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method

Abstract. The methods for isolation and identification of
nanoparticles and for quantitative determination of
nanoparticles in complex multicomponent mixed-phase
systems are considered. These systems include most
environmental objects, in particular, animal and plant
organisms, agricultural raw materials, foodstuffs and
various sorts of consumer goods. The published data
and the results of authors’ research concerning determi-
nation of various types of nanoparticles in biological
samples by electron microscopy, chromatography and
radioactive tracer method are generalized. The bibliog-
raphy includes 161 references.

I. Introduction

Sustainable social development under population growth
and environmental deterioration would be globally
impossible without implementation of innovative tech-
nologies; among these are nanotechnologies defined as
the set of methods for targeted manipulation of material
items of <100 nm size. Currently, nanotechnologies are
regarded as a new industrial revolution.
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The properties of a substance existing as particles of
such size differ substantially from the properties of
traditional forms of substance, i.e., continuous phases
and macroscopic dispersions.! ~# This is caused, first, by
the fact that a substantial portion of atoms or molecules
composing the particles are concentrated at interfaces.
Second, in some cases, the properties of particles of
<100 nm size start to be directly affected by quantum
mechanical laws. Therefore, many macroscopically
observable properties of nanoparticle (NP) dispersions
such as colour, fluorescence excitation and emission
wavelengths and so on depend first of all on the particle
size rather than on their chemical composition.

The specific properties of NPs open up broad pros-
pects for the targeted manufacture of nanomaterials with
enhanced properties — unique mechanical strength and
specific spectral, electric, magnetic, chemical and bio-
logical parameters.

The application of nanomaterials in modern science
and technology is highly diverse. Examples of the key
applications are given below:

— materials engineering (development of high-
strength structural materials for various fields of indus-
try);

— microelectronics and optics (materials for micro-
chips, computer parts, optical gates, etc.);

— power engineering (materials for batteries, fuel
cells, high temperature superconductors and so on);

— chemical engineering (development of high-per-
formance catalysts);

— medicine (targeted drug delivery, production of
new bandaging materials with enhanced antiseptic prop-
erties and new materials for surgery, the development of
effective new-generation vaccines);

— scientific research (preparation of labels and trac-
ers);

— environmental control and protection (design of
nanochips and nanosensors for the control of various
chemical and biological pollutants and remediation of
contaminated soils).



1V Gmoshinski, S A Khotimchenko, V O Popov, B B Dzantiev, A V Zherdev, V F Demin, Yu P Buzulukov

Russ. Chem. Rev. 82 (1) 48—76 (2013)

49

It is planned to use nanomaterials for the purposes of
genetic and molecular engineering. In the sphere of
consumer goods, nanomaterials find use for the manu-
facture of perfumes and cosmetics and textile goods with
antimicrobial properties, personal eye protection devices,
sporting goods, household chemicals and many other.!->

Special prospects are opened by nanotechnologies in
the food industry.® ® Smart packaging materials for
foodstuffs are already produced; these materials not
only ensure the required antimicrobial properties, partic-
ular moisture content and gas permeability, but they are
also able to send signals to a consumer about expiry of
the product or loss of the acceptable quality. The new
types of food additives designed based on nanotechnolo-
gies impart various consumer properties (colour, odour,
texture) to one and the same product depending on the
cooking conditions.® 10 Of substantial interest is the use
of some nutrients (especially minerals, vitamins and
bioantioxidants) in the form of NPs or in inert nano-
enclosures.®7-11-15 This may not only enhance the acces-
sibility of useful components in enriched foodstuffs and
biologically active additives but also avoid the chemical
or biological incompatibility of nutrients.® !9 Finally,
dispersion of the plant raw materials down to <100 nm
particles is considered to be a way of increasing the
bioavailability of the flavonoids, microelements and
other compounds that are contained there and that can
be in deficiency in the human body.

Thus, nanotechnology is obviously among the most
promising trends of science and technology of the 21st
century. Fast development of the nanoindustry in Russia
and abroad and the application of nanomaterials and
goods based on nanomaterials in the everyday industrial
and domestic practice would result in increasing amount
of nanomaterials used by humans, and their discharge to
the environment will also grow. Since some properties of
nanomaterials have not beed adequately studied, their
potentially harmful (in particular, toxic) impact on
humans is a topical issue. This problem can be referred
to as nanosafety.! 3-1¢ Quite a volume of scientific
information has been accumulated concerning the bio-
logical effects (in particular, toxic action) of practically
important nanomaterials such as fullerenes, single- and
multi-walled nanotubes, silicon and titanium oxides,
silver and gold NPs, quantum dots, nanostructures of
polymers and biopolymers; these data were summarized
in some review publications.!—417-20

Studies of nanosafety have been carried out abroad
(in the USA and EU) since the early 2000s. In Russia,
these studies were started at the end of 2006 under the
authority of the Federal Service for Supervision over
Consumer Rights Protection and Human Welfare. The
initial provision is that nanomaterials should in all cases
be classified as new sorts of materials and products, and
characterization of the potential risk from these materials
for human health and the environment is obligatory.®

T RF Federal laws No. 52-FZ ‘On the sanitary and epidemiological
welfare of population” and No.29-FZ ‘On the quality and safety of
food products’. This statement was reflected in the document ‘The
concepts of toxicological studies, risk assessment strategy, and
methods for identification and quantitative determination of nano-
materials’, which was approved by the order of the Russian Feder-
ation Chief State Medical Officer of October 31, 2007.21-22

A considerable intensification of research and devel-
opment (R&D) in the field of nanosafety in Russia
became possible in 2008 with the start of implementation
of the Federal Target Programme ‘Development of the
Infrastructure of Nanoindustry in the Russian Federa-
tion for 2008—-2011". The key investigation results
according to this Programme have been generalized in a
monograph.?3

According to this Federal Target Programme, over-
ally 48 regulatory and procedural documents composing
a unified hierarchical system of nanosafety in Russia
were developed and got approved. Development of this
system was initially based on the fundamental statement
that nanotechnology should be characterized considering,
on the one hand, the potential benefit coming from the
application of the products manufactured using this
technology and, on the other hand, the safety for humans
now and in the future.

The developers of the safety provision system for
nanotechnologies and nanomaterials in Russia had to
face the same fundamental problems as their colleagues
abroad. First of all, this is discrepancy between the
multitude of engineered nanomaterials that have been
developed and commercialized (by now, >3000) and very
slow accumulation of scientific information about their
biological properties. A possible way out is to develop a
scientifically substantiated method for determining the
priority of nanosafety research. This method issued as
methodical guidelines, which are based on systematiza-
tion of published data from scientific literature and
resorting to mathematical models, would be suitable for
tentative assessment of the potential health and environ-
mental hazard of nano-objects.'® It is possible to calcu-
late the integrated hazard, which can be classified as low,
medium or high. Depending on the hazard class, the
scope of necessary toxicological and hygienic research
of one or another nanomaterial is defined. Whereas for
objects with low potential hazard, only some critical tests
are required, for NPs having a high class of hazard, full
toxicological and hygienic characterization should be
performed whenever possible.

The second important problem faced in the creation
of a nanosafety system is to assess the exposure during
monitoring and supervision of production, turnover, use
and disposal of nanomaterials. Hygienic standardization
requires methods for detection, identification and quan-
tification of nanomaterials in environmental objects (air,
soil, water, animal bodies, plants — biota components,
agricultural feedstock and consumer products). When
NPs of a particular chemical composition have been
identified in a sample, they should be quantified by
means of methods with sensitivity limits at least an
order of magnitude lower than the hygienic standard.
Also it is highly desirable that this method be able to
reliably distinguish between nanomaterials and their
chemical analogues as macroscopic dispersions.

During the last decade, this issue was the subject of
several reviews and problem papers (see, for example,
Refs 24—-27) and a monograph (see Ref. 28). However,
these papers do not fully disclose and sufficiently detail
the aspects of nanoparticle and nanomaterial analysis in
biological matrices, in particular, using electron micro-
scopy and isotope tracers.
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This review considers the ideas, approaches and
methods reported in up-to-date scientific literature
related to detection, identification and quantitative deter-
mination of NPs and other nano-objects present as parts
of complex multicomponent mixed-phase systems, in
particular, biological systems.

I1. Methods for detection and analysis of
nanoparticles in multicomponent heterogeneous
systems

1. Preliminary notes

The choice of the analytical method for determination of
NPs and nanomaterials is dictated by not only the nature
of the subject of analysis but also by the set of most
important physicochemical characteristics that are to be
determined. The possible biological effects of nanomate-
rials (both favourable, i.e., nutritive or functional, and
adverse, i.e., toxic) are largely determined by the particle
size, shape and surface properties.?? Nanoparticles can be
single-component (consist of one compound or element)
or multicomponent (have different compounds in differ-
ent areas or layers). Apart from the chemical composi-
tion, the crystal structure and the shape of the particles
(especially for inorganic NPs) are significant.3?

Also, it should be borne in mind that diverse coatings
applied onto NPs can be modified (or destroyed) in the
body, which can induce unpredictable changes in their
properties. This brings about the demand for methods
suitable for differentiation between ‘native’ NPs and
their biotransformed derivatives.?®

A lot of nanomaterials present as parts of biological
fluids or complex matrices (such as food products) tend
to agglomerate and aggregate.’!-32 The aggregation of
nanomaterials in fluids may result in their precipitation
or flotation.33 The degree and kinetics of aggregation and
the size of resulting aggregates depend on characteristics
of the particles and dispersion medium and on the
particle concentration in the dispersion.3?- 34 The stability
against aggregation is an important factor determining
the behaviour of a nanomaterial that enters the body as
part of a product and influencing the possible toxic
impact.?> The probable formation of aggregates is to be
taken into account in the analysis of nanomaterials in
natural objects, especially when electron microscopic,
spectroscopic, chromatographic methods and ultrafiltra-
tion are applied. This is due to the fact that characteristic
size and morphological features of aggregated NPs can
differ considerably from the corresponding properties of
the parent non-aggregated nanomaterial.

