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Nanoclays (NC) are aluminosilicates that consist of layers (nano-plates) being 1-2 nanometers thick and having a di-
ameter over 1 um, nanotubes, and nano-disks. Due to such structure and their ion-exchange and sorption properties as well
as gas permeability NC are widely used in industries, agriculture, and medicine. Gas-barrier composite packages are made
from hydrophobic NC modified with cation-active surface-active substances. A person can be orally exposed to NC due to
their migration from packages into food products and drinks, when NC are applied in medicine as enteric sorbents and anti-
bacterial preparations, they can be introduced with food additives and residual quantities of technological auxiliaries as
well as in case when food products and agricultural raw materials are accidentally contaminated with clays. Multiple re-
search works dwell on experiments with NC performed with model systems in vitro when NC turned out to be cytotoxic for
various cell types, and it was more apparent for hydrophobic NC than for their non-modified analogues. Minimum effective
NC dose varied from 0.001 to 1 mg/ml in various in vitro tests. In vitro research on NC toxicity yielded somewhat contradic-
tory results. Though NC didn’t seem to have apparent acute toxicity (IV hazard category, LDsy > 5,000 mg/kg), results ob-
tained via sub-acute and chronic experiments with their duration being up to 196 days and single clinical observations re-
vealed a number of both toxic and non-toxic effects. Organic NC modifiers were highly toxic in vitro. Besides, NC produce
anti-microbe effects and it may result in dysbiotic disorders when they are introduced orally. Model experiments revealed
that NC and their organic modifiers could possibly migrate from packages into food products. NC are able to free silicon
and aluminum that are partly biologically available. A contribution made by NC that are contained in packages into overall
exposure to toxic aluminum should be examined profoundly given an adverse situation caused by clay minerals being intro-
duced into a human body as components contained in food additives. Assessment of aluminum consumption with food rations
in Russia and several foreign countries revealed it was necessary to exclude potassium and calcium aluminosilicates, ben-
tonite, and kaolin (E555, E556, E558, and E559) from the list of additives that are permitted for use in food industry.
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Introduction. At present food products
are manufactured with wide use of food addi-
tives and technological auxiliaries; they are
usually packed into innovative packaging. It
creates certain functional and economic advan-
tages that justify using these food additives
and technological auxiliaries provided that

food products still remain safe for health of
this and future generations. In this relation
technologists and hygienists are paying greater
attention to clay minerals applied in food
manufacturing including various non-modified
and chemically modified nanoclays (NCs).
Aluminum occurs in most clay minerals; this
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metal is known to produce overall toxic and
neurotoxic effects. So it is vital to have a
closer look at risks caused by this element mi-
grating into edible components of food prod-
ucts [1]. Besides, there are certain issues re-
lated to hypothetic toxic effects produced by
clays as nanomaterials and occurring due to
small sizes and peculiar physical and chemical
properties of particles they are made of (so
called “nano-toxicity”) [2, 3]. And finally, a
specific issue is hygienic assessment of syn-
thetic organic modifiers that are applied in
producing certain NCs.

In the present work we have analyzed and
generalized data on NCs application, effects
they produce on biological systems including a
human body and microorganisms, as well as
data on potential risks caused by NCs applica-
tion in food manufacturing. Our research tech-
nique was searching, selecting, and analyzing
literature sources (articles published in revised
scientific journals, theses, and monographs, as
well as reports issued by international organi-
zations) using open databases including Pub-
Med, Scopus, Google Scholar and RSCI; a pe-
riod selected for the research was 1993-2019.

Clays classification and structure. Clay
minerals are widely spread in the upper litho-
sphere, soils, and bottom sediments; they oc-

curred due to long-term physical-chemical and
biotic transformation of igneous volcanic
rocks [4]. There are such varieties of clays as
sedimentary rock as bentonite, kaolin, etc.;
apart from clay minerals, they contain signifi-
cant admixtures of quartz, cristobalite, calcite
(chalk and marble), rutile, and other minerals.
Clay minerals are divided into aluminosilicates
and silicates (complex silic acid salts) as per
their structure. The former are the most widely
spread among clay minerals; their classifica-
tion is given as a diagram in Figure 1 [5].
Bearing technological properties in mind,
phyllosilicates made from layered aluminosili-
cates structures are the most interesting, espe-
cially smectites in which these layers are com-
paratively weakly bonded to each other and
quite mobile. This peculiarity determines
physical and chemical properties of smectites,
namely their strong hydrophilic nature, ability
to swell in water, non-linear rheological char-
acteristics (thixotropy) and great adsorption
capability to various molecules and ions.
Montmorrilonite (MMT) is the most widely
spread smectite which can be found in natural
bentonite clays. Its chemical structure is
shown in Figure 2a. MMT is made of layers
(plates) with their diameter, as a rule, being
equal to 1-10 um and their thickness varying
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Figure 1. Silicates classification (as per data taken from [5])
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Figure 2. Chemical structure of montmorrilonite nanoclay (a) and its organically modified form (b)

within 1-2 nm depending on medium proper-
ties and as per data obtained with different
measuring techniques. A MMT plate is a
three-layer structure consisting of two sheets
made of conjugated silica-oxygen tetrahedrons
and a sheet made of aluminum ions between
them; all the sheets are octahedral-coordinated
with oxygen atoms in silicate tetrahedrons and
hydroxyl ions. An outer layer of each plate
consists of water molecules held by hydrogen
bonds. Interplanar spacing between MMT lay-
ers is significantly greater than a layer thick-
ness and is equal to approximately 7 nm in dry
MMT [6, 7].

Some Al’'ions in MMT are able to un-
dergo isomorphous substitution and be re-
placed with an uncertain number of bivalent
cations (Ca2+, Mg2+, F e%); due to the process,
a three-layer structure overall becomes nega-
tively charged. This charge is compensated for
with electrostatic binding within solvate shell
of a plate that contains one-valent cations
(usually Na"). These cations can be compara-
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tively easily exchanged for other positively
charged particles and it determines MMT hav-
ing cation-exchanging properties. Its empiric
gross-formula can be given as (M+x-nHzO)
‘[Al,xZx) Si14019(OH),], where M is a one-
valent cation (sodium), Z is bivalent cation
(magnesium, calcium, or iron), x <0.5. MMT
extracted from natural bentonite, as a rule,
contains insignificant admixtures of quartz
sand and mica and can also contain certain
toxic elements in trace quantities, for example,
Pb, Cd, Be, Ba, Sr, Ni and others.
Technological processing (making the
material hydrophobic) involves sodium in
MMT being replaced with ions of cation-
active surface-active substances (SAS) which
are aliphatic amines or quaternary ammonium
bases; that is, substances with such composi-
tion as R;R,R;CH;N'Hal’, where R; are ali-
phatic (from C1 to C16) or aromatic residues
or hydrogen, and Hal is chlorine or bromine
anion (Figure 2b) [7-9]. SAS molecules create
new bonds in interplanar space in MMT and
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displace water from it thereby replacing weak
hydrogen bonds between layers with even
weaker hydrophobic interactions; it results in
spontaneous MMT splitting into separate plates
and an organically modified NC is created
[7, 10]. Similar splitting is possible also with na-
tive watered MMT; however, it involves inten-
sive outer mechanic exposure (ultrasound).

