cause. At least Tassinari et al. (2020) used a diet
with a relatively low silica content in order to
reduce the background level, apparently with

success, as the reported background level in tissues
was very limited (Table 2).

The mean total-Si level detected in human liver
(7.8mg/kg) is similar to the reported significantly
increased level of �3.2mg/kg in female rats accom-
panied by congestion of sinusoids (Tassinari et al.
2020). It should be noted that the dose-related
enlarged sinusoids in male rats found by Tassinari
et al. (2020) were not accompanied by significantly
increased Si concentrations in the liver. The mean
total-Si level detected in human liver is also similar
to the �8mg/kg liver in mice which was accompa-
nied by inflammation accompanied by amyloidosis
in perivascular regions in liver (Boudard et al. 2019;
Boudard et al. 2020). These liver concentrations
where found in animals after a (sub)chronic expos-
ure to only about 5mg/kg bw/d of specific, SAS
particles (pyrogenic and precipitated NPs, respect-
ively), which are compliant with E 551 specifica-
tions. Note that a dose of 5mg/kg bw/d is a very

Figure 1. Concentration ranges of total-Si in liver and spleen as found in control animals from different toxicity studies (‘liver
background’), in exposed animals from different toxicity studies differentiated in positive (‘adverse effect’) and negative effect lev-
els (‘no effect’), or in human postmortem tissues (‘human background’) based on information listed in Table 2(A,B). Note that tis-
sue concentrations reported by van der Zande et al. (2014) have been converted from SiO2 to Si, and in case values were< LOD
this has been indicate by an open bullet or square.
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realistic daily intake level, as it is a factor 2 lower
than the estimated average-to-worst-case daily diet-
ary intake of 9.4mg SAS/kg bw/d for adults
(Dekkers et al. 2011).

In two other studies effects are only seen at
internal concentrations that are much higher than
the Si concentrations detected in human livers: Hu
et al. (2019) and van der Zande et al. (2014). Hu et
al. (2019) demonstrated significantly increased liver
concentrations up to �115–125mg/kg after expos-
ure to 100mg/kg bw/d pyrogenic or colloidal SiO2

NPs (but not by SiO2 MPs). These increased concen-
trations were associated with serum and liver bio-
markers or gene expression changes related to ROS
generation associated with ER stress. Hu et al.
(2019) did not investigate histopathology in liver.
Van der Zande et al. (2014) found an induction of
fibrosis in the liver after 84 days of dietary exposure
to 1000mg/kg bw/d specific pyrogenic SiO2 NPs
(NM-202), but SiO2 liver concentrations were below
the LOD (<75mg SiO2/kg). In the 28-day study by
van der Zande et al. (2014), however, significantly
increased liver concentrations of �220 and
�235mg SiO2/kg were reported after exposure to
100 and 500mg/kg bw/d pyrogenic SiO2 NPs,
respectively, but not after exposure to 1000mg/kg
bw/d (van der Zande et al. 2014). Therefore, no
consistent view can be derived from the multiple
studies on whether adverse liver effects are induced
by SAS, or at which external dose level or internal
concentration liver effects are induced.

Spleen

The total-Si concentrations detected in human
spleen (3.0–47mg Si/kg) also fall within the range
of reported apparent background values (1.4–81mg
Si/kg) detected in control animals (Table 2(B),
Figure 1). The significantly increased concentrations
of �2.9mg Si/kg spleen found by Tassinari et al.
(2020) in female rats after 90-day exposure to the
highest dose of 50mg/kg bw/d pyrogenic SiO2 NPs
was not accompanied with any histopathological
changes in the spleen. At other, lower doses in
both females and males, histomorphological
changes (changes in red/white pulp ratio) were
noted, without significantly increased Si concentra-
tions in spleen (and therefore indicated as negative
in Table 2(B)). The lack of a clear trend led the

authors to postulate there can be an inhomogen-
eous distribution of SAS in spleen, leading to local
adverse effects not matching the Si concentration
(Tassinari et al. 2020). Dose-dependent, significantly
increased spleen concentrations from �30mg/kg
up to �170mg/kg were detected by Hu et al.
(2019) as a result of 18months exposure to 25mg/
kg bw/d up to 200mg kw/bw/d pyrogenic SiO2

NPs. In that study no histopathology was per-
formed, and no spleen specific biomarkers were
studied. Van der Zande et al. (2014) only reported a
significantly increased concentrations of 284mg
SiO2/kg (corresponding with �131mg Si/kg) in
spleen after 84-day dietary exposure to 2500mg/kg
bw/d pyrogenic SAS (Aerosil 380). However, no
histopathological differences between the treated
animals and the controls were found. Hence, des-
pite unclarity about the relationship between exter-
nal dose level and internal spleen concentration of
Si, there are no indications for (adverse) effects on
the spleen.