The key problem of monitoring of engineered NPs in
biological objects is the lack of universal methods or
integrated protocols for the analysis by a number of
methods able to detect NPs in the objects, locate them
exactly at cellular and subcellular levels, identify the
detected material, distinguish it from the same substance
in macrodispersed or molecular form and quantify the
engineered NPs.

When searching for the answer to the question of
whether a method is suitable for solving one or another
task of those listed above, it is expedient to consider the
following characteristics determined by the principles of
the method:3°

— limit of detection;

— complete detection for quantitative determination;

— maintenance of the initial physical state;

— correctness of size measurement;

— probability of false identification of a biogenic
nanostructure as NP;

— the presence of common analysis protocols for
different NPs;

— applicability for locating NPs in a cellular struc-
ture or limitedness to homogenized samples;

— possibility to determine the composition of NPs.

Thus, methods of analysis of nanomaterials should
not be limited to gaining simple characteristics such as
mass concentration of the analyte or the number of
particles in the unit volume but they should also provide
information about a set of properties that include shape,
size and size distribution, chemical properties of the
surface, the presence of trace impurities, stability against
aggregation and some other important characteristics.

2. Microscopy and related methods

The procedures based on microscopy comprise optical
approaches (confocal microscopy), numerous methods
based on electron or X-ray scattering by the samples
and a number of techniques known by the common name
‘scanning probe methods’.

Typical sizes of NPs (<100 nm) are below the theo-
retical limit of an optical microscope resolution deter-
mined by the visible light wavelength (~400 nm).?*
However, the near-field scanning optical microscopy
technique lowers the Ilimit of spatial resolution to
~50-100 nm by means of using an aperture with a
diameter smaller than the light source wavelength and
thus it can be used in certain cases to detect at least NP
aggregates (associates) if not single NPs in the sample.?>

Light diffraction stipulates the spatial resolution limit
of laser scanning confocal microscopy. When this method
is used, the spatial resolution limit may be 200 nm. One
more distinctive feature of this method is the possibility
to study the distribution of fluorescent nanosized objects
in the bulk of a rather thick sample owing to high depth
of focus. This eliminates many problems related to NP
analysis in ultrathin sections inherent in most electron
microscopic procedures (see below). An obvious draw-
back of laser scanning confocal microscopy is the neces-
sity of using fluorescent NPs. Meanwhile, practically
valuable nanomaterials possess intrinsic fluorescence
only rarely (e.g., quantum dots, some proteins), while
most NPs require the introduction of a fluorescent label,
which can itself affect the particle surface properties, and
this sharply reduces the applicability of the method.37-38

The information content of the light-optical methods
in the analysis of NP distribution in biological materials
can be increased by using modern automated sample
analysis systems.3?

Electron microscopy methods and the family of scan-
ning probe techniques are used most often for visual-
ization of engineered nano-objects. By using these
methods, a resolution down to the subnanometre range
can be attained. Atomic force microscopy (AFM) and
scanning (SEM) and transmission (TEM) electron micro-
scopy not only provide visualization of single NPs but
also give many parameters important for their identifica-
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tion and evaluation of their behaviour in a food matrix
such as the degree of aggregation, degree of dispersion,
size, shape heterogeneity.#?-4! Despite the fundamental
difference between the methods applied, the results they
provide are often comparable.?*

Using electron microscopy, it is difficult to determine
the structures formed by light atoms (elements from the
first and second periods of the Periodical Table) includ-
ing, which is most important, carbon atoms.?* However,
detection of electron-dense NPs against the background
of organic matrix is a routine task for TEM (e.g., see
publications 4>43 dealing with determination of distribu-
tion of iron, yttrium and zinc oxide NPs in cell cultures).

Electron microscopy techniques can be coupled with
analytical techniques providing quantitative information
about the chemical composition of the sample. This
group of methods was called analytical electron micro-
scopy.?* Energy-dispersive X-ray spectroscopy can be
coupled with SEM or TEM methods; this is suitable for
analysis of the composition of samples comprising ele-
ments heavier than oxygen with an error of ~20%.4!

Characteristic electron energy loss spectroscopy
(EELS) is based on recording the energy loss of an
electron upon running through the sample; this is also
suitable for quantitative analysis. EELS techniques can
be coupled with TEM, the error of analysis being
~10%.41:44 Electron diffraction in a selected region can
also be coupled with TEM, this provides information
about the crystal structure of the particles that form the
sample.** Using filters that separate zero-loss electrons, it
is possible to markedly increase the image contrast. This
approach was used** to identify multimolecular NPs of
Ceo fullerene in a biological sample without additional
contrasting. In another study,*® this approach provided
not only visualization of fullerene particle aggregates in a
biological sample but also their high-resolution 3D tomo-
graphic images.

The electron microscopy techniques are in the general
case destructive, i.e., the sample is destroyed upon inves-
tigation and cannot be analyzed once again by another
method in order to verify the results. One more drawback
is manifestation of electrostatic effects caused by charge
accumulation upon passage of the electron beam through
the sample. In order to eliminate these effects, an appro-
priate coating is applied on the sample; however, a
considerable part of information about its structure and
composition can be lost in this case.

Since the traditional electron microscopy is nearly
’insensitive’ to light elements that compose organic com-
pounds, in particular, form the living cell, biological
samples should most often be contrasted by compounds
of heavy metals (uranium or osmium), which in turn can
considerably complicate or even preclude identification
of NPs in biological samples. This difficulty can be
overcome to some extent by using dark-field scanning
transmission electron microscopy. In this case, a satisfac-
tory contrast can be attained for biological objects with-
out additional enhancement. Being coupled with electron
diffraction and spectroscopic methods, dark-field scan-
ning transmission electron microscopy provides data on
the structures and chemical compositions of various
nanomaterials, including those based on organic matter,
with a subnanometre resolution.*® Ustunomiya and
Ewing*’ employed high-angle annular dark-field scan-

ning transmission electron microscopy in combination
with energy-dispersive spectrometry to characterize
heavy metal impurities in amorphous carbon NPs formed
upon engine fuel combustion. Richman et al.*® success-
fully used dark-field scanning transmission electron
microscopy to characterize manganese oxide NPs in
welding aerosols.

X-Ray microscopy methods can provide spatial reso-
lution of down to 30 nm; this limit is caused by the
capabilities of optical devices that focus X-rays. No
complicated sample preparation is required; biological
samples can be studied in a relatively thick layer without
dehydration, fixation or staining.*® Nurmi er al.% studied
the structure of iron metal NPs synthesized by various
chemical methods by X-ray scanning transmission micro-
scopy. X-Ray microscopy techniques can be combined
with computer-assisted tomography to obtain 3D images.

A considerable limitation of traditional electron
microscopes is that they operate only upon high evacua-
tion of the sample. This rules out examination of liquid
samples; the samples have to be dehydrated, cast into
epoxide resins or cryofixed. These complicated proce-
dures can produce diverse artefacts.?® In order to restrict
this, various attempts have been made to improve the
sample preparation for an electron microscopic study. An
example is the cryo-TEM method in which a sample
cooled to liquid nitrogen temperature together with the
electron microscope chamber is exposed to electrons.
This gives rise to the possibility of studying the structure
of labile biological samples that would be damaged upon
traditional sample preparation. As applied to nanomate-
rials, this method was used, in particular, by Wang et
al.,’" who studied ultrathin TiO, particles modified by
Fe''l in aqueous environment, and by Leppard et al.,>?
who studied the behaviour of a variety of practically
important NPs and nanostructures in aqueous environ-
ment, which concerned viruses, polysaccharide fibrils and
iron oxide and hydroxide particles over a broad range of
sizes (3 to 500 nm).

Nevertheless, none of the considered methods can
completely avoid the artefacts caused by sample dehy-
dration during the sample preparation and investigation.
If there is a need to study NPs in their natural
(unchanged) surrounding, e.g., in a foodstuff matrix, the
use of other techniques may be required. For example,
this may be environmental scanning electron micro-
scopy 27 according to which the electron gun and focusing
lenses of the microscope occur in high vacuum, while the
detector and the chamber with the sample are isolated
from the other space of the instrument and can occur at a
pressure of ~10—50 Torr. This design allows one to
investigate the sample in its natural state without dehy-
dration or fixation. The electron beam ionizes the gas
phase in the chamber, which ensures the charge flowing
off from the sample surface; hence, there is no need to
coat the sample with a current-conducting material. One
more advantage of the considered method is insensitivity
of the detector to disturbances caused by fluorescence
and cathodoluminescence. As in the traditional SEM, in
the environmental scanning electron microscopy
(ESEM), the use of X-ray fluorescence attachment is
possible, i.e., the possibilities of energy-dispersive spec-
trometry are implemented. However, two substantial
drawbacks inherent in this method are noteworthy: first,
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only a thin surface layer of the sample is subjected to
analysis; second, the spatial resolution of ~100 nm does
not suffice for visualization of many practically impor-
tant NPs in non-aggregated form.?# 27

The possibilities of traditional SEM and ESEM for
the analysis of various colloidal particles in aqueous
environment were compared.’> A comparison of the
results of NP visualization in various bottom sediment
samples demonstrated that SEM provides much sharper
and more high-contrast images than ESEM; however, in
the former case, the number of artefacts caused by
sample drying markedly increases. The samples studied
by ESEM retained their initial morphology to a certain
extent; however, obtaining and interpretation of the
images were rather labour-consuming. The maximum
humidity of the sample was 75%. At 100% humidity,
the surface film of water made the visualization of nano-
structures impossible. The data on particle size obtained
by SEM and ESEM methods were somewhat different.
This provided grounds for concluding that both methods
are required for detailed characterization of the struc-
tures of colloidal particles. Redwood et al.>* used the
ESEM method for visualization and quantitative analysis
of organic NPs (humic acids) in the bottom sediments of
the Savannah river of the south-east of the USA. Anal-
ysis was carried out over a broad range of pH (3.3-9.8);
a sensitivity of 100 mg dm—3 was achieved. The authors
arrived at the conclusion that ESEM is more preferred in
the studies of hydrated NPs of organic origin; however,
this method failed to provide data about the structure of
100% hydrated and absolutely non-perturbed sample.