Hydrophobic organically modified NCs
are basic raw materials applied in manufactur-
ing nanocomposites with organic polymers
which are used in packing and packages for
food products [5].

There are some other clay minerals that
are applied in food manufacturing and there-
fore should be given attention. One of them is
kaolinite, a phyllosilicate with its structure
close to MMT but the difference is that its
structure has only two layers instead of three,
one layer is silicon oxide and the other is alu-
minum oxide. Potassium prevails as an outer
cation in kaolinite as opposed to MMT where
this role belongs to sodium. Steric strains in
the structure of kaolinite plates make them
bend cylinder-like and the extreme case here is
a nanotube formation. Another mineral, so
called halloysite, is made of such aluminosili-
cate nanotubes. As opposed to carbon nano-
tubes, halloysite nanotubes are not closed; they
are composed of kaolinite layers folded into
rolls (Figure 3). A typical diameter of such
nanotubes amounts to 20-50 nm and their
length exceeds 1 pm. Another phyllosilicate is
laponite that is close to MMT in its chemical
structure but is made of nanoparticles (nano-
disks) with a rather small diameter (it is usu-
ally 25-30 nm) and 1 nm thick; it is prone to
swelling and thixotropic gels formation.

Other clay minerals that are given in
Figure 1 are applied in food manufacturing in
rather insignificant quantities and have low
practical importance.

Figure 3. Structure of halloysite nanotubes
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There are data in literature on probable
practical application of so called ‘“anionic”
clays that are artificial layered mineral materi-
als; they are usually created with other non-
metal element participating in their structure
instead of silicon (usually carbon) or with chlo-
ride anion [11]. Any issues related to biological
properties of those artificial materials might
have not discussed in the present work.

How clays are applied in food manufac-
turing. MMT and some other phyllosilicates
are widely used in various industries. There
are data on more than 100 different areas
where clays can be applied [5, 12].

NCs have high specific surface area and
ion-exchange properties; due to that their ad-
sorption capacity is also great and it provides
an opportunity to intercalate organic molecules
between their layers. Organically modified
NCs are easily built into volumes of hydro-
phobic organic polymers thus creating planar
structures (nanocomposites) [13]. A most sig-
nificant property of clay nanocomposites is
that NC plates are impermeable for gas mole-
cules (oxygen or carbon dioxide) as well as for
water; due to it gas or water molecules have to
overcome a much longer path in their diffusion
through a polymer [14] (Figure 4). Apart from
this barrier function, nanocomposites are usu-
ally more solid and rigid, have greater thermal
stability and resistance to swelling [15-18].
On the other hand, there are developments that
allow obtaining clay nanocomposites with
natural biopolymers (proteins or polysaccha-
rides) that are able to degrade biologically and
therefore are environmentally “friendly” [19, 20].
Biologically degradable nanocomposites with
antimicrobial properties were obtained via com-
bining vegetative polysaccharides, NCs and
natural essential oils [21, 22]. There are data
on creating a biological nanocomposites based
on montmorrilonite clay that had antioxidant
properties and contained silibin, an extract of
holy thistle [23]. Barrier properties typical for
nanoclays are widely used in producing film
packages and packing that are able to prevent
packed products from drying up and oxidation-
induced spoilage, as well as prevent carbon-
ated drinks from degassing [16, 24, 25]. Nano-
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Figure 4. A scheme that explains gas-barrier properties of nanoclays composites

composites based on clay with nisin are con-
sidered to be a useful compromise when this
preservative is applied to prevent food prod-
ucts from spoilage taking into account insig-
nificant migration of nisin from the nanomate-
rial into a food product [26, 27].

Overall, an effect produced by NCs and
their modified forms applied in packing mate-
rials is that food products become safer and
their quality improves [28]. NCs are becoming
more and more widely used in food products
packages and packing and this promising trend
is developing rapidly. As per data given in
[29] a market of nanocomposites applied in
food products packages and packing in the
USA was equal to 4.13 billion $ in 2008 and it
grew to more than 7 billion $ in 2014. Clay-
based composites accounted for the biggest
share in this market [30].

NCs can be also used as medication carriers
as it was discussed in a review [31]. Akbari A.M.
et al. revealed an opportunity to use montmorrilo-
nite clay as vitamin By, carrier [32].

Some other ways to apply clays in food
manufacturing are, for example, their use as
technological auxiliaries (filter media, adsorb-
ents, or flocculants) in manufacturing vegeta-
ble oils, beer, or non-alcoholic drinks. Clays,
especially in their nanoform, are efficiently
applied in this sphere due to their great adsorp-
tion capability regarding various ions and po-
lar organic molecules [33, 34]. We should note
that technological auxiliaries should be com-
pletely removed from ready food products dur-
ing a production process. As opposed to that,

food additives based on aluminosilicate clays
that act as carriers and anti-caking agents can
persist in certain food products. The legislation
existing in the RF and EAEU countries in
2019 allows using some aluminosilicates as
additives to food; they are sodium, potassium,
and calcium aluminosilicates (E554-E556),
bentonite (E558), and kaolin (E559)'. Stan-
dardized contents of the said food additives
(separately or in a combination) in spices and
products tightly wrapped in foil should not ex-
ceed 30 g/kg; sugar powder, 15 g/kg; cheese
and its substitutes, 10 g/kg; salt, 10 g/kg. Use
of aluminosilicate food additives in producing
pelleted food products and biologically active
additives (BAA), as well as sugary confection-
ary excluding chocolates (for surface treatment)
is regulated in accordance with technological
standards accepted by a manufacturer (according
to technological chats in quantities necessary to
produced desirable technological effects).

Use of clay minerals (MMT or kaolinite)
as additives to forage implies that these sub-
stances have certain enterosorbent properties;
it allows efficient preventing fusariose-induced
toxicosis and acidosis in animals and makes
for less active hepatic transaminases and lower
lactate and biogenic amines (histamine and
spermine) contents in blood serum [35, 36].