Kidney

The reported apparent background concentrations
in kidney ranged from 0.7mg Si/kg (Yun et al.
2015) up to 100mg SiO2/kg (corresponding with
�46mg Si/kg) in the 28-day study by van der
Zande et al. (2014) (Table S2 in the Supplementary
Information). This means that the total-Si concentra-
tions detected in human kidney (4.4–21mg Si/kg)
fall within the reported apparent background levels
found in the animal studies. Nevertheless, the mean
human kidney concentration of 8.2mg/kg is higher
than the significantly increased kidney concentra-
tion of �5.5mg/kg reported in mice after exposure
to 4.8mg precipitated SiO2 NPs for 18months
through drinking water (Boudard et al. 2019). This
exposure was accompanied with inflammation and
vacuolization of tubular epithelial cells. Dose-
dependent, significantly increased kidney concentra-
tions from �40mg/kg up to �250mg/kg were
detected by Hu et al. (2019) as a result of
18months exposure to 25 to 200mg/kg bw/d pyro-
genic SiO2 NPs. However, in that study no histo-
pathology was performed, and no kidney specific
biomarkers were studied. The single study by
Boudard et al. (2019) indicates that chronic expos-
ure to a low dose of SAS could result in adverse
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renal effects at a lower effect concentration in kid-
ney than the mean concentration found in post-
mortem human kidneys. However, in general, no
adverse effects on the kidney as a result of (sub)-
chronic oral exposure to SAS have been reported.

Intestinal tissue

Of all human tissues studied, the highest concentra-
tions of total-Si were detected in human intestinal
tissues (5.2–191mg/kg) (Table 3). Note that it can-
not be excluded that a part of the Si reported in
intestinal tissues could be present in the outer
mucus layer, and is not absorbed in the intestinal
cells (Frey et al. 2019). The two regions analyzed,
ileum and jejunum, contain Peyer’s patches, a gut
associated lymphoid tissue where M-cells are
located. M-cells are held responsible for the uptake
of particles in the gut, in addition to endocytosis of
smaller particles by enterocytes throughout the
intestine (Frey et al. 2019; Powell et al. 2010). As
mentioned before, the total-Si ingested orally can
partly originate from other sources than SAS,
including from other Si-particles (silicates, e.g. E
552). It has to be noted that Powell et al. (1996)
detected a relative large number of different silicate
particles in the gut associated lymphoid tissue
(Powell et al. 1996).

In (sub)chronic animal studies, total-Si concentra-
tions were only determined in the (sub)chronic
studies by Tassinari et al. (2020) and Hu et al.
(2019) (Table S2 in the Supplementary Information).
Even though an increase in Si content was noticed
by Tassinari et al. (2020), no significantly increased
Si concentrations were detected in the small intes-
tine as a result of 90 days exposure to pyrogenic sil-
ica NPs compared to the control (�1.4mg/kg), nor
any histopathological changes in the intestinal tis-
sue. Much higher, dose-responsive, significantly
increased concentrations from �120mg/kg up to
�330mg/kg were detected by Hu et al. (2019) as a
result of 18months exposure to 25mg/kg bw/d up
to 200mg kw/bw/d pyrogenic SiO2 NPs.
Unfortunately, no histopathology was performed in
that study, nor other effects on the intestinal tissue
were studied. Therefore, there is only very limited
data from animal studies to which the total-Si
detected in human intestinal tissues can
be compared.

Discussion

We reviewed recent oral toxicity studies with SAS,
including studies reporting tissue concentrations of
Si. The results of these studies were compared with
recently detected tissue concentrations of Si (and
Si-particles) in human postmortem tissues. In add-
ition to effects on the liver, oral exposure to SAS
has been associated with other adverse effects and
health syndromes. These include local effects on
the intestine, inflammatory bowel diseases, effects
on the immune system, and effects associated with
microbiome alterations (Gmoshinski et al. 2020;
Lamas, Martins Breyner, and Houdeau 2020; Siemer
et al. 2018; Winkler, Suter, and Naegeli 2016; Yan et
al. 2020), and effects on kidney (Boudard et al.
2019). In the current paper, we focused mainly on
hepatotoxic effects, as multiple studies indicated
liver as critical target organ.