The wet TEM technique is suitable for examining wet
samples, like annular dark-field ESEM; the spatial reso-
lution reaches ~50 nm. A procedure combining elements
of TEM and ESEM is suitable, according to its inven-
tors,>3 for investigation of wet samples. When performing
the analysis, the grid with applied sample is placed in
electron-permeable chamber, which allows examination
without vacuum.

WetSTEM capsules were developed for the study of
fully hydrated samples using a traditional scanning elec-
tron microscope. Two types of capsules were proposed
for the use of side-scatter detectors: capsules of one type
serve for imaging liquid samples, while the second type is
for imaging dense hydrated samples of biological tissues,
foodstuffs or soils. This technique allows for detection of
NPs directly in the matrices without special sample
preparation. The thin film capsule separates the sample
from the vacuum chamber of the microscope. The cap-
sule shell is a membrane transparent for an electron flux;
this enables imaging at nearly atmospheric pressure.
Owing to the use of the capsule, it is possible to connect
an X-ray fluorescence spectrometer.’®-57 The shortcom-
ing of the method is the decrease in the spatial resolution
due to distortions caused by the capsule walls and its
sensitivity to radiation damage. In addition, the object is
discernable only if it directly adjoins the inner surface of
the membrane. The theory, analytical characteristics,
limitations and the possible applications of WetSTEM
capsules in both SEM and ESEM techniques were
reported.>8

An algorithm was proposed 3° for the selection of the
TEM procedure for visualization and quantitative deter-
mination of NPs in biomaterials. The TEM procedures

are surveyed, their scope and limitations are considered
in relation to the detection of polystyrene and titania
NPs in the respiratory tract of test animals. The authors
implied the necessity of biomaterial fixation during sam-
ple preparation and subsequent staining.

The fixation mode is determined by the TEM proce-
dure chosen. Note that transition to the NP detection in
homogenates and biological fluids eliminates the need to
select the sample fixation protocol prior to TEM. After
sample homogenization, the bioorganic particles are
destroyed by chemical treatment that does not cause NP
destruction. This is done using concentrated inorganic
acids (nitric or sulfuric), hydrogen peroxide and its
mixtures with acids (nitric or sulfuric), or hydrolytic
enzyme preparations.

Atomic force microscopy (AFM) is a powerful, rap-
idly developing method for investigation of nanosized
objects, belonging to so-called scanning probe micro-
scopy family.®® The principle of the method is scanning
of the sample surface by an oscillating needle probe so
that van der Waals attraction force of about
10-12-10—° N appears between the needle tip and the
sample surface. This force depends on the distance
between the interacting surfaces; from the change in the
probe position (based on laser beam reflection), it is
possible to determine the relief of the surface being
scanned. Theoretically this may produce the vertical
resolution of ~0.5 nm.®! The lateral resolution is much
poorer because particles on the surface of a sample
(especially liquid or hydrated one) may shift (drift)
upon interaction with the probe tip and even stick to
the tip. The oscillation frequency of the probe with the
NP stuck to it changes, and this results in artefacts.
These unfavourable events can be eliminated by using
non-contact scanning in which the sample surface and the
tip are separated by a gap.®®

It should also be borne in mind that the tip size is
usually comparable with or considerably greater than the
sizes of the analyzed NPs, which inevitably leads to
image smearing. As a result, the apparent lateral sizes
of particles can be somewhat greater than the actual size.
Nevertheless, AFM is suitable for determination of sizes
of many practically valuable NPs or even single protein
molecules.?*27 As applied to analysis of NPs in multi-
component matrices, AFM technique is, first, limited to
examination of only the surface of a sample and, second,
the traditional AFM fails to give information about the
chemical composition of the detected NPs.

Lately, a new AFM version called chemical force
microscopy has been developed.®>¢3 The principle of
the method is to place molecules that selectively react
with the NP material on the probe tip end. For example,
to scan the NPs of organic polymers (in particular,
proteins), specific antibodies may be placed on the
probe tip. Upon the appearance of the specific antige-
n—antibody interaction, the attraction force between the
probe and the surface increases by a large factor, which
markedly increases the analysis specificity.®*

Atomic force microscopy was used to characterize the
particles present in natural colloid solutions (water
bodies). For example, the results of analysis of such
particles and the dependence of their structure on the
pH were reported. ¢ Mica plates were immersed for
30 min periods into samples preconcentrated by filtra-
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tion, then the plates were washed with distilled water and
dried prior to the contact investigation. It is noted that
scanning of the sample under a layer of the dispersion
medium (water) would be perfect. Nevertheless, for
sample humidities attained by air drying, the structures
of organic colloids adsorbed on the surface were mainly
retained. The authors were able to reveal parallelism in
TEM and AFM examinations of the samples. Although
the AFM examination is possible under atmospheric
pressure and ambient humidities, the method may require
rather complicated sample preparation procedure,®®
including drop deposition, adsorption, particle deposi-
tion and ultracentrifugation. These approaches are thor-
oughly developed as applied to investigation of natural
biopolymer particles, including humic acids and polysac-
charides. The issues of using AFM to study nanomate-
rials utilized in food production were considered in a
review.%7

Scanning tunnelling microscopy is yet another popu-
lar version of scanning probe microscopy based on the
effect of quantum tunnelling of electrons between the
current-conducting tip and the current-conducting sur-
face. The tunnelling current depends on the width of the
gap between the tip and the sample; hence, during
scanning of the relief surface, the current on the tip
varies and this variation is recorded by a sensor. The
electronic circuit of the instrument allows the construc-
tion of a 3D image of the object. The lateral resolution of
a scanning tunnelling microscope is ~1 nm.?* Unfortu-
nately, the classical version of the method is applicable
only to conducting (metal or semiconductor) surfaces;
therefore, its use for analysis of nanomaterials in food
products is problematic. Nevertheless, some recent
papers report the application of scanning tunnelling
microscopy to biological materials. For example, this
method was used®® to study redox characteristics of
bacterial enzymes. In another work,®® scanning tunnel-
ling microscopy in combination with visible emission
spectroscopy and Raman scattering techniques was used
to characterize binding of silver NPs to a gold substrate
modified by organic adsorbents.

Thus, by combining microscopic procedures, it is
possible to visualize NPs and to gain information about
their average size, size distribution, chemical and phase
compositions and other parameters. It should be borne in
mind that analysis and interpretation of electron micro-
scopic images are no less important than the proper
electron microscope observation. Almost in all cases,
observation is carried out on a thin (or even ultrathin)
section of the sample or in a thin surface layer. Hence,
the main bulk of the sample is not analyzed, which
cannot but affect the statistical reliability of the obtained
results. The average particle size being determined is
actually a number-average value, and hence it depends
on the number of individual particles being examined.
When the sample is a complex heterogeneous multiphase
system (food product), interpretation of the results of
microscopic observations may be difficult. When the
sample contains NPs of natural origin, examination of
thousands of particles may be required to obtain a
reliable result. This calls for necessity of automation of
measurements and development of computer programmes
for sample analysis. Also, the contrast of the resulting
image is not always sufficient for quantitative determi-

nation and, as a rule, the presence of solvation shells of
NPs that are able to considerably change their behaviour
within a matrix cannot be taken into account.

3. Chromatography and related methods
Chromatographic and other related procedures can be
used to isolate NP from complex samples. When induc-
tively coupled plasma mass spectrometry (ICP—-MS) 70 or
voltammetry’! is used for detection, it is possible not
only to determine the contents and parameters of various
NPs present in foodstuffs, water, soil or other environ-
mental samples but also to characterize their elemental
composition.

Size exclusion chromatography is the best known and
most well developed method for the separation of various
particles according to their sizes. Columns for size
exclusion chromatography are packed with porous
beads as the stationary phase. The greater the size
(hydrodynamic radius) of the particles, the smaller the
number of pores of the stationary phase that are acces-
sible for their penetration, and, hence, the shorter the
retention time in the column. This method has been used
to study metallic NPs,’? quantum dots, single-walled
carbon nanotubes and polystyrene particles.”?~75 Size
exclusion chromatography is distinguished by high sepa-
ration performance but may give rise to artefacts caused
by specific interaction of the fractionated particles with
the stationary phase’® and by the limited range of
separation, which does not always cover the range of
sizes of practically important engineered NPs or their
aggregates.

Size exclusion chromatography can be advanta-
geously combined with various detection methods that
are able to estimate the properties of the particles present
in particular size fractions, for example, small-angle laser
light scattering.””