We should also note that so called “edi-
ble” clays are actually used as nutrition com-
ponents in certain regions. Some African and
Asian tribes with their socioeconomic and cul-
tural development being rather low tend to eat
mineral substances occurring in soils (so called

'CU TR 029/2012. The Customs Union Technical Regulations "Requirements to safety of additives to food, flavoring
agents, and technological auxiliaries" (last edited on 18.09.2014). Appendix 2. KODEKS: the electronic fund for legal and ref-
erence documentation. Available at: http://docs.cntd.ru/document/902359401 (14.02.2020).
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“pica” phenomenon) [37]. There is an opinion
that it helps them obtain certain mineral sub-
stances in additional quantities as these sub-
stances (potassium, magnesium, and iron) are
found in clays in a form that is partially bio-
logically available [38]. Besides, clays have
apparent enterosorbent properties and it can
make for prevention of enteric infections and
aflatoxicosis [39]. When bentonite was con-
sumed with food, it helped people living in
Ghana excrete aflatoxins and T2 toxin out of
their bodies [40]. It is interesting to note that
there are specially designed (and certified as be-
ing safe) traditional food products based on
“edible” African clay that are sold in some Afti-
can countries (Nigeria, Cameroon, Ghana, Togo,
the SAR, and others) as well as in the USA and
Western Europe [37]. As we can see from avail-
able literature sources, this phenomenon is al-
most absent in the RF and EAEU countries.

NCs toxicity for live organisms. Though it
is apparent that all the above mentioned ways
to apply NCs can produce truly favorable
technological effects, probable toxic impacts
exerted by both modified and non-modified
NCs on people and environmental objects can
cause potential risks [41].

Data obtained via experiments in vitro.
Experiments in vitro that were usually per-
formed on human and animal cells cultures ap-
plied as test objects (both primary cultures of
standard cells and transformed ones) allow ob-
taining data on cytotoxic properties of nanoma-
terials such as NCs; screening of presumably
the most toxic nanomaterials out of the exam-
ined group; and getting an insight into probable
nanotoxicity mechanisms [5, 42].

The WHO document [4] contains a re-
view of early research works (published in
1969-1996) in which their authors described
various effects produced by particles of MMT,
kaolinite, and other clays in in vitro systems.

Some research works revealed that native
MMT turned out to be cytotoxic. Four types of
aluminosilicates were toxic for the human um-
bilical vein endothelium (HUVE) under expo-
sure in concentrations varying from 0.01 to
0.1 mg/ml that lasted for 6-24 hours; toxicity
given in descending order: MMT > native ben-
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tonite > kaolinite > zeolite [43]. Kaolinite and
zeolite induced a dose-dependent increase in
fatty acids production and cell lysis. Two other
cell lines, neuroblastoma NIE-115 and oli-
godendrocytes ROC, were resistant to effects
produced by clays.

Non-modified MMT in a concentration
equal to 1 ml/mg in a 24-hour exposure resulted
in weaker survivability of ovary cells taken from
a CHO hamster [44]. The same results were ob-
tained for intestinal cells of INT-407 line [45].
Non-modified MMT, Cloisite Na trademark,
didn’t have any cytotoxic effects on transformed
intestinal epithelium cells Caco-2 after 24-hour
exposure in a concentration equal to 0.17 mg/ml,
didn’t cause any DNA breaks in them according
to comet assay and was not mutagenic for Sal-
monella spp. in Ames test [46]. As per data ob-
tained by Gao et al. [47] kaolin turned out to be
cytotoxic for a primary culture of rat’s lung
macrophages and its cytotoxicity was similar to
that of quarts; however, it caused less significant
damage to DNA. Along with nano-plates, some
data were obtained for nanotubes of native clays.
Verma et al. [48] applied transformed lung epi-
thelium cells A549 in their experiment and re-
vealed that tubular clay structures were less toxic
than nano-plates. An issue related to interpreting
these data is different chemistry of these nano-
materials; to be exact, nano-plates were MMT-
based, and nanotubes, halloysite. It should be
noted that, according to Vergaro et al [49], na-
tive halloysite nanotubes were cytotoxic for
HeLa and MCF-7 cells in a concentration
higher than 0.075 mg/ml. On the other hand,
Lai et al. [50] didn’t reveal any toxic effects
produced by halloysite nanotubes on intestinal
epithelium cells in concentrations varying
within 0—-0.1 mg/ml range.

Rawat et al. [51] compared cytotoxic ef-
fects produced by the natural MMT and syn-
thetic laponite on HEK (human embryo kid-
neys) cells and SiHa (uterine neck carcinoma)
cells as well as on E.coli culture. They also
showed that clay nano-disks (laponite) had
more apparent cytotoxic and antimicrobial ef-
fects than long nano-plates (MMT).

When an organic modifier consisting of
cation-active SAS is introduced into nanoclay
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in order to make it hydrophobic, it can lead to
considerable changes in cytotoxicity of the
nanomaterial. It is related to both changes in
physical and chemical properties of NC itself
(its hydrophobic properties, zeta-potential, and
aggregative stability) and, presumably, effects
produced by a modifier that migrates from NC
into biological media. Thus, organically modi-
fied MMT Cloisite 30B, as opposed to its na-
tive precursor, was genotoxic for Caco2 cells
and mutagenic for Salmonella sp. [46]. The
same effects were produced by Cloisite 30B
that was filtered through a 2-um thick mem-
brane and didn’t contain any clay; conse-
quently, occurring effects were most likely due
to a migrating modifier. Organically modified
Cloisite 93A nanoclay was more cytotoxic
than native MMT in a culture that contained
transformed liver cells HepG2 after a 24-hour
exposure [52].

An increase in cytotoxicity of organically
modified NCs depended on a modifier and its
essence. Thus, when a modifier was diethyl-
benzyldialkyl-ammonium based on fatty acids
obtained from tallow, it resulted in greater tox-
icity of modified MMT for certain cell lines
(Ramos, Burkitt lymphoma; A-549, lung ade-
nocarcinoma; HCT116, colorectal carcinoma;
SK-MEL 28, melanoma; HepG2, hepatocellu-
lar carcinoma; and HUVEC human umbilical
veil endothelium) than when a modifier was
dimethylalkyl-ammonium base [53]. Those
data were well in line with cytotoxic effects
produced by those modifiers themselves on the
said cell lines. Concentration of 50 % -
inhibiting (LCsy) didecyldimethyl-ammonium
saccharinate in a test with tetrazolium salts
(MMT-test) was within 1.44-5.47 mM range
for certain lines of human cells [54]. Native
MMT turned out to be less toxic than organi-
cally modified one (Cloisite 30B) in experi-
ments performed on HepG-2 and Caco-2 cells
[55, 56]. Threshold toxic concentrations of two
organically modified NCs varying in a modi-
fier structure changed from 8 to 30 pg/l. Modi-
fied NCs in concentrations higher than 30
pkg/l caused DNA fragmentation in cells of
both lines and depletion of reduced glutathione
resources in HepG-2 cells. Effective concen-
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trations of various hydrophobic NC modifiers
differed also according to data obtained from
[7, 55-58].

When bentonite was “activated” by the
treatment with sulfuric acid, it resulted in its
higher cytotoxicity for human B-lymphoblasts
[59, 60]. The process, together with reduced
ability of the cells to survive, also involved
greater oxidants production and damage to
DNA. Water extracts from clay didn’t appar-
ently have any genotoxic effects as it was re-
vealed in those experiments.