Comparing Si concentrations in human liver and
spleen with previously modeled values

In our previous work, we tried to compare Si/SiO2

concentrations in human tissues due to dietary
intake with internal effect concentrations as
obtained from animal studies. By using kinetic mod-
eling, the estimated daily dietary intake of 9.4mg
SAS/kg bw/d by Dekkers et al. (2011) was extrapo-
lated to an internal organ concentration resulting in
a modeled steady state concentration in humans of
21–23mg Si/kg liver and 15–71mg Si/kg spleen
(van Kesteren et al. 2015). The modeled internal
concentration was a major uncertainty in the previ-
ous performed risk assessment (van Kesteren et al.
2015). Dietary SAS intake was a rough estimate and
the human oral absorption at relevant dietary con-
ditions was uncertain because absorption appeared
to be dose-proportional and absorption data were
only available for rats. Further, extrapolation of the
kinetic behavior of SAS between species (rats, mice
and humans) was based on default allometric scal-
ing although it is unclear if such scaling is applic-
able for nanomaterials. In addition, different SAS
(e.g. pyrogenic or precipitated, or with regard to
particle size) can differ in kinetics, and the conse-
quent effect on internal concentration (e.g. in liver)
is unknown. With the recent information on actual
concentration in human liver and spleen these
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assumptions are overtaken. The new postmortem
liver concentrations (Peters et al. 2020) allowed us
to compare actually measured internal Si concentra-
tions in human livers with the measured liver Si
concentration in the rat toxicity study that resulted
in mild liver fibrosis by van der Zande et al. (2014),
the toxicological endpoint in our previous
risk assessment.

The measured human liver concentrations
(3.2–26mg Si/kg liver) are a bit lower than the ear-
lier modeled liver concentrations of 21–23mg Si/kg
liver by van Kesteren et al. (2015). Also, the meas-
ured human spleen concentration (3.0–47mg Si/kg
spleen) was lower than the modeled spleen concen-
trations of 15–71mg Si/kg spleen. However, one
should take into account that part of the Si
detected in the human tissues may result from
other sources than exposure to SAS, such as sili-
cates. Although the present information is not suffi-
cient for good comparison of the kinetic model
with the human liver or spleen concentration (due
to e.g. the limited number of individuals measured
and knowledge on their intake behavior), the pre-
sent data suggest that modeling of toxicokinetic
behavior of nanomaterials extrapolated from the
toxicokinetic behavior between species somewhat
overestimated the actual internal organ
concentrations.

Current issues complicating risk assessment
of SAS

Since our earlier risk assessment, several new oral
toxicity studies appeared (Table 1), of which some
also analyzed tissue concentrations, including of
liver and spleen. As described earlier, and illustrated
in Figure 1, the available studies do not provide a
consistent view on whether adverse effects are
induced by SAS, or at which external dose level this
is induced. In most studies with shorter exposure
periods, i.e. subacute studies, adverse effects were
absent. Half of the six new (sub)chronic studies did
not report effects as a result of high exposure to
SAS, while some others report (adverse) histopatho-
logical changes in liver (and kidney) or generation
of ROS as a result of relatively low SAS exposure.

It is generally acknowledged that repeated doses
over longer exposure periods (longer than subacute
toxicity studies of 28-days) are needed to cause

SAS-induced toxicity in animal studies. However,
the differences in the outcomes of (sub)chronic
studies illustrate that there is still a lot of uncer-
tainty on the risk assessment of SAS. According to
EFSA, one of the approaches to reduce the limita-
tions in chronic toxicity data is to conduct a chronic
exposure study according to a recognized guideline
and with an adequately characterized material rep-
resentative of SAS used as a food additive E 551, in
which some toxicokinetic assessment is included
(EFSA ANS Panel et al. 2018). Although some of the
existing studies more or less followed this line,
these studies raised concerns on the relationship
between external dose level, internal tissue concen-
trations and effects.