One more method is hydrodynamic chromatography,
which also provides the separation of particles according
to their hydrodynamic radii. Unlike size exclusion chro-
matography, in the case of hydrodynamic chromatogra-
phy, the column is filled by non-porous beads (for
example, glass, quartz, polystyrene). The beads form
channels in which the particles are fractionated under
the action of flow velocity field gradient in the near-wall
layer of the stationary phase. When there is a near-wall
gradient of the liquid flow velocity, particles are sepa-
rated according to their hydrodynamic radii: larger par-
ticles are eluted faster than smaller particles.?* The use of
non-porous beads substantially decreases the possibility
of interaction of NPs with the stationary phase as
compared with porous phases. The modern columns for
hydrodynamic chromatography are suitable for fractio-
nating particles of various nature in the range of sizes
from 5 to 1200 nm. The separation efficiency (the num-
ber of theoretical plates) in this method depends on the
column length, whereas in size exclusion chromatography
the pore size distribution plays the crucial role. Owing to
the broader range of size distribution in the case of
hydrodynamic chromatography, it is possible to frac-
tionate diverse NPs and their aggregates in various
media. The detection in hydrodynamic chromatography
can be accomplished by means of fluorescence, ultra-
violet and other detectors. These have been used to detect
and quantify fluorescent NPs, natural colloids and bio-
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polymers.”8~80 Using dynamic light scattering and hydro-
dynamic chromatography, quantitative determination
and size distribution measurement were performed for
lipid nanocapsules with diameter of 25—-100 nm.®! The
major limitation of this approach is insufficiently high
resolution.

Reversed-phase high performance liquid chromatog-
raphy (RP-HPLC) is currently widely used for detection
and quantification of organic compounds. This method is
especially convenient for quantitative determination of
fullerenes in biological samples.’2:83 The fullerene peak is
recorded by a time-of-flight detector or based on UV
absorption at the characteristic wavelength of
324-340 nm. For complex samples, sample preparation
(extraction with organic solvents) is required. Fullerenes
are transferred from the biological material being tested
to a nonpolar solvent by means of liquid—liquid extrac-
tion. The solvents used most often are toluene or benzene
in which Cgo and Cy¢ fullerenes are rather readily soluble
up to 1 mgml—!. A considerable drawback of this
method is incomplete extraction in the case of low full-
erene contents caused by the formation of stable com-
plexes of fullerenes with proteins and lipids.8? Therefore,
before extraction, biological samples are to be treated
with glacial acetic acid or with solutions with high ionic
strength in order to destabilize these complexes.?48> A
simplified version of reversed-phase chromatography of
fullerenes in thin layers was reported.8¢

Lately, field-flow fractionation (FFF) technique used
to analyze engineered NPs in intricate natural samples
has been actively developed.8” This technique is related
to chromatography; however, in this case, fractionation
occurs in an open channel without a stationary phase.
The particles are separated according to their behaviours
in an external force field. The field changes the velocity
of particles by forcing them into concentrated laminar
liquid layers that move at different rates within an open
thin channel. A centrifugal force field (high-speed cen-
trifugation) or hydrodynamic flow field directed at right
angle to the main separating flow can be used as the
external field. According to the velocity of Brownian
motion of particles of various size, they can be fractio-
nated in the range of sizes from 1 nm to 1 pm. According
to Tiede et al.,>* FFF is one of the most promising
methods for analysis of nano-objects in foodstuffs, in
particular, of nanotransporting systems. The instruments
for FFF can be equipped with different detectors; in
addition, the separated fractions can be analyzed by
electron microscopy or by other methods.®® Field-flow
fractionation can be coupled with multiangle laser light
scattering and ICP—-MS.8° The scope of applicability of
these approaches extends from analysis of natural col-
loids in fresh and sea water to determination of size
distributions of various soil components.®%-°! Dielectro-
phoretic FFF was used to size-separate single-walled
carbon nanotubes ®2 and NPs of gold?? and other metals
and also oxides and amorphous carbon.?*

The limitations of the FFF method are related to the
effects of particle interaction with the channel walls
(which is especially important for trace or minor compo-
nents of the analyzed mixture) and the need to perform a
complex sample preparation procedure (preconcentration
of the initial sample) in some cases. One should also bear

in mind that artefacts may appear due to aggregation of
NPs in the fractionation channel.87-%4

Theoretically, both non-aqueous and aqueous phases
with broad ranges of ionic strengths and pH (from 2
to 11) can be used as carriers for FFF. By appropriate
selection of the eluent, it is possible to minimize the
consequences of adsorption of the anatyte on the channel
walls and deterioration of the stability of colloidal
dispersions.

4. Filtration and centrifugation

Filtration and centrifugation have long been most popu-
lar techniques in the toolkit for size separation of various
particles. These methods have high speed and productiv-
ity; it is possible to handle large numbers of samples.
Ultracentrifugation employs centrifugal acceleration of
up to 10° g as the separating factor. Traditionally ultra-
centrifugation is classified into analytical and preparative
ones. In the analytical ultracentrifugation, the movement
of particles in the rotor is recorded on a real-time basis
by a UV or refractometric detector. The preparative
ultracentrifugation may be implemented in either differ-
ential mode (the sample fractions are deposited in the
range between lower and higher centrifugal acceleration)
or gradient mode [the particles are separated according
to their buoyant density in a transformed gradient
(aqueous solutions of saccharose) or in a gradient spon-
tanecously formed in the gravitational field (aqueous
solutions of caesium chloride)]. The former method is
widely used to isolate various biological macromolecules
and subcellular structures, in particular, in the nano-
metre region of sizes.”®

The membrane filtration methods are classified
according to pore sizes of the membranes. Microfiltration
is based on the use of membranes with pore sizes from
0.1 to 1 um, i.e., these membranes are permeable for
almost any type of NP (but not for any aggregates).’®
The range of pore sizes from 1 to 100 nm corresponds to
ultrafiltration and <1 nm is nanofiltration. Nanofiltra-
tion membranes with pores 0.5—1 nm in diameter can be
used to concentrate the vast majority of NPs and to
separate them from ions of salts and low-molecular-mass
organic compounds such as amino acids, simple sugars,
etc. The principal advantage of ultra- and nanofiltration
techniques is that they are suitable for separation of large
volumes of samples. In particular, this opens up the
possibility to concentrate NP from substantial amounts
of water and liquid foodstuffs where they are present in
minor quantities.

However, the decrease in the membrane pore size
gives rise to increasing number of artefacts associated
with the formation of non-mixing layers near the walls
and with concentration polarization phenomenon.’® Due
to electrostatic effects, the membrane selectivity can
change, and this may lead to overestimation (or under-
estimation) of the particle size. In order to overcome
these problems, tangential filtration and cross-flow filtra-
tion®7 techniques were developed; thus, undesirable
effects associated with precipitation of the material
being filtered, formation of wall films and concentration
polarization can be avoided.”® Currently these are stand-
ard methods for the fractionation and preconcentration
of colloidal particles both in laboratory and in industry.
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Liu and Lead®® studied the efficiency of NP mem-
brane fractionation by AFM. The authors reported
successful concentration of natural colloidal particles
with a diameter of up to 12 nm from large volumes of
water. The selectivity of isolation was confirmed by
atomic force microscope examination of NPs deposited
on mica. Successful isolation of organic colloidal par-
ticles from the river and lake water by ultrafiltration was
reported;®® fluorescence spectroscopy was used for detec-
tion. The efficiency of fractionation of natural and
engineered NPs in the size range of 1-1000 nm was
estimated by cross-flow ultrafiltration.!®® The particle
sizes in the fractions were determined by AFM and
SEM methods. It was found that the membrane selectiv-
ity in aqueous solutions obeys intricate regularities, and
the particle size is far from being always the factor
responsible for particle penetration through membrane
pores. Since NPs have charges and solvation shells, the
number of larger particles is overestimated. Since the
AFM and SEM methods themselves have, as noted
above, a number of limitations, this result should appa-
rently be considered as tentative.

5. Spectroscopy and related methods

A multitude of spectroscopic procedures are used to
analyze and characterize the NPs in ordinary systems
(dispersions in water and organic solvents). Among the
techniques based on scattering, note static and dynamic
laser light scattering (DLS)* and small-angle neutron
scattering.?*

The DLS method is widely used to determine particle
sizes and aggregation degrees in suspensions. Analysis is
carried out rapidly, although there are considerable
drawbacks.!%! For example, disturbances can be gener-
ated by impurities present in the sample such as single
micrometre-size dust particles, and this distorts the light-
scattering factor from small particles. In addition, con-
siderable difficulties are faced in the interpretation of
data from heterogeneous samples (with pronounced scat-
ter of particle size). Using DLS (unlike some other
methods), it is possible to gain information on the
particle size but not on their chemical composition.!0!
As applied to NPs, this method was considerably
improved by using transmission grids.'?? This modifica-
tion is widely used to determine the size distribution in
the range of 10—100 nm for various types of NPs.
Analysis of foodstuff NPs was reported, for example, by
Lee et al.,'°® who characterized the magnetite (Fe3;Oy4)
NPs produced by iron-reducing microorganisms, and by
Takegami et al.,'° who described the application of the
method to study coalescence of lipid nanoemulsions.
Murdock et al.'9 utilized DLS to characterize aggrega-
tion of various engineered NPs (aluminium, titanium,
silicon, silver and copper oxide NPs and carbon nano-
tubes) in various model aqueous solutions of salts and
proteins. The investigation results were verified by TEM.