On the other hand, there are data that cer-
tain modifications of nanoclays don’t result in
their increasing cytotoxicity. Thus, Han et al.
[61] stated there was no damage done to
membranes and no reduction in survivability
of cells from 4 lines when they contacted or-
ganically modified calcium and magnesium
phyllosilicates. Native and functionalized hal-
loysite nanotubes had the same cytotoxicity
for HeLa and MCF-7 cells in concentrations
higher than 0.075 mg/ml [49].

There are relatively few assessments of
cytotoxicity that NC composites might have in
available literature. When MMT was built into
oligo co-polymer of styrene with acrylonitrile,
it resulted in its lower cytotoxicity [62]. The
same authors revealed [63] that a composite
that contained halloysite nanotubes with chito-
san was not cytotoxic for fibroblasts from
NIH3T3 line and was quite biologically com-
patible such as films made from pure chitosan.
L-929 fibroblasts were more adhesive and
grew better on chitosan without clay in com-
parison with chitosan that contained MMT in
quantity from 1 to 8 % [64].

Kevadiya et al. [65] stated that clay com-
posites were able to act as reservoirs for cyto-
toxic medications, and their side toxic effects
produced on normal cells could decrease
whereas medications could be delivered to
their destination more efficiently.

The fact that nanocomposites have different
toxicity may result from quantities of NCs and
organic modifiers that migrate from them. In
particular, Cloisite 30B nanoclay that contains
quaternary ammonium base can be extracted
from a biopolymer nanocomposite based on

Health Risk Analysis. 2020. no. 1
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soya polysaccharide [66]. Cloisite 30 B NC was
cytotoxic for Hep 2, C26 and HTC cells in con-
centrations varying from 39.1 to 90.17 pkg/l.
Cloisite 30B particles migrated from packing
film into the liquid media in significant quanti-
ties. It was concluded that a nanocomposite with
such structure could be applied for packing dry
products only and it could protect them to a cer-
tain extent from bacterial contamination but not
from mold fungi.

It is rather alarming that people may be
exposed to aerosols occurring when packing
wastes with NCs in their structure are burnt at
combustion plants. Wagner A. et al. [67] per-
formed their experiments on BEAS-2B cells of
human lung epithelium and revealed that burn-
ing under 900 °C didn’t exert any significant
impacts on cytotoxicity of native MMT and
drastically reduced cytotoxicity of organically
modified Cloisite 30B nanoclay; it corre-
sponded to relevant burning out of its organic
component. The same authors performed simi-
lar experiments [68] to examine cytotoxicity of
solid products occurring after burning of a
polymer nanocomposite that contained three
different organically modified nanoclays. They
showed that combustion products that had
powder-like or spongy structures with their
particles size significantly exceeding 100 nm
didn’t produce any apparent cytotoxic effects
in a concentration up to 0.3 mg/ml. The au-
thors made a conclusion that although any or-
ganically modified NC was more cytotoxic
than native one its cytotoxicity went down
considerably during packing materials com-
bustion due to modifiers in its structure having
been burnt out.

Data obtained via in vitro tests allow
making assumptions as regards mechanisms of
cytotoxic effects occurring in direct contacts
between NC and cells. Thus, lysis occurred in
HUVE cells after 24-hour exposure to MMT,
bentonite, and kaolinite [43]. Short-term expo-
sure (60 minutes) to MMT and bentonite re-
sulted in complete lysis of neuronal cells [69].
Morphological changes appeared in HepG-2
and Caco-2 cells exposed for 24-48 hours to
organically modified Cloisite 93A NC in a
concentration varying from 0.05 to 1 mg/ml;
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among those changes were damages to mito-
chondria, nucleus, and endoplasmic reticulum
[55]. Degenerated mitochondria in HepG2 and
Caco-2 cells exposed to organically modified
NCs are consistent with data obtained via
MTT-test performed on many cell types ex-
posed to both modified and native halloysite
nanotubes [44, 45, 49, 50, 52, 55-58, 63]. Fatty
impurities in HepG-2 and Caco-2 cells cultivated
with C30B present during cultivation indicate
that lipid metabolism is violated [43]. All the
above stated facts allow one to assume that a
direct contact between non-modified MMT and
different cell types results in damage to them
with prevailing antioxidant stress caused by cata-
lytic synthesis of free radicals at interphase bor-
ders whereas the basic factor that makes organi-
cally modified clays toxic is their organic com-
ponent (a modifier) that produced membrane-
tropic effects [5].

Therefore, as per data obtained from nu-
merous research works, negative effects pro-
duced by NCs on different cells are undoubted.
But it is impossible to determine whether sig-
nificant these effects are in terms of toxic im-
pacts produced by NCs on a human body
without exact data on exposure scenarios,
quantities in which nanomaterials migrate
from package and packing into products and
NCs ability to penetrate through biological
barriers.

Data obtained via experiments in vivo. Re-
search works on clay minerals toxicity per-
formed in vivo are not so numerous as compared
to data obtained via in vitro systems; available
results are hardly comparable due to experimen-
tal models and tested objects being different
form each other. A review on early data on clay
mineral toxicity is given in works [4, 70].

Overall, exposure to clay materials can
stimulate both toxic and non-toxic response.
The latter can occur due to favorable effects
produced by clays as enterosorbents as they are
able to reduce burdens related to penetration of
aflatoxins, heavy metals and microbe metabo-
lites into a body; they produce antacidic effects;
and serve as a source of essential microele-
ments that can be consumed with them in cer-
tain additional quantities [5, 71, 72]. Most early
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works revealed that clays didn’t induce overall
toxic and histopatologic changes, both under
single exposure in an acute experiment [45, 73,
74] and in a sub-acute or chronic one lasting up
to 196 days [75-78] performed on rodents. For
example, Baek et al. [45] estimated LDsy of
non-modified MMT for mice and it amounted
to 41,000 mg/kg of body weight. Wiles et al.
[79] stated that MMT was not toxic or produced
negligible toxic effects on pregnant Sprague—
Dawley female rats and they didn’t reveal any
embryotoxicity either. However, previously
Patterson and Staszak (1977), cited as per [5]
revealed certain reproductive toxicity as there
was anemia in female rats and lower body
weight of newborn offspring after exposure to
kaolin in quantity amounting to 20 % in the
overall forage mass.

There have been few in vivo research works
on clay minerals toxicity in the last 10 years.
There was a suspicious case when cats got poi-
soned by bentonite after swallowing bentonite-
containing cat litter; they suffered from hypoka-
liemia and hypochromic anemia, lethargy and
muscle weakness. Orally introduced bentonite
resulted in lower calcium contents in bone tissue
of goats. Bentonite didn’t compensate for a de-
crease in calcium contents in shinbones of broil-
ers with alimentary deficiency. A 3-year old girl
who had been exposed to bentonite orally and
rectally as a home-made medication suffered
from severe hypokaliemia [40].