Most of the new (sub)chronic studies include
measurements of Si tissue concentrations (Table 2).
Overall, these studies demonstrate a wide range of
reported total-Si concentrations in tissues in control
animals (Figure 1, Table 2). The human postmortem
tissue concentrations fall within the range of control
values reported. This hampers the risk assessment
as there is no clear relationship between tissue con-
centration and effect. Furthermore, within the indi-
vidual animal studies, at least one study shows a
clear dose-dependent increase of SAS in tissues (Hu
et al. 2019), while results by others give the impres-
sion as if SAS exposure does not cause dose-
dependent, elevated tissue concentrations. In add-
ition, some studies report (adverse) effects without
increased tissue concentrations, while others report
increased tissue concentrations not accompanied
by effects. Altogether, the relationship between SAS
used, external dose, internal tissue concentration
and toxicological effect is not clear. Due to the
inconsistencies in the present data regarding tox-
icity and reported tissue concentrations, the per-
formance of an adequate risk assessment is not
possible. In addition to general issues (such as
study setup and quality, test species used, end-
points studied), a number of factors that may influ-
ence studies on the relationship between external
exposure, internal tissue concentration and effects
are discussed below. These could help to explain
the inconsistencies found.

Background exposure to Si and Si-Particles
The wide range of reported total-Si concentrations
in tissues in control animals can be explained by
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variations in background levels of Si, caused by dif-
ferences in animal diet and/or by differences in
sample preparation and analytical techniques
between studies (Aureli et al. 2020).

Animal feed can contain a naturally background
of Si-containing chemical substances, but also feed
additives may contribute to the presence of Si-par-
ticles. Total-Si analysis cannot differentiate between
the various forms. The potential presence of Si-par-
ticles in the background in feed means that the
background could already contribute to toxic
effects. Therefore, for both analytical and toxico-
logical reasons, the background of Si and Si-par-
ticles in animal feed should be kept as low as
possible, i.e. by using a diet with an as low as pos-
sible naturally present Si background, and devoid of
Si-containing additives. In toxicological studies the
composition of animal feed should be better
reported (including analysis). The origin of total-Si
in the background levels of control animals should
be further studied. To be able to connect the effect
concentrations in animal studies with the human
situation, this also counts for the origin of the total-
Si and Si-particles present in human tissues.

Analytical issues
The analysis of total-Si is challenging. Also labware
and analytical equipment are a potential source of
Si in measurements. In addition, for total-Si meas-
urements by ICP-MS there are severe spectral inter-
ferences affecting the accuracy of analytical
determinations unless specific methodologies are
used. As a result, differences in both experimental
procedures, including sample preparation and ana-
lytical techniques, are a potential cause of differen-
ces in the reported total-Si values hampering the
comparison between different studies. Therefore,
attention should be paid to the quality and validity
of the sample preparation and other analytical pro-
cedures, and the trueness of measurements.

Silica used
Different silica particles were used by the toxicity
studies listed in Table 1, including precipitated,
pyrogenic and colloidal SAS, and of different con-
stituent particle sizes, and including different levels
of aggregation. These particles originate from differ-
ent production processes and thereby differ in sur-
face properties and toxicity (Pavan and Fubini

2017). Note that colloidal SAS falls outside the spec-
ifications of SAS applied as E 551 (EFSA ANS Panel
et al. 2018; EU 2012). There is no published (sub)-
chronic oral toxicity study which systematically
examines differences in toxicity between precipi-
tated and pyrogenic SAS upon oral exposure (as
was performed to study genotoxicity (Tarantini et
al. 2015)). It is also still not clear how the different
characteristics of the various SAS used may affect
the kinetics and toxicity of SAS. Differences have
been observed, hampering direct comparison of
risks between different SAS (Isoda et al. 2011; van
Kesteren et al. 2015). Based on those differences it
is assumed that pyrogenic SAS causes the highest
toxicity (van Kesteren et al. 2015). This is strength-
ened by in vitro studies demonstrating a more pro-
nounced effect for pyrogenic SAS compared to
precipitated SAS (Bianchi et al. 2020). But surface
modification or changes in shape may also affect
toxicokinetic behavior and toxicity. Since pyrogenic
SAS is allowed to be applied in food, though it is
unknown to which extent this actually occurs, the
toxicity information of pyrogenic SAS is considered
most relevant for risk assessment of the application
of SAS in food. Note that of the (sub)chronic and
sub-acute toxicity studies only van der Zande et al.
(2014), Hu et al. (2019) and Tassinari et al. (2020)
applied pyrogenic SAS, and all reported adverse
effects as a result of this exposure, albeit under spe-
cific conditions (Table 1).