By using static laser light scattering known also as
multiangle laser light scattering, one can gain informa-
tion about the particle structure and by combining this
method with DLS and FFF, the particle shape can be
determined.?*

1 This method is also called photon correlation spectroscopy.

Small-angle neutron scattering is applicable to both
solid and liquid samples. In particular, it has been used
to characterize the aggregation of natural colloids (fulvic
acid) in waste water.!0°

Small-angle X-ray scattering is suitable for character-
ization of the structures of liquid and solid materials in
the nanometre range. It can be used to study both
monodisperse and polydisperse systems; in the case of
monodisperse NPs, not only particle size but also the
shape and structure can be determined.?*

Among other methods for the analysis of NPs, note
laser Raman spectrometry (Raman light scattering) and
laser-induced fluorescence. Currently, the scope of appli-
cation of these methods, which are suitable for detection
of NPs in complex miltiphase systems,!%7 is limited to the
particles bearing definite types of chemical labels. It
should be emphasized that these approaches are espe-
cially useful for the analysis of some types of organic
NPs.108

Correlated Rayleigh scattering spectroscopy based on
recording the plasmon resonance is used to characterize
metallic NPs of >30 nm size. The results obtained by
this method were verified using the SEM method.'?°

The isotopes of chemical elements with uncompen-
sated nuclear spin incorporated in NPs can be charac-
terized by NMR spectroscopy. Both particle size and
structure can be estimated from the obtained data. Carter
et al.'% used this method to determine amorphous silica
particles in aerosol and in aqueous dispersion. A version
of this method is diffuse NMR spectroscopy, which
makes it possible to characterize the particle sizes and
aggregation interactions in various colloid solu-
tions.!10- 111 This method was also used to analyze latex
nanoparticles.!1?

X-Ray spectroscopic methods comprise X-ray photo-
electron, X-ray fluorescence, X-ray absorption and X-ray
diffraction spectrometries. A specific feature of X-ray
photoelectron spectrometry is the short path length of
photoelectrons in the condensed phase; therefore, this
method provides information about the composition and
structure of a thin (monomolecular at the limit) layer on
the particle surface. This gives data about the surface of
nano-objects, in particular, about the presence of coat-
ings and adsorbed components.

X-Ray diffraction spectrometry is a non-destructive
method suitable for deriving data on the crystal structure
and elemental composition of engineered NPs. In combi-
nation with X-ray photoelectron spectrometry, this
method was used®® to characterize and quantitatively
determine NPs of iron metal and iron oxides meant to
be used as adsorbents in waste water treatment.

X-Ray fluorescence spectrometry is also a non-
destructive method suitable for elemental analysis of
NPs incorporated in multicomponent systems. Two
types of this method are wavelength-dispersive and
energy-dispersive X-ray fluorescence spectrometries.

X-Ray absorption spectrometry can be used for ele-
mental analysis and selective detection of NPs containing
heavy atoms in organic matrices.?*

Among other spectral methods that can find use for
detection of NPs of a particular composition, note
electron paramagnetic resonance, Mdssbauer spectro-
scopy, Auger electron spectroscopy and three-dimen-
sional excitation  emission  matrix fluorescence
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spectrometry. Electron paramagnetic resonance is mainly
used for detecting NPs bearing a spin label (stable
radical). Using Mdgssbauer spectroscopy, it is possible
not only to gain information about the presence of iron-
containing particles in the sample but also to elucidate
the details of their chemical structure. Three-dimensional
excitation emission matrix fluorescence spectrometry was
used °%-113 to identify and quantify organic NPs in river
water and industrial effluents.

6. Mass spectrometry

The methods of mass spectrometry are based on separa-
tion of charged particles (ions) of different mass in terms
of the mass:charge ratio (m:z). There exist a large
number of mass spectrometric procedures depending on
the ion source used, separation principle and the design
of detector. The use of mass spectrometry for character-
ization and analysis of NPs and nanomaterials has two
aspects. First, this is a universal method of elemental
analysis suitable for high-sensitivity study of the chemical
composition of the sample after its cleavage and ioniza-
tion to single-atom or molecular ions. Second, some
approaches allow mass spectral fractionation of some
charged heavy multimolecular NPs.

Electrospray ionization (ESI) and matrix assisted
laser desorption—ionization (MALDI) can be used to
analyze organic compounds present in liquid and solid
biological samples. Elemental analysis of metal-contain-
ing NPs is performed by inductively coupled plasma
(ICP) ionization. The alternative ways of ion separation
(ion trap, quadrupole, time-of-flight and magnetic sepa-
ration), which totally cover a broad range of m:z ratios,
differ by the accuracy of mass determination and the
attained resolution. All known methods of ion separation
are compatible with ESI, whereas MALDI is usually
incompatible with quadrupole analysis.?*

Cai and co-workers %115 considered MALDI with
ion trap in combination with laser-induced fluorescence
as a method for analysis of polystyrene-based NPs. Also,
MALDI was used ' to detect gold NPs surface-modified
by polyoxyethylene groups in cell culture. The sample
preparation procedure comprised sample dissolution,
transfer of the solution to the substrate, MALDI ioniza-
tion and analysis of the m:z ratios of the ions thus
formed. This design made it possible to identify NPs
from the individual mass spectra of the modifying
organic molecules.

As noted above, ICP—-MS is mainly used for elemen-
tal analysis of samples; for example, this may be a useful
supplementary tool for detecting metal and metal oxide
NPs in biological samples ''7 and foodstuffs.!'® In addi-
tion, it can be used as a detector in combination with
various chromatographic methods. As applied to analysis
of nanomaterials, coupling of FFF and ICP-MS techni-
ques is most popular. This approach is highly promising
for detection and quantitative determination of NPs in
complex matrices, as size-fractionation of particles and
determination of the chemical composition of some
fractions occur in parallel.®”

Using the group of single-particle mass spectrometry
techniques, it is possible to perform separation and
quantitative determination of charged individual NPs.
For heavy NPs, very high m:z ratios can be recorded in
this way. An example of implementation of this techni-

que is aerosol time-of-flight mass spectrometer. Janzen
et al.''"® compared the results of investigation of NPs by
single-particle mass spectrometry and TEM. Lee et al.'?°
used single-particle mass spectrometry to estimate the
sizes and compositions of polydispersed NPs in aerosol.
The results obtained by means of a laser ionization
(ablation) time-of-flight single-particle mass spectrometer
were verified by a differential mobility analyzer (see
below).

7. Particle counting methods

Recently, so-called particle counters started to be used to
analyze NPs. One method is based on measuring the
change in the electrical conductivity of a weak electrolyte
after NPs have been dispersed in it. For increasing the
method sensitivity, the sample is passed through a small-
size aperture or through a nanosieve, i.e., a membrane
with channels formed by multiwalled carbon nano-
tubes.!2!

According to another method, the size distribution of
the NPs suspended in the gas phase (aerosol) is deter-
mined using a differential mobility analyzer. First, the
particles are charged (e.g., by means of UV- or X-ray-
induced ionization) and then their mobility in a uniform
electrostatic field is measured. After the measurements,
the particles remain suspended in the gas phase, from
which they can be isolated to be studied once again by a
different method.?4 The particle meter that scans the
mobility consists of a differential mobility analyzer and
a condensation particle counter. For the investigation,
the particles are first separated by a differential mobility
analyzer according to the electrophoretic mobility and
then the numbers and the sizes of particles in the
condensation particle counter module are determined.?*

Particle counting methods are applicable only to NPs
suspended in the gas phase; hence, they are hardly
applicable to analysis of foodstuffs. However, currently
analogous approaches are being developed for NP dis-
persions in liquids of charged species. A combination of
dynamic light scattering and mobility in a uniform
electric field underlies functioning of the Zeta Sizer
instrument (Malvern Instruments, UK), which has been
utilized, for example, to study the size distribution and
the charge of the electric double layer of the lipid NPs
meant for oral administration into laboratory animals
(rats).'?2 A similar instrumentation was used!?? for
quantitative determination and measurement of aggrega-
tion of titanium dioxide (rutile) NPs in various model
and biological media.

8. Adsorption and thermodynamic methods
Determination of the true surface area of NPs is a
complicated task, because methods based on direct size
determination (TEM, SEM, AFM) may ignore the poros-
ity of particles and the presence of subatomic surface
roughness and thus underestimate the target value. The
specific surface area of powdered nanomaterials is deter-
mined most often by the classical Brunauer — Emmett—
Teller (BET) method based on inert gas adsorption
isotherms.?* However, the technical aspects of applicabil-
ity of this method to analysis of NPs isolated from
complex matrices have not been adequately elaborated
by now.
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The NP phase changes including melting, crystalliza-
tion, rearrangement of the crystal structure, hydration—
dehydration can be studied by highly sensitive thermog-
ravimetry and differential thermal analysis. When
coupled with mass spectrometry, thermogravimetry can
be used for analysis of the chemical properties of NP
surface. On heating, the shells surrounding the particle
core are vapourized one layer after another and the
material thus formed is subjected to mass spectral anal-
ysis. This approach could find use for identification of
some special types of engineered NPs.?4

9. Electrophoresis

In electrophoretic methods, separation is based on the
difference between the &-potentials of the electric double
layer, while in the case of electrophoresis in a support
medium, also based on particle sizes. These methods have
long become classical for fractionation of biopolymers
(proteins and nucleic acids) but as regards application to
NPs in complex multicomponent matrices they are still
under development.