On the other hand, Maisanaba et al. [78]
didn’t reveal any increase in lipoperoxides, or
changes in activity of superoxide dismutase
(SOD), glutathione peroxidase (GPx), and glu-
tathione-S-transferase (GST) in the liver or
kidneys of rats after 40-day exposure to or-
ganically modified MMT; although, catalase
became more active, and there was an increase
in its protein contents and gene expression in
the kidneys. EFSA [76] gives some data on
chromosome aberrations revealed in rats that
were exposed to bentonite for 15 days. How-
ever, Sharma et al. [80] didn’t detect any
breaks in DNA chains in cells or any inflam-
matory response in the large intestine, liver or
kidneys of Wistar rats that had been twice ex-
posed to organically modified Cloisite 30B via
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a stomach tube in a dose 250-1,000 mg/kg of
body weight. This result is quite consistent
with data obtained by Hsu et al. [81] in their
experiments on Sprague—Dawley rats that were
subcutaneously exposed to a suspension con-
taining MMT nano-plates.

V.V. Smirnova et al. [82] performed their
experiments on male rats that were exposed to
non-modified hydrophilic NC “Nanoclay
Nanomer PGV via a stomach tube for 28 days
in a dose equal to 1 or 100 mg/kg of body
weight. A lot of biochemical and hematologic
parameters were then analyzed and the authors
didn’t reveal any changes in animals from the
test group that could be considered unfavor-
able. Moreover, exposure to NC had certain
effects indicating that antioxidant protection
system became more active (diene conjugates
contents in plasma went down and glutathione
peroxidase became more active). Clay con-
sumption didn’t stimulate liver cells apoptosis
or make intestinal walls more penetrable for
macromolecules.

There was an experimental model that in-
volved inducing hypercreatinemia in mice;
montmorrilonite applied within it reduced
creatinine contents in blood serum and acceler-
ated its excretion from the intestines. Bentonite
consumed by animals with renal failure made
for urea diffusion out of blood vessels into the
intestines and inhibited its absorption there
[40]. Mice suffering from hyperthyrosis were
given montmorrilonite and it reduced thyroxine
and triiodothyronine contents, made for longer
sleep, increased tolerance to hypoxia and re-
duced spontaneous motor activity [40].

Some researchers argue that absence of
toxic effects produced by NCs is probably due
to them being practically not biologically avail-
able under enteral introduction [80]. However,
Baek et al. [45], although they didn’t observe
any toxic effects produced by MMT in a dose
up to 1,000 mg/kg of body weight, still reported
that clay minerals could be absorbed in a body
during 2 hours with certain marker elements
(silicon and aluminum) accumulating in spe-
cific organs. Mascolo et al. [74] detected an in-
creasing accumulation of NCs marker elements
in rats’ urine and tissues, and the organs where

Health Risk Analysis. 2020. no. 1



Nanoclays in food products: benefits and possible risks (Literature review)

they accumulated were distributed as per their
quantities given in the descending order in the
following way: kidneys > liver > heart > brain.
Reichardt et al. [83] showed that kaolinite could
dissociate into the intestine lumen and escaping
aluminum ions could be absorbed. Particles of
organically modified Cloisite 30B nanoclay can
be absorbed by epithelium cells in rats’ esopha-
gus [66]. However, Sharma et al. [80] didn’t
reveal any aluminum accumulation in the liver
and kidneys of rats that were exposed to modi-
fied Cloisite 30B nanoclay via gavage in a dose
equal to 1,000 mg/kg of body weight. EFSA
experts [76] believe that bentonite and sepiolite
are not absorbed in the gastrointestinal tract in
any significant quantities.

Organic NC modifiers that can be dissoci-
ated from MMT both within a product and after
being introduced into a body have their own
toxic effects. In particular, Melin et al. [84] de-
termined that quaternary ammonium bases
caused grave disorders in reproductive health of
mice. There was an experiment performed on
rats; they were intragastrically exposed to dide-
cyldimethyl-ammonium saccharinate via ga-
vage in a dose equal to 2,000 mg/kg of body
weight; the exposure resulted in death of all the
experimental animals [54].

Only three research works focused on as-
sessing clay nanocomposites toxicity. Thus, the
authors of [64] indicated that NC composites
didn’t produce and toxic effects in vivo and
were highly biologically compatible with poly-
urethane and chitosan. MMT nanocomposites /
chitosan had more significant biological com-
patibility in vivo than pure chitosan [81].
Maisanaba et al. [85] exposed rats to substances
that were extracted from a composite contain-
ing organically modified NC and poly-L-lactite
and turned into a model drink; they didn’t re-
veal any histopathologic or biochemical signs
of toxicity.

Interaction with chemical toxicants.
There are data in literature that allow assuming
nanoclays being able to reduce toxicity of
chemical toxicants when they are introduced
together with them as the former can act as
enterosorbents. Authors of some early works
[35, 86] reported that it was quite efficient to
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add non-modified clays into forage for agricul-
tural animals (chicken or pigs) in doses equal
to 0.1-0.5 % of the overall ration in order to
prevent adverse effects produced by aflatoxins
from group B that could be found in forage.
Simultaneously it was shown that NCs in the
mentioned doses didn’t deteriorate biological
availability of vitamins B, and A, phosphor,
and manganese although there was a slight de-
crease in biological availability of zinc when
the dose reached 1 % (and it was higher than a
recommended preventive one). Detoxication
became especially efficient in case of aflatoxi-
cosis when NCs were combined with such an-
tioxidants as selenium, methionine, and vita-
min E.

Afriyie-Gyawu et al. [39] examined clini-
cal materials taken in regions that were en-
demic in terms of aflatoxicosis in people. They
revealed that it was quite efficient to use NC
NovaSil as an enterosorbent and it didn’t result
in any risks related to vitamins A and E and
mineral substances becoming less biologically
available. Data obtained from the work by Ab-
del-Wahhab et al. [34] indicate that organi-
cally modified NC is able to absorb aflatoxins,
fumonizine, and zearalenone.

El-Nekeety et al. [87] exposed Sprague
Dawley rats to fumonizine B, and/or zearale-
none for 3 weeks; reference groups in their ex-
periment were given only usual food or food
with added MMT in a quantity equal to 0.5 %
of the overall provided food. After that the au-
thors determined nitrogenous and lipid metabo-
lism in blood plasma, LP products in the liver
and kidneys, antioxidant enzymes activity, lev-
els of carcinoembryonic antigen (CEA), alpha-
fetoprotein and IL-6, and morphological pa-
rameters of the liver and kidneys. All the de-
termined parameters indicated that MMT pro-
duced favorable therapeutic effects. There were
no signs of toxic effects on animals that were
given only MMT in the above-mentioned dose.