Differences in SAS-induced toxicity also include
differences in constituent particle size and degree
of aggregation/agglomeration. Regarding particle
size, of all the studies in Table 1, this is illustrated
in the study by Hu et al. (2019), where ROS gener-
ation associated with ER stress was increased after
exposure to pyrogenic or colloidal SAS NPs, but no
such effects were observed upon exposure to the
larger pyrogenic or colloidal SAS MPs. Also van der
Zande reported mild liver fibrosis and induced
fibrosis-related gene expression as a result of expos-
ure to specific pyrogenic SAS particles (NM-202;
constituent particle size: 10–25 nm), while these
effects were not significantly changed as a result of
exposure (up to a higher dose) to smaller pyrogenic
SAS particles (Aerosil 380; constituent particle
size: 7 nm).

In many studies, including several of the recent
toxicity studies, the SAS used is poorly characterized
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(Murugadoss et al. 2017). In some cases it is not
even clear whether the SAS used is food grade.
Physicochemical properties of SAS used should be
clearly described, to allow conclusions to be drawn
on the SAS induced toxicity, and to aid the risk
assessment of SAS used as food additive.

Dosing regimen and dispersion
It seems that animal toxicity studies in which low
dose levels of SAS are administered, are often those
reporting effects, while those administering high
dose levels are mostly negative (Table 1). Apart
from these apparent differences between high and
low dosed studies, it is also remarkable that the
two (sub)chronic studies using other dosing regi-
mens than by oral gavage, i.e. via the diet (van der
Zande et al. 2014) or via drinking water (Boudard et
al. 2019), both report adverse effects as a result of
exposure to SAS, in contrast to all negative (sub)-
chronic studies that were dosed by oral gavage
(Table 1). Note that also a short-term (30-day), diet-
ary exposed study was negative (Kim et al. 2017),
and also (sub)chronic studies using oral gavage
report (adverse) effects, i.e. Hu et al. (2019) and
Tassinari et al. (2020) which showed ROS generation
associated with ER stress, and several histopatho-
logical effects, respectively. Presence of a feed
matrix could lead to differences in the agglomer-
ation and/or deagglomeration in the gastrointes-
tinal tract, and also result in interactions with food
constituents. This may affect the contact with and
uptake by the intestinal barrier. Administration via
feed, or drinking water for that matter, also leads to
a more gradually, prolonged exposure of SAS and
different kinetics as compared to a daily administra-
tion of a bolus during oral gavage.

For titanium dioxide (TiO2) we recently postu-
lated that high dose levels could negatively affect
the uptake and subsequent effects (Brand et al.
2020). We also postulated administration via the
diet could negatively affect the uptake of TiO2, in
contrast to the impression given by SAS in the pre-
sent study. Still, matrix-effects could exist for silica,
for example due to gel formation at higher concen-
trations, and have been suggested earlier (van der
Zande et al. 2014). We are not aware of studies sys-
tematically comparing different administration dos-
ing regimens for SAS. A recent study by Rodr�ıguez-
Escamilla et al. (2019) reported toxicological effects

on testis in mice after 10week exposure to TiO2,
comparing oral gavage of a suspension in water
(5mg/kg bw/d) with much higher exposures levels
through feed pellets (equivalent to 102, 682 or
1379mg/kg bw/d). The study found effects through
oral gavage similar to up to a 260 times higher
dose through pelleted feed, illustrating the import-
ance of the dosing regimen (Rodr�ıguez-Escamilla et
al. 2019). Unfortunately, the study did not take bio-
kinetics of tissue distribution into account.