Engineered NPs can be heterogeneous in the &-poten-
tial; hence, they can be fractionated in terms of the
electrophoretic mobility. An example of application of
electrophoresis in a support medium for characterization
of the NPs present in foodstuffs was reported in a
study 1?* dealing with the electrophoretic mobility of
silicon dioxide NPs in aqueous salt solutions with differ-
ent ionic strengths. The electrophoretic fractionation of
gold NPs modified by DNA macromolecules was per-
formed.'?® Unlike electrophoresis in a support medium
or size exclusion chromatography, in capillary electro-
phoresis the NPs being fractionated do not interact with
the stationary phase matrix. Capillary electrophoresis is
suitable for charge and size separation of NPs in various
solvents. The presence of at least these two factors
determining the mobility hampers interpretation of the
results. In addition, there is still the possibility of
interaction between the particles and the mobile phase.
The application of this method is exemplified by size
separation of engineered NPs of gold and its alloy with
silver 126 and characterization of colloidal particles of
humic acids and other natural polymers.!?7

10. Immunochemical methods
Immunochemical analysis based on interaction of the
compound being determined with specific antibodies is a
promising approach for detecting NPs. The immune
complex formed can be detected if a detectable label
such as enzyme, fluorophore, isotope, efc., is introduced
in one of the immunoreagents. Advantages of immuno-
chemical methods include selectivity and the possibility
to detect the target compound in a non-fractionated
multicomponent sample and to analyze several samples
simultaneously. However, the preparation of antibodies
against NPs, which lack typical antigen determinants,
unlike natural biopolymers, may face with difficulties.
The preparation and the properties of anti-dendrimer
antibodies have been reported.!'?® The methods for prep-
aration of mono- and polyclonal antibodies to fullerenes
and the procedure of enzyme-linked immunosorbent
assay (ELISA) for water-soluble derivatives of these
compounds were described.!?9-130

Hendrickson et al.131-132 continued the studies dealing
with immunodetection of fullerenes in various samples.

The immunoreagents for detecting Cgo — conjugates of
Ceso fluorescently labelled with proteins and poly- and
monoclonal anti-Ceo antibodies — were characterized.

The specificity of the resulting antibodies with respect
to various classes of carbon NPs was studied. Monoclo-
nal anti-Cep antibodies were found to have cross reac-
tivity with Cy;¢ fullerene and multiwalled carbon
nanotubes. The ELISA and fluorescence polarization
immunoassay procedures for determination of Cgo and
C7o fullerenes and carbon nanotubes were developed for
the first time. It was demonstrated that the developed
enzyme-linked immunoassay is suitable for determination
of Cep in organ homogenates of rats after intraperitoneal
and intragastric exposure to this fullerene. Fullerene Cgo
was extracted from biological samples into toluene and
then the fullerene-containing extract was transferred to a
water-organic mixture.

The immune interaction is not the only option of
molecular recognition of nanoparticles. The creation of
artificial receptors for fullerenes based on various com-
pounds was reported.!33-134 The affinity of ligand —re-
ceptor interaction is comparable in some cases with the
affinity of the fullerene —antibody interaction.

11. Limitations of the modern methods of analysis of
nanomaterials

We have considered the key methods applied to charac-
terization and quantitative determination of NPs. The
vast majority of these methods have been elaborated to
date only for pure NPs or their dispersions in ordinary
media (gases, single-phase liquids) and they cannot be
directly used to examine multicomponent, multiphase,
optically non-transparent systems such as foodstuffs.?”
It was noted above that for determination of the contents
of NPs in various media, it is insufficient to merely gain
information about their mass concentration or even the
number of particles. Important characteristics that affect
the properties of a highly dispersed substance are also the
particle size distribution, the NP shape, surface area and
surface structure. None of the existing methods is able to
provide full information about the NPs; hence study of
NPs (in particular, those present in foodstuffs) should be
integrated; selection of a particular investigation method
should depend on the nature of both the target particles
and the matrix.

Many of the existing analytical tools starting with
electron microscopy and ending with dynamic light scat-
tering and field-flow fractionation are theoretically suit-
able for integrated estimation of NP parameters;
however, their application to complex multicomponent
systems is limited to a few examples. The difficulties may
be brought about by the presence of several types of
engineered and natural NPs in natural samples. One
more problem is related to the fact that most methods
are destructive, which always precludes independent ver-
ification of their results.?” The interaction of NPs with an
intricate matrix is also a source of all sorts of artefacts.
For example, the aggregation of initially monodisperse
NPs, which occurs in natural media, may give rise to
aggregates with sizes ranging from tens of nanometres to
several tens of micrometres.'0%- 135 Therefore, DLS, size
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Figure 1.

Scope of applicability of the methods providing information on the sizes of NPs incorporated in complex matrices.

exclusion chromatography, ultrafiltration and so forth
are inapplicable to these samples.

Modern methods for NP detection and quantitative
determination can be classified into two types: those
applicable to single particles (depending on their size)
and to large bulk of the sample. Elemental analysis
techniques (such as ICP—MS) refer mainly to the second
type, although it is possible to find approaches suitable
for analyzing the composition of single particles. The
first type of methods, which mainly includes all of the
considered microscopic procedures, provides information
on the size, shape and properties of single particles;
however, the application of these methods to items
incorporated into a complex matrix is hampered, which
is manifested as insufficient sensitivity and high proba-
bility of false-negative results. These statements are
illustrated by Fig. 1, which shows the block diagram
reflecting the applicability of various groups of methods
to analysis of natural objects with allowance for the
attained spatial resolution.

12. Artefacts caused by interaction with the matrix and
reference sample problems

The limitations of each method can lead to results
inconsistent, first of all, in the important parameter
such as particle size in the matrix of a natural object.
Correct determination of nanoparticle sizes is compli-
cated by artefacts depending not only on the analytical
method applied but also on the nature of the product in

which the investigation is performed. For example, the
presence of adsorbed components on the particle surface
and solvation shells composed of light atoms invisible in
an electron microscope accounts for sharp discrepancy
between the results of TEM measurements, on the one
hand, and FFF or DLS measurements, on the other
hand.'®! This especially refers to analysis of inorganic
NPs in protein solutions because it is known that an
extended protein ‘crown’ can be formed on the particles
under these conditions.”?: 136

Yet another important problem is the absence of
reliable standard reference samples of NPs and nano-
materials.”® Currently researchers have to use, instead of
such samples, commercially available samples, which
often lack adequate characterization. Therefore, an
urgent task is to develop reference samples® and stand-
ardized sampling methods and methods of analysis of
environmental specimens (in particular, foodstuffs) for
the presence of potentially dangerous NPs.!

13. Sample preparation problems
The environmental specimens examined for the content
of engineered NPs and nanomaterials should be sub-

§ The Joint Research Centre of the European Commission arranged
in 2011 the first storage of nanomaterials and started, in cooperation
with the Institute of Reference Materials and Measurements, the
manufacture and release of certified standard nanomaterials.
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jected, depending on the used method, to more or less
intricate sample preparation procedure to preconcentrate
NPs and nanomaterials and separate them from the
matrix components, which can distort the investigation
result or preclude the investigation. In the vast majority
of cases, sample preparation includes transfer of the
sample into the water-soluble state. The composition of
the dispersion medium surrounding the NPs considerably
changes, which can affect the particle size, composition
and structure and thus distort the results.!37-13 These
problems can be avoided by using the techniques that do
not require sample preparation; however, they are often
unavailable.

If sample preparation cannot be avoided, the proce-
dure must be tested using standard nanomaterial sam-
ples, and the possible modifications of the nanomaterials
should be followed in each step of treatment. Nano-
particle aggregation or, conversely, dissolution under
the action of reagents used in the sample preparation
may occur. For example, for practically important (in the
case of foodstuffs) nanomaterials such as zinc oxide,
zero-valent iron, iron oxides and magnesium oxide, the
use of mineral acid solutions is impossible, except for the
cases where the elemental composition of the sample is to
be determined, due to the possible complete dissolution
of NPs. When sample preparation involves micro- and
ultrafiltration, fast aggregation of the NPs isolated from
foodstuffs can occur in aqueous, water —salt and water—
protein solutions,?”- 195 which is to be taken into account
for membrane selection based on the pore size.

When morphological methods are used (such as
electron microscopy), the researcher has to make efforts
to preserve the sample structure as fully as possible
during the sample preparation. A number of approaches
have been elaborated to achieve this goal ranging from
encapsulation of the sample into a gel for SEM exami-
nation of microemulsion samples 4% to freeze drying of
biological samples prior to TEM examination.* 101
Fixation methods are also being elaborated for AFM
examination of samples; they are suitable, in par-
ticular, for analysis of nanoclay samples in aqueous
dispersion.?®

14. Elucidation of the origin of nanoparticles

Yet another problem is to prove the man-made origin of
nano-objects detected in the sample.?* Currently it is very
difficult to reliably establish the difference between engi-
neered NPs and nanometre-size particles of natural or
technogenic origin, which may also be present in the
sample.'37 A multitude of solid particles of <100 nm size
are present in the environment. Some of them may have
resulted from processes that occur in nature (volcanic
eruptions, forest fires) and some other may have formed
upon combustion of automotive and aircraft fuel, fuel oil
and coal at fuel-burning power plants, garbage at gar-
bage recycling plants, erc.!#!~143 Nanoparticles dissipate
in the environment and can get into food as contami-
nants. Generally, the problem of differentiated determi-
nation of engineered and natural NPs has not yet been
solved. Obviously it would be expedient to study repre-
sentative sampling of foodstuffs that are knowingly
manufactured without nanotechnologies in order to esti-
mate the background contents of NPs of one or another
type in these products. A task of this sort was solved in a

study ''® where the background contents of titanium
dioxide were determined by ICP—-MS for a broad range
of foodstuffs present in the USA and Japan markets; this
allowed determining these NPs in food using elemental
analysis.

15. Labelled particles

Labelled NPs are conveniently employed to detect NPs in
environmental objects (for example in animal bodies).!44
This procedure can be used successfully in a variety of
model experiments — to study migration of nano-objects
from the packing into the food product, their absorption
in the gastrointestinal tract and distribution in the body
of test animals and transfer along the trophic chains in
model ecosystems.!?- 145146

The introduction of isotope (stable or radioactive)
tracer into NPs is the method most consistent with
research goals. The possible associated changes of phys-
ical and chemical properties of nanomaterials are mini-
mized. Analysis of labelled particles requires mere
determination of the amount of the isotope by either
ICP-MS (for stable isotopes) or y- or B-spectrometry
(for radioactive isotopes). For some stable isotope tracers
(for example, '3C) and for iron isotopes, other methods
of detection are available, for example, NMR, magnetic
resonance imaging,'47- 148 Mssbauer spectrometry (reso-
nance absorption of y-quanta). This can be performed
without destroying the sample.?* Using labelled particles,
it is possible to study a living organism without disturb-
ing its vital activity, which is of particular interest for
biological tests.