Therefore, high activity of NCs as entero-
sorbents for various toxic substances provides
certain opportunities for using NCs in treating
and preventing various intoxications both
among people and animals. It creates additional
exposure to both native and modified NCs.
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Antimicrobial activity. Some native clays
were used to treat wounds in ancient times,
long before their antimicrobial properties be-
came known to medical science [88]. Antim-
icrobial effects produced by clays can occur
due to both physical interactions with microbe
cells and emissions of various chemical com-
ponents. Physical antimicrobial effects are pre-
sumably determined by bacteria sticking to
clay particles and, as a result, microorganisms
fail to absorb necessary nutrients, they dis-
charge metabolites, and their cellular walls are
broken (Ferris et al., 1987, cited as per [5]).
Wherein this clays rather produce bacterio-
static effects and not bactericidal ones [89].

Antimicrobial effects produced by NCs
can be related to their ability to cause dysbiotic
disorders in case they are introduced orally.
Thus, Smirnova V.V. et al. [82] exposed Wis-
tar rats to non-modified MMT and revealed
lowering functional activity of symbiotic bifi-
dobacteria in exposed animals together with a
substantial (by 3 times) growth of yeast flora
in the caecum.

When assessing probable chemical anti-
bacterial effects produced by NCs, one should
bear in mind that though aluminosilicate parti-
cles are poorly soluble in water, they can still
release ions of metals (in particular aluminum
or iron) in a biological medium where organic
molecules are present; these released ions are
able to produce antimicrobial effects [88].
Wang et al. [90] revealed antimicrobial effects
produced on S. aureus and E. coli by exfoliated
NCs and their forms modified with cation-
active, anion-active and non-ionogenic SAS, as
well as by nanocomposites with polyurethane.

Composite films based on Salvia mac-
rosiphon sage seeds gluten and organically-
modified Cloisite 15A nanoclay demonstrated
their antimicrobial properties regarding E.coli
and S.aureus in test on agar [91]. A composite
formed from negatively charged bentonite NC
layers and monomolecular chitosan layers
turned out to have antimicrobial effects on
Pseudomonas syringe pv. tomato bacteria and
Fusarium solani f. sp. Eumartii mold fungus
that caused agricultural products spoilage [92].
It is assumed that such nanocomposites can
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also be so called “elicitors”, that is, substances
that non-specifically increase plants resistance
to pests and pathogens.

Antimicrobial effects produced by clay
minerals became widely used in clinical prac-
tices. Thus, patients suffering from diarrhea of
various etiologies (viral infection, food aller-
gies, spastic colitis, mucus colitis, and food
poisoning) were given bentonite orally and it
resulted in favorable clinical effects in 97 %
cases [93]. “Diosmectite” adsorbent that con-
sists of mnatural aluminosilicate-magnesium
clay is widely used in clinical practices to treat
diarrhea and irritable bowels syndrome. The
medication was shown to normalize stool due
to its ability to absorb toxins, bacteria, and vi-
ruses and to enhance barriers created by the
intestine mucosa thus reducing inflammation
and penetration of luminal antigens through
mucus layers. It also prevented adsorption of
bacteria, enterotoxins, viruses, and other po-
tentially diarrhea-inducing substances on cell
membranes [94]. “Diosmectite” is also rec-
ommended to prevent negative side effects
produced by radiation and chemical therapy as
well as to treat acquired immunodeficiency
syndrome involving chronic diarrhea [95].
When bentonite was prescribed to patients in a
dose equal to 3 g/day for 8 weeks, it resulted
in less apparent signs of irritable bowels syn-
drome against placebo [40].

Clinical research also revealed probable
side effects produced by clay-based medica-
tions. Diosmectine (smecta) caused constipa-
tions, though in rare cases, and the effect was
eliminated after a dose had been adjusted;
sometimes (better to say, rather rarely) there
were allergic reactions (nettle-rash, rash, itch,
and Quincke’s edema). Clays as enterosor-
bents have certain contraindications such as
bowel obstruction, fructose intolerance, im-
paired glucose and galactose absorption, inver-
tase-isomaltase insufficiency [95].

Therefore, plenty of data on antimicrobial
effects produced by NCs and their composites
not only substantiate their use in producing
medical appliances and medications but also
provide better insight into a probability that
biological effects produced by NCs become

Health Risk Analysis. 2020. no. 1



Nanoclays in food products: benefits and possible risks (Literature review)

obvious due to their interaction with intestinal
microbiocenosis components under oral intro-
duction into a body.

Migration form packing materials. A most
significant role in assessing probable health
risks caused by NCs belongs to determining
quantities in which these nanomaterials and
their organic modifiers migrate from packing
materials [96, 97]. We should note that contra-
dictory results have been obtained in researching
the issue. Schmidt et al. [98] didn’t reveal any
clay migration from poly-L-lactite in 95 % etha-
nol within detection limits; and Bott et al. [99]
also didn’t detect any laponite migrating from
low-density polyethylene into SAS solution.
Xia et al. [100] detected only trace clay quanti-
ties (3—6 pg/l) migrating from polypropylene
and polyamide films into ethanol. According
to theoretical calculations made by Simon et
al. [101], particles with their diameter exceed-
ing 1 nm should not at all migrate from poly-
mer phases due to their significant viscosity.
However it is not the case with particles that
are located on an interphase surface or close to
it as well as with a situation when a polymer is
being destroyed. Probably it was the reason for
Avella et al. [19] to determine an increased
concentration of silicon in vegetables that con-
tacted a nanocomposite. However, it is rather
difficult to interpret these data as a packing ma-
terial used in that work was biologically de-
gradable. Farhoodi et al. [-102] revealed that
aluminum and silicon could migrate from PET
bottles in acid medium under 25 and 45 °C.
Other researchers showed that both aluminum
and silicon could migrate from nanocomposites
into water and water-ethanol media [103].

Echegoyen et al. [96] examined how alu-
minum migrated from containers consisting of
two various polyethylene composites with or-
ganically modified NCs. All the tests were per-
formed according to the EU Regulation
10/2011/EU that involved using 10 % ethanol
and 3 % acetic acid as model media under
70 °C for 2 hours or under 40 °C for 10 days.
Under given conditions, Al migrated from
samples in quantities varying from 2 to 51 ng
from 1 cm? of their surface; the authors applied
electronic microscopy and it allowed them to
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detect clay nano-plates in the model media.
Their structure was additionally confirmed via
energy dispersive spectroscopy. Xia et al.
[100] examined migration of clay particles, Si,
Al, and organic modifiers (quaternary ammo-
nium bases) from polypropylene (PP) compos-
ites and polyamide 6 (PA6) with organically
modified MMT into ethanol under 70 °C. It
was shown that more clay particles migrated
from PP films than from PA6 ones (0.15 and
0.10 mg/1 respectively); it was probably due to
weaker interaction between organically modi-
fied NC and the first polymer. Modifiers mi-
grated in ethanol in quantities being equal to
3.5 mg/l for PP films and 16.2 mg/l for PA6
ones. Treatment with ethanol also led to changes
in nanocomposite ultra-structure. Aluminum
migration from polyethylene nanocomposite
into 3 % acetic acid reached 5.16 pg/cm’ [96];
aluminum migration from PET-based nano-
composite into the same medium amounted to
0.34 mg/kg, and silicon, 9.5 mg/kg [102]. Bio-
polymer films made from wheat gluten emitted
up to 1 mg/kg aluminum and up to 4.5 mg/kg
silicon into water, 3 % acetic acid, 15 % etha-
nol and vegetable oil [104].