Interactions with the (feed) matrix could affect
the uptake and subsequent effects of SAS, for
example through protein corona formation or
attachment to food constituents. But SAS can also
interact with itself, especially in watery solutions
used for oral gavage, in which SAS particles can
agglomerate. The degree of agglomeration can
decrease the oral uptake, and therefore it is import-
ant that SAS is dispersed well. Within the
NANOGENOTOX project, a dispersion protocol has
been developed in order to harmonize the method
and to prevent unreliable results due to erroneous
dispersions (Jensen et al. 2011). Of the (sub)chronic
studies, Boudard et al. (2019) and Tassinari et al.
(2020), reporting effects at low doses, use this
NANOGENOTOX protocol specifically. Also other
studies at least disperse the SAS by sonication, and
analyze the hydrodynamic diameter of the SAS in
suspension to examine the dispersion quality, while
some other studies are questionable in this respect,
e.g. the study by Y. R. Kim et al. (2014) (Table 1).
Note that in the study by Liang et al. (2018) the
1088 nm precipitated SAS MPs studied were not
well dispersed, as they settled and their hydro-
dynamic size could not be determined (Table 1). It
is believed the degree of agglomeration may
increase at higher doses, which might explain why
studies at high doses fail to find effects.

Therefore, the dosing regime, including the
effects of administration by oral gavage versus via
feed or drinking water, but also dose level (i.e. mag-
nitude of exposure), and the dispersion of the test-
ing material before administration could affect the
physicochemical properties of the SAS particles in
the gastro-intestinal tract. Subsequently, this can
have an effect on the toxicokinetics and SAS-
induced toxicity. Attention is also drawn to these
aspects in the public consultation on the draft EFSA
Guidance on technical requirements for regulated
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food and feed product applications to establish the
presence of small particles including NPs (EFSA
Scientific Committee et al. 2020).

Mode of action

For a long time, oral exposure to food-grade SAS
has been considered safe as it was assumed that its
bioavailability was neglectable and toxicity studies
in which high doses were applied were usually
negative (Fruijtier-P€olloth 2016). The induction of
mild liver (periportal) fibrosis and induced gene
expression in fibrosis-related gene sets as a result
of subchronic exposure to a pyrogenic SAS, as dem-
onstrated by van der Zande et al. (2014) was there-
fore received critically. However, recently also other
studies demonstrated adverse effects on the liver,
already at low doses of exposure, including liver
inflammation and lesions, i.e. perivascular amyloid
accumulation, but also congestion of sinusoids,
focal intralobular necrosis, hepatocyte vacuolization/
steatosis, and indications of fibrosis (collagen
deposition and increased mRNA levels indicative of
apoptosis) (Boudard et al. 2019; Li et al. 2018;
Tassinari et al. 2020). Although the toxicity data are
inconsistent regarding their outcome, and contra-
dictory studies exist (Table 1), those studies demon-
strate that liver effects due to oral exposure to SAS
cannot be excluded. Also the study by Hu et al.
(2019) adds to this weight of evidence. Though the
study was not directed at liver toxicity (and there-
fore histopathology was not performed), ROS gener-
ation in serum and liver was studied weekly within
the 90-day study in which mice were exposure to 4
different SAS (including two types of NPs; unclear
whether food-grade) at 100mg/kg bw/d. Pyrogenic
SAS NPs (tested at 100mg/kg bw/d) affected serum
and liver biomarkers indicative of liver ROS after
7weeks of exposure. This was combined with the
altered expression of genes associated with ROS
production and ER stress in liver, an effect also seen
as a result of exposure to colloidal SAS NPs (Hu et
al. 2019).

Chronically increased ROS could result in irrevers-
ible adverse effects, including liver fibrosis (Brand et
al. 2020; Cicho_z-Lach and Michalak 2014; Richter
and Kietzmann 2016; Yu et al. 2020). Liver fibrosis is
driven by ongoing liver injury and goes through
several stages ultimately resulting in irreversible

damage. This process starts with inflammation,
which can be triggered by ROS generation, and
continues with increased production of the extracel-
lular matrix, and subsequently the formation of
fibrotic material. Although, most of the histopatho-
logical findings in the positive studies in Table 1 do
not demonstrate a definitive, irreversible adverse
outcome such as liver fibrosis (or any effects at all),
these findings can potentially progress to liver
fibrosis due to further prolonged exposure.
However, the exact mechanism of hepatic toxicity
caused by SAS is unknown and a topic of present
research (Kermanizadeh, Powell, and Stone 2020;
Medina-Reyes et al. 2020; Murugadoss et al. 2017;
Qi et al. 2020). Yet, as SAS is present in many every-
day products, humans will be exposed to SAS on a
daily basis over a prolonged period. This indicates
that effects on liver cannot be excluded and further
studies to the safety and effects resulting from
chronic, oral exposure to food-grade SAS
are warranted.