Chambers and Mitragotri '*° used 3H-labelled poly-
styrene NPs. Other examples of using this type of labels
were also reported.!?- 150

By using fluorescent labels, it is possible to visualize
NPs in biological media, for example, using confocal
microscopy.?* 142,150 The uptake of fluorescently labelled
NPs in cells can be studied by flow cytofluorometry.

Compounds that produce a characteristic signal in
the Raman spectra constitute a specific type of labels.
Currently these labels are used to study engineered NPs;
moreover, they can be detected directly in the body of a
laboratory animal.'” Flow cytofluorometry with laser
excitation can also be used for recording Raman

spectra.!0?
The possibilities provided by various types of label-
ling for toxicological studies were surveyed in

reviews.19- 135

I11. Detection of nanoparticles and nanomaterials
in the body of laboratory animals by transmission
electron microscopy

The supervision of production, turnover, use and dis-
posal of nanomaterials and hygienic regulation of the
contents of engineered NPs in the environment requires
methods capable of detection, identification and quanti-
tative determination of such NPs. It was noted above
that electron microscopy is the most developed and
reliable method for detection and identification of engi-
neered NPs. Using this method, it is possible to deter-
mine the particle number, size, and shape for electron-
dense compounds in the 1 to 100 nm range of sizes
within complex multicomponent and multiphase matrices
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such as natural specimens (e.g., biological tissues or
single cells). The supplementary option —electron dif-
fraction in the chosen area — provides information about
the presence of crystal structure and a definite chemical
composition in the NP; this is valuable information
useful for NP identification.

Below we present our results of application of trans-
mission electron microscopy for analysis of penetration
of engineered NPs into organs and tissues of laboratory
animals from the gastrointestinal tract. A model method
of NP introduction close to physiological conditions was
used, in particular, the NPs were introduced into an ileal
segment isolated by sutures with undisturbed blood
circulation and nerve supply. The electron-microscopic
examination was carried out after fixation of small frag-
ments of tissues or organs in a solution of glutaraldehyde
and postfixation in osmium dioxide. The ultrathin sec-
tions were produced after dehydration and enclosing of
the fragments into epoxy resin. The ultrathin sections
were analyzed without a contrast agent.

The detection and identification of NPs were per-
formed successively: first, the electron-dense images
were taken, then the electron diffraction from the chosen
area was obtained. Nanoparticles can be identified based
on reference electron diffraction patterns measured for
reference samples.

The following samples of nanomaterials were used.

1. The concentrate of high-dispersion (cluster) silver
Argovit (produced by the research and production centre
Vector-Vita, Russia). The sample was an aqueous dis-
persion of silver NPs containing 1.0 mass %— 1.4 mass %
of Ag and 18.6 mass % —19.0 mass % of polyvinylpyrro-
lidone (PVP) with molecular mass of 15—30 kDa as the
stabilizer. A TEM examination showed round, ellipsoidal
and irregular-shaped silver NPs with an average
diameter of 34.9+14.8 nm; the minimum size of the
detected particles was 8.4 nm and the maximum size
was 80.9 nm.

2. Titanium dioxide (rutile) nanoparticles (produced
by Sigma-Aldrich, USA, Germany). According to TEM
examination, the rutile NP sample was composed of
partially aggregated 40—50 nm-long rod-like nanocrys-
tals 5—10 nm in diameter.

The study was carried out on 12 male Wistar rats
weighing 200 20 g who received balanced casein-based
semisynthetic diet. Titanium dioxide (rutile) NP and
silver NP dispersions with 50 and 1 mg cm—3 concentra-
tions, respectively, in an isotonic NaCl solution were
prepared. Dispersions (up to 5 cm?®) were introduced
into the silk sutures-isolated ileal loop of rats under
hexenal anesthesia for a period of 3 h. After this period,
the isolated ileal loop with Peyer’ patch, a hepatic lobe
and the spleen were separated under deep hexenal anaes-
thesia. The samples were immediately immersed into
solutions of glutaraldehyde and subjected to electron-
microscopic examination.

The obtained biological material was divided into two
portions. One portion was fixed only with glutaraldehyde
and the other was postfixed with a 1% solution of OsO4
(in 0.1 M phosphate buffer) for 2 h at room temperature
to identify the location of NPs in particular tissues and
structures of the particular organs. Then the test and
control samples were dehydrated in ethanol of increasing
concentration and in acetone and embedded into the

EPON-812 epoxy resin. The sections were produced by
an LKB-3 ultramicrotome (Sweden), and no additional
contrasting was used. The wultrathin sections thus
obtained were applied on grids coated by a formvar film
and examined by a JEM-100C electron microscope. The
chemical nature and the crystal structure of the detected
NPs were studied by electron diffraction (only for the
glutaraldehyde-fixed material).

In the obtained images, nanoparticles were identified
by morphometric features and by electron diffraction
from the chosen area, the NPs were counted, the number
of NPs per unit section area was determined, the distri-
bution and location of the NPs were characterized on the
cellular and subcellular levels and NP positions relative
to the main cell organelles were described. On contrasted
sections, damages of cell ultrastructures were noted.

1. Analysis of engineered nanoparticles in animal
tissues *

a. Titanium dioxide nanoparticles

Single titanium dioxide NPs (average size of 25—30 nm)
and numerous large NP aggregates (size of 50 to 500 nm)
were detected in the small intestine lumen of rats
(Fig. 2a). Single NPs were found on the surface and

250 nm
—A

Figure 2. Electron photomicrograph of TiO, nanoparticle aggre-
gates (25—30 nm) in the small intestine lumen of a rat («¢) and
diffraction pattern of nanoparticles (glutaraldehyde fixation) (b).

Figure 3. Electron photomicrograph of TiO» nanoparticles in the
small intestine mucosa of a rat on the surface and between the villi
of the small intestine mucosa enterocytes.

4 The photomicrographs to this section were produced by S M Prid-
vorova and T A Platonova (A N Bakh Institute of Biochemistry of
the RAS).
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Figure 4. Electron photomicrographs of TiO» nanoparticle aggregates (25—30 nm) in the section on the mucosal surface () and inside the

tissues () of the small intestine.

between the villi of the small intestine mucosa (Fig. 3)
and inside the epithelial layer of the mucosa (Fig. 4 a,b).
For the glutaraldehyde-fixed material, we failed to deter-
mine the exact intracellular localization due to the poor
contrast of the image. The presence of titanium dioxide
NPs in the sample was confirmed by the presence of
separate reflections and diffraction rings (see, for exam-
ple, Fig. 2 b).

In the OsOgy-postfixed material, NPs of 25-30 nm
size were detected not only in the villi sections (Fig. 5a)
but also in deeper layers of the mucosa, particularly, in
the muscular layer of the intestinal mucosa (Fig. 5b,c¢).
Also, in this case, NPs were observed inside cells (near
mitochondria).

Analogous patterns of intratissue localization of tita-
nium dioxide NPs were obtained in electron-microscopic
examination of the small intestine Peyer’s patches

of Ti02
(25—-30 nm) in the longitudinal section of villus enterocytes (a), in
the section of a muscle plate layer () and in the section of mucosal
tissues (¢) of small intestine (glutaraldehyde and OsOj4 fixation).

Figure 5. Electron photomicrographs nanoparticles

Figure 6. Electron photomicrographs of TiO> nanoparticle aggre-
gates (25—30 nm) in the section of the Peyer’s patch surface of the
small intestine («) and longitudinal (b) and transverse (c) sections of
the epithelial cell microvilli on the Peyer’s patch surface of the small
intestine (glutaraldehyde and OsOy fixation).
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(Fig. 6). In the case of only glutaraldehyde fixation, NPs
are visualized but it is impossible to determined in what
cellular structures they occur. In the case of double
fixation (glutaraldehyde and OsO,), single NPs inside
the cells near organelles are visualized in the micrographs
(see Fig. 5¢).

These data are consistent with the published results of
electron-microscopic examination of titanium dioxide
NPs in the rat intestine mucosal enterocytes.!’! Thus,
electron microscopy is capable of detecting the penetra-
tion of titanium dioxide NPs from the small intestine
lumen into the mucosa, both in the epithelial layer and
deeper layers.

b. Silver nanoparticles

The results of electron-microscopic examination of the
sections of tissues of animal internal organs after enteral
tube intraintestinal administration of a silver NP disper-
sion were reported.!32

The preliminary experiments did not detect any elec-
tron-dense inclusions in any of the tissues of control
animals.

Analysis of the ultrastructure of tissue sections of test
animals after introduction of silver for glutaraldehyde-
fixed samples confirmed the penetration of NPs into all
of the studied tissues. Electron-dense particles of 10 to
120 nm sizes were detected in the small intestine mucosa
and Peyer’ patch sections both inside and outside the
tissues. The presence of silver NPs in small intestine
tissue sections is confirmed by the diffraction pattern
(Fig. 7).

In the glutaraldehyde-fixed material, fine (~30 nm)
and coarse (up to 100 nm) silver NP aggregates were
observed in the liver hepatic cell cross-section (Fig. 8)
and in cell cytoplasm. It can be seen that the nano-
particles are located near or between the rough endoplas-
mic reticulum canaliculi. The resulting diffraction
patterns of NP aggregates depending on their localization

(on the surface or inside the sections) look like smeared
rings (if the aggregate is inside the section) (see Fig. 8 a)
or separate reflections (if the particles occur on the
section surface).

The photomicrographs of the tissue fragments of
spleen red pulp with the detected single silver NPs of
different size (20—30 nm) and their aggregates
(40-90 nm) are presented in Fig. 9. The diffraction
pattern of these NPs confirms the presence of silver NPs
both on the section surface (separate reflections in the
electron diffraction pattern) and inside the section
(smeared rings in the electron diffraction pattern).

Thus, the results of electron-microscopic examination
demonstrated the presence of silver NPs of various size
and different configurations in the organs and tissues of
rats after administration of aqueous dispersions of these
particles into the small intestine lumen under nearly
physiological conditions. The detected nanoparticles
were located in many intracellular structures: in cyto-
plasm, nuclei, endoplastic reticulum membranes, in nor-
mal mitochondria and in megamitochondria.
Comparison of the experimental electron diffraction
patterns with a reference diffraction pattern obtained
from a standard silver NP sample confirmed the crystal-
line nature of the found NPs.

The results demonstrated that upon administration of
aqueous dispersions of silver NPs into gastrointestinal
tract (by a short-term three hour contact) the particles
can penetrate through the small intestine mucosal epi-
thelium into other organs of the animal, in particular,
into liver and spleen. This fact should be taken into
account for estimating the possible risk of NPs for
humans.

The results presented in this Section confirm the
efficiency of transmission electron microscopy for the
detection and identification of NPs in biomatrices upon
NP penetration from the gastrointestinal tract.

Figure 7. Electron photomicrographs of mucosal enterocyres and
Peyer’s patch cells of the small intestine.

(a) Electron diffraction pattern of silver NPs in Peyer’s patch tissues
and diffraction pattern of the detected NPs; (b) microvilli with silver
NPs; (¢) electron photomicrograph of the microvilli and the muscle
plate layer of the small intestine mucosa; (d) electron photomicrograph
of the Peyer’s patch section.

Designations: Mv are microvilli, ER are endoplasmic reticulum canal-
iculi, M are mitochondria; the arrows point to the silver nanoparticles.
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arrows.

Figure 8. Electron photomicrographs of liver cells.

(a) Electron diffraction pattern of the silver NPs in the liver hepatocyte cytoplasm
and diffraction pattern from the detected silver NPs; (b) electron photomicrographs
of a fragment of the liver sinusoidal capillary with blood elements and silver NPs;
(¢,d) are cell fragments of the liver parenchyma. The arrows point to silver NPs in
blood elements, in the nucleus and in the Kupffer’s cell.

Designations: Kc is Kupffer’s cell, N is nucleus, Ds is Disse’s space, BE are blood
elements, RER is rough endoplasmic reticulum; the silver NPs are indicated by

Figure 9. Electron photomicrographs of reticulum cells of the spleen red pulp.

(a) Electron diffraction pattern of silver NPs inside and outside the spleen red pulp tissue and diffraction pattern from these nanoparticles;
(b, ¢, d) electron photomicrographs of the reticulum cells of the spleen red pulp with silver NPs in cell mitochondria, cytoplasm and
nucleus. Designations: MgM are megamitochondria, Sc are sinusoidal capillaries, Gb are Golgy bodies. The arrows point to silver NPs.

IV. The use of reversed-phase high performance
liquid chromatography for fullerene determination
in biological samples

Quantitative determination of non-modified Cgo fullerene
in the organs and tissues of experimental animals after its
oral administration was performed by HPLC with optical
recording. The animals were administered Cgo fullerene
as a single dose or daily for 30 days in an amount of 50

or 250 mg per rat weighing 250 g. The quantitative
determination of fullerene in the toluene extracts of
organ and tissue homogenates™ was done on a Stayer
high-pressure liquid chromatograph (Akvilon, Russia)

+ Liver, kidneys, brain, spleen, lungs and intestine homogenates were
kindly provided by the Institute of Physiologically Active Com-
pounds of the RAS.
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with spectrophotometric detection. The components of
the toluene extract of biological samples were separated
on a Diaspher-110 C18 reversed-phase column
(250 x 4 mm) assembled with a Guard Cartridge Starter
Kit Kromasil 100-5C18 column (BioKhimMak-ST, RF).

Quantitative determination of Cgo fullerene in toluene
can be performed by spectrophotometry as the fillerene
has rather high solubility and high molar extinction
coefficient in this solvent. Figure 10 shows the absorp-
tion spectrum of Cgo fullerene in toluene.

The limitations of the spectrophotometric method for
quantitative determination of Cgo fullerene in the extracts
of biological samples are mainly related to the effect of
the biological matrix (or its components) on the spectral
characteristics of Cgo solutions in toluene. Therefore,
prior to the quantitative analysis of Cgp in biological
samples, it is necessary to separate all components of the
toluene extract. The method of choice for this purpose is
RP-HPLC.

The Cgo concentration in biological samples from
laboratory animals may be very low. Therefore, in the
sample preparation it is necessary to maximize the full-
erene extraction and to use highly sensitive detection
methods. In order to maximize the extraction, an
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Figure 10. Absorption fullerene in toluene.

[Cool = 16 pg ml—".

spectrum  of

advanced sample preparation procedure was proposed
according to the block diagram shown in Fig. 11. Acetic
acid increased the solubilization of proteins and other
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Acetic acid, 2 ml
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Figure 11. Block diagram of the sample preparation procedure for quantitative determination of fullerene in homogenates by HPLC.
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surfactants in biological samples. The Cgp extracts of
biological samples were dried by evaporation on a rotary
evaporator at 60 °C. The sample preparation included
the following stages:

— sampling and sample homogenization in a phos-
phate saline buffer (pH 7.4);

— treatment with glacial acetic acid in an ultrasonic
bath;

— three extractions of the homogenized sample into
toluene;

— separation of the precipitated biomatrix by centri-
fugation after every extraction;

— combining the toluene fractions and drying on a
rotary evaporator;

— dissolution of the dry residue in a known amount
of toluene;

— filtering the sample through a Teflon filter (pore
diameter 0.2 pm);

— dilution of the sample with the chromatographic
mobile phase.

The chromatogram of the standard sample of Cgo
fullerene is presented in Fig. 12.

t /min

Figure 12. Chromatogram of the Cgo reference sample.

The ‘added—found’ experiments demonstrated that
the degree of extraction of fullerene from homogenates
of various tissues is 90% —95%.

The amount of Cgo in tissue homogenate samples was
determined from the calibration dependence of the Cgo
peak area in the chromatogram vs. fullerene concentra-
tion in the analyzed sample plotted beforehand. The plot
was linear in the Cgo concentration range from 0.1 to
3.5 pg ml— 1L

The chromatograms of the toluene extracts of the
homogenates of organs of experimental animals exhibited
in some cases smeared peaks (which may refer to modi-
fied Cgp) at nearly the same retention times. The possi-
bility of modification of Cgp in the animal body was
demonstrated.!'>? The authors analyzed the Cgo modifica-
tion products in the mice liver by various physicochem-
ical methods and demonstrated that Ceo is functionalized
by vitamin A.

It was found experimentally that after single-dose
administration of Cg, reliably no fullerene accumulation

is observed in rat lungs, intestines, brain, spleen, liver or
kidney. After daily administration for 30 days, Ceo was
detected in the kidneys of 50% of the laboratory animals
on the 7th and 18th day of the experiment at a 250 mg
dose, in the intestine of one rat on the 7th day and one
more rat on the 30th day of the experiment and in the
lungs of one rat on the 30th day of the experiment at a
dose of 50 mg per day.

V. Study of absorption and distribution of
engineered nanoparticles in the body of laboratory
animals using radioactive tracer method

Study of absorption, distribution in the body, metabo-
lism and excretion of NPs is an important stage in the
evaluation of safety of NPs and nanomaterials. As
applied to main types of engineered NPs, these studies
are called upon to solve the following principal problems:

— elucidation of the mechanisms and quantitative
estimation of the penetration of NPs and nanomaterials
into the body for natural administration routes (oral,
percutaneous or inhalational);

— detecting the organs and tissues able to accumulate
engineered NPs and, hence, being potential targets of
their toxic action;

— qualitative and quantitative characterization of the
excretion of nano-objects out of the body, estimation of
their retention as a possible indication of cumulative
action;

— study of the metabolism of NPs and nanomaterials
in the body, which is important for both elucidating the
possibility of natural detoxification and evaluating the
prospects of using NPs as sources of nutrients of medi-
cine 2-19.24.27

The solution of these problems is difficult mainly due
to inadequately developed methods for highly sensitive
and specific determination of NPs in complex biological
samples (see above). It was noted previously that a
possible way to solve this problem is to use various
labels, of which radioisotope tracers can be named as
universal labels.

Radioactive tracer method (RTM) as applied to
evaluation of organotropism and biokinetic character-
istics of NPs implies the introduction of radioisotope-
labelled NPs into the animal body and the subsequent
measurement of the radioactivity of organs and tissues.
By using the RTM, one overcomes the shortcomings
inherent in other methods such as electron microscopy,
atomic force microscopy and elemental analysis. These
shortcomings are related to insufficient sensitivity and
specificity of NP detection in complex mixed-phase mul-
ticomponent biological entities. The radioisotope tracer
itself does not affect the chemical and surface properties
of NPs and does not change noticeably their organo-
tropism and cumulative potential. In view of the high
sensitivity of the modern radiometric instrumentation,
radioisotopes of very low activity, below the minimum
significant activity stipulated by the radiation safety
standards operating in Russia, can be used in experi-
ments.