NCs can migrate from packing materials
not only under exposure to a medium that is
characteristic for a food product but also due
to weathering [105]. To assess this factor,
model clay nanocomposites were treated with
UV-radiation or ozone under 40 °C. Physical
and chemical properties of nanocomposites
changed rather slowly during the first 130
hours and clay migration was also slow; after
that, materials degraded rapidly and com-
pletely. Built-in nanoclays made an initial
composite more stable and durable; however,
they resulted in its faster degradation under
exposure to UV-radiation. Nanoparticles that
migrated from nanocomposites under weather-
ing were 2—8 nm in size. Their concentration
grew as treatment period got longer.

Therefore, contradictory data on migra-
tion of NCs and their components from pack-
ing materials indicate it is necessary to apply
an individual approach to assessing their safety
taking into account what structure an applied
nanocomposite has, under what conditions it is
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applied, as well as properties of products that
are packed in it.

Exposure and probable risks. People as a
biological species have always been exposed
to clays to a certain extent [106]; however, this
exposure obviously has increased over the last
two decades due to clay minerals being widely
used in technology and medicine. Inhalation
exposure accounts for the biggest part of the
total one; intragastric and subcutaneous expo-
sure follows [107, 108].

Occupational inhalation exposure usually
occurs predominantly when minerals are ex-
tracted, in agriculture, and at aluminum-pro-
ducing enterprises [5, 109]. This review
doesn’t include profound consideration of
such exposure.

Data on oral exposure of people to MMT,
kaolinite, and other clays are rather contradic-
tory [4]. When clays are introduced into poly-
mer materials, it can result to spontaneous ex-
posure to them and it requires assessing migra-
tion of both microparticles and nano-structured
clays from packing materials into food prod-
ucts [41]. Besides, NCs can penetrate the envi-
ronment in considerable quantities during a
product life cycle, for example, when wasted
packaging and packing materials are inciner-
ated at combustion plants [110]. Food addi-
tives and medications are other significant
sources of oral exposure to clays in developed
countries [111, 112]. Here we should mention
bentonite, montmorrilonite, kaolinite, and pa-
lygorskite that are used as antacids and anti-
diarrhea medications [113]. Some clays are
applied to prevent mycotoxicosis and aflatoxi-
cosis in people in regions where endemic risks
as per these health disorders are rather high
[39, 114].

Bearing probable risks analysis in mind,
we think that the most significant task here is
to examine exposure of people to aluminosili-
cate food additives as they can be result in
toxic aluminum being introduced into a human
body. As per EFSA assessment, five alumi-
num-containing food additives, between them
four should be treated as clays (acid sodium
aluminophosphate E541; sodium aluminosili-
cate E554: potassium aluminosilicate E556;
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aluminosilicate-kaolin E559), are consumed by
people from various age groups in quantities,
recalculated as per aluminum, varying from
2.3to 76.9 mg/kg per week on average for the
whole population and from 7.4 to 145.9 mg/kg
per week on average for 95 % population de-
pending on a scenario [1]. According to an al-
ternative scenario assuming that food products
with aluminum-containing food additives in
their structure are consumed in greater quanti-
ties, average consumption amounted to
18.6-156.2 mg/kg of body weight per week;
consumption for a 95 % population sampling
amounted to 5.3-286.8 mg/kg of body weight
per week [115]. Therefore, aluminum that is
contained in food additives is consumed by
people from various age groups in quantities
being considerably higher than its tolerable
weekly intake from all the possible sources
(TWI = 1 mg/kg of body weight) fixed by
EFSA [, 116] as well as its provisional toler-
able weekly intake (PTWI = 0-2.0 mg/kg of
body weight) fixed by JECFA [1, 117].

Results obtained by other authors confirm
that children, as a rule, consume aluminum with
food in greater quantities per a unit of their body
weight than adults though these data are a bit
different from EFSA estimates. According to it,
probable aluminum consumption by children
aged 3—15 in France amounted to not less than
0.7 mg/kg of their body weight per week in
97.5 %. This quantity was equal to 2.3 mg/kg of
body weight per week for pre-school children
aged 1.5-4.5. In Great Britain in 1988 children
aged 4-18 consumed aluminum in a quantity
equal to 1.7 mg/kg of body weight. In Germany
10 % of children aged 5-8 consumed aluminum
with food in a quantity being higher than 0.38
mg/kg of body weight per week. Potential con-
sumption of aluminum contained in food prod-
ucts for infants by children aged 0-3, 4-6, 7-9,
and 10-12 months amounts respectively to 0.1,
0.2, 0.43, and 0.78 mg/kg of body weight per
week [115, 117]. Research performed in China
allowed revealing that average aluminum con-
sumption by children in Shenzhen amounted to
3.272 mg/kg of body weight per week which
was even higher than PTWI = 2 mg/kg of body
weight per week fixed for adults [118].
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According to [119] aluminum contents in
various products for children aged 0—12 months
varied from 224 pg/l per day to 592 ng/l. Tak-
ing into account maximum recommended quan-
tities in which these products can be consumed,
aluminum consumption become unacceptably
high for children older than 6 months.

There was a piece of research accom-
plished in Spain; it revealed that milk-based
formulas for babies contained aluminum in
quantities equal to 0.24—0.69 mg/l, and soya-
based ones, 0.93 mg/l [120]. The obtained data
gave grounds for additional assessment of
aluminum consumption with such products
and it amounted to 0.2-0.6 mg/kg of body
weight per week for 3-mointh old children in
case milk-based food products were used, and
0.75 mg/kg of body weight per week for soya-
based products. Should these products be con-
sumed in significant quantities, aluminum con-
sumption grew to 0.3-0.9 mg/kg of body
weight per week and 1.1 mg/kg of body
weight accordingly [121]. These data on in-
creased aluminum contents in food products
for babies (milk products, biscuits, dried cere-
als, desserts, fish, fruit purees, mea, macaroni,
crackers, and vegetables) were confirmed by
numerous research works [113, 122, 123].

We should note that aluminum-containing
food additives are not included into the list of
those that are permitted to be applied in prod-
ucts for children in conformity with the CU
TR 029/2012 “Requirements to safety of addi-
tives to food, flavoring agents, and technologi-
cal auxiliaries”, Codex Standard 192-1995
“General Standard for Food Additives” ap-
proved by Codex Alimentarius, EU Regulation
No. 1333/2008 regarding use of food addi-
tives. Besides, EU Regulation No, 1333/2008
strictly forbids using aluminum-containing
food additives in ingredients for children nutri-
tion. Nevertheless, as analytic research indi-
cates, aluminum is detected in food products
for children; it can occur there due to “transi-
tion” from food raw materials (for example,

from powdered milk) as well as due to migra-
tion from package and packing materials.