Conclusions and recommendations

There are many studies examining the toxicity of
SAS upon oral exposure. Recently, several studies
were published with analysis of internal tissue con-
centrations. However, inconsistencies and differen-
ces in the findings from these studies, both with
regard to toxicity as well as to internal tissue con-
centrations hamper the performance of an
adequate risk assessment. More specifically, the Si
concentration found in human postmortem tissues
falls within the broad range of background concen-
trations as reported in control animals in different
toxicity studies. At the same time, the mean con-
centration found in human postmortem liver is
higher than the concentrations causing liver effects
in some animal toxicity studies after oral exposure
to SAS. However, also higher liver concentrations
are observed in other, negative animal studies.
These inconsistencies could be explained by the fol-
lowing factors:

� the origin of the background Si-concentration in
animal tissues in toxicity studies, the origin of
the liver Si and Si-particle concentrations in
humans, and the contribution of SAS in these
concentrations. This includes differences in
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experimental procedures, including sample prep-
aration and analytical techniques, which are an
additional potential source of background Si-
concentrations and could affect the validity of
the measurements;

� differences due to the SAS used (pyrogenic, pre-
cipitated or colloidal SAS) as well as its particle
size and level of aggregation; and

� the dosing regime, which includes the way of
administration (dietary or via drinking water vs
oral gavage), dispersion and dose.

For human risk assessment of SAS upon oral
exposure, more information about all these factors
is needed to address the observed inconsistencies
regarding toxicity and reported tissue concentra-
tions. The following recommendations for future
studies to progress research on the toxicity of SAS
and the associated risk assessment should
be considered:

� to perform long-term, i.e. subchronic or chronic
studies, better representing human, life-long
exposure to SAS;

� to use an animal diet low in Si, devoid of Si-con-
taining additives, to minimize background expos-
ure as much as possible for both analytical as
well as toxicological reasons. It is advisable to
analyze the background Si in feed;

� to study the origin of the presence of Si (and Si-
particles) in humans;

� to assure the quality and validity of the analyt-
ical methods used in order to achieve an appro-
priate LOD and to avoid unnecessary
contribution by the experimental procedures to
the Si background;

� to use low SAS doses representative of realistic
human exposure, as well as high SAS doses to
increase chances to find adverse effects;

� to systematically study differences between SAS
being used;

� to thoroughly characterize the physicochemical
properties of the SAS being used, both with
regard to the pristine material as well as in the
matrix provided to the animals, considering
physicochemical properties as found in food
products, using different techniques, and to use
proper dispersions;

� to systematically study different SAS, and to use
SAS close to the specifications of E 551. A (sub)-
chronic toxicity study, for instance, comparing
pyrogenic and precipitated SAS, both allowed as
food additive, is presently absent. There are indi-
cations that pyrogenic SAS is more toxic than
precipitated SAS, and therefore this should be
taken into consideration in the risk assessment
of SAS in food;

� to perform studies comparing dietary exposure
with oral gavage and/or exposure via drinking
water to be able to draw conclusions on the
effect of different methods of administration;

� to perform studies on the toxicokinetics of SAS
after oral exposure, with validated analytical
techniques, which could contribute to the inter-
pretation of toxicity data; and

� finally, it is recommended to always include the
determination of tissue concentrations in toxicity
studies to clarify the relationship between exter-
nal exposure, internal tissue concentration and
potential toxicological effect in key organs.
When feasible Si-particle determination in tissues
is recommended.

The presence of particles in human tissues con-
firms that the present ADI being ‘not specified’, is
not sufficient – as noted by EFSA in 2018 (EFSA
ANS Panel et al. 2018). Although several toxicity
studies with SAS are negative, other studies
observed (adverse) effects as a result of oral expos-
ure to food-grade SAS at doses below the esti-
mated daily intake for humans from food, and/or at
liver concentrations similar to those found
in humans.

Altogether, this indicates that there are a lot of
uncertainties and inconsistencies associated to the
oral risk assessment of SAS. Yet, because different
studies show effects at low external dose levels and
at tissue concentrations that also occur in humans,
a human health risk as a result of oral exposure to
SAS presently cannot be excluded. The current
review structured the available information and dis-
cussed the potential causes of these uncertainties
and inconsistencies regarding toxicity and reported
tissue concentrations. It thereby aimed to progress
research on SAS in a focused manner, to feed into
international agreement on a scientifically based
acceptable daily intake (ADI).
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