Available data on aluminum toxicity and
quantities in which the element was consumed
with food products gave grounds for excluding
potassium aluminosilicate E555 and bentonite
E 558 from the list of food additives given in
the Codex Standard 192-1995 “General Stan-
dard for Food Additives”. However, an issue
related to aluminum consumption with food
additives probably exceeding maximum per-
missible levels still remains open. Therefore,
experts from the RF proposed discussing the
necessity to reconsider use of aluminum-con-
taining food additives that were permitted for
use in food industry at the 46 session of the
FAO-WHO Experts Committee (CCFA46)
held in Hong Cong on March 17-21 2014.
CCFAA46 voted for the proposal [124].

The last version of The EU Regulation
No. 1333/2008 that was edited in 2019 ex-
cluded several types of clays from the list of
food additives permitted for use in food indus-
try; excluded clays were sodium aluminosili-
cate E554, potassium aluminosilicate ES555,
calcium aluminosilicate E556, bentonite E558,
and aluminosilicate (Kaolin) E559 [125, 126].

Experts assessed aluminum consumption
with nutrition by RF population and revealed
that aluminum was consumed by all age groups
in quantities substantially exceeding maximum
permissible weekly levels that were equal to
0-2.0 mg/kg of body weight; aluminum con-
sumption was 2—8 times higher than maximum
permissible levels at the minimum calculated
consumption of aluminum-containing food ad-
ditives, and 30-95 times higher at the maxi-
mum calculated one. Given that, it seemed
well-grounded to exclude certain food additives
from the list of those permitted for use in food
industries; excluded food additives were so-
dium aluminosilicate (E554), potassium alumi-
nosilicate  (E555), calcium aluminosilicate
(E556), bentonite (ES558), and aluminosilicates
(kaolin) (E559)>. However, according to a deci-

% The draft decision by the EAEU Council. On making alterations No 2 into the Customs Union Technical Regulation
“Requirements to safety of food additives, flavoring agents, and technological auxiliaries” (CU TR 029/2012). The Eurasian
Economic Union. Available at: https://docs.eaeunion.org/pd/ru-ru/0103370/pd_17122018 (14.02.2020).
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sion made by the workgroup on making altera-
tions into the Customs Union Technical Regu-
lations “On Requirements to safety of additives
to food, flavoring agents, and technological
auxiliaries”, only four out of five food additives
were excluded from the list of those permitted
for use in food industry, namely E555, E556,
E558, and E559.

Conclusion. NCs are nanomaterials made
of aluminosilicate layers (plates) or, in some
cases, nanotubes and nano-disks. NCs struc-
ture, in particular nanometer-thick weakly
bonded layers in them, their ion-exchanging
and sorptive properties, as well as poor gas
permeability provide opportunities for their
wide use in industry, agriculture, and medi-
cine. Production of composite package and
packing materials usually involves using hy-
drophobic organically modified NCs.

People can be orally exposed to NC parti-
cles due to their migration from packing mate-
rials into food products and drinks; when NCs
are applied in medicine as enterosorbents;
when they are contained in food additives or
occur in residual quantities of technological
auxiliaries; due to spontaneous contamination
of agricultural raw materials and products with
clays. Numerous researches that involved us-
ing model in vitro systems revealed cytotoxic
effects produced by NCs on various cells as
well as their potential mutagenic effects on
microorganisms. As a rule, organically modi-
fied NCs tended to have greater cytotoxicity
than their non-modified analogues. Effects
produced by NCs on cells became apparent
through oxidant stress, depletion of reduced
glutathione resources, breaks in cell ultra-
structure (mitochondria swelling, changes in
endoplasmic reticulum), proteome and me-
tabolome shifts, cellular necrosis and lysis. NC
toxicity can probably have a mechanism that
involves generating reactive oxygen forms at
interphase boundaries as well as membrane-
tropic effects produced by cation-active SAS
that migrated from organically modified clays.
And here, as a rule, experts tend to neglect an-
other potentially significant mechanism that
involves migration of toxic aluminum ions
from NCs. Effective NC concentration in dif-
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ferent in vitro systems varies from 0.001 to
1 mg/ml; it is extremely doubtful that such NC
concentration could occur in organs or tissues
under systemic exposure (obviously, excluding
cases when NC clays are accumulated in lung
alveoli under chronic inhalation exposure).

Researches on NCs toxicity in vivo
yielded some contradictory results. NCs didn’t
produce apparent acute toxic effects on rodents
as it was indicated practically in each research
work. Results obtained via sub-acute and sub-
chronic experiments that lasted up to 196 and
single clinical observations were not so unam-
biguous. As opposed to original NCs, their or-
ganic modifiers were highly toxic when intro-
duced into animals in their free form; however,
a possibility that they could migrate from or-
ganically modified clay in vivo or in vitro still
remains disputable. Despite their low toxicity,
NCs are apparently able to release such micro-
elements as silicon and aluminum in vivo and
these microelements are partially biologically
available. Many NCs produce antimicrobial
effects and it indicates that dysbiotic disorders
can possibly result from their oral introduction.

Apart from toxic effects, NCs can also
exert various non-toxic impacts on a body re-
lated to enterosorption. Such impacts include
protection from adverse effects produced by
aflatoxins and, probably, other chemical con-
taminants in food products. According to
available data, orally introduced NCs don’t
exert any significant influence on provision
with vitamins; however, in certain cases they
are able to reduce provision with microele-
ments (such as zinc).

There are still significant gaps in assess-
ing NCs toxicity and related risks; they should
be filled via experimenting. Thus, effects pro-
duced by NCs in systems in vivo are character-
ized within insufficient dose ranges and it
doesn’t allow assuming there are no effects
that paradoxically occur not under exposure to
high doses but to low ones (as it was repeat-
edly shown in experiments with carbon nano-
tubes). Not enough attention has been given to
local effects produced by NCs in the gastroin-
testinal tract as per such parameters as mor-
phological changes in intestine mucosa, micro-
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biocenosis, and cytokine production by lym-
phoid tissue in the intestines. Influence exerted
by NCs on microelement state of a body hasn’t
been studied at all regarding a wide range of pa-
rameters (excluding such “marker” elements as
silicon and aluminum).

Contribution made by NCs contained in
packing materials into overall population ex-
posure to toxic aluminum should be thor-
oughly assessed due to already hazardous
situation resulting from clay minerals being
introduced into a body with food additives.
Assessment of aluminum consumption with
food by RF population revealed it was nec-
essary exclude potassium aluminosilicate

(E555), calcium aluminosilicate (E556), ben-
tonite (E558), and aluminosilicates (kaolin)
(E559) from the list of food additives per-
mitted for use in food industry.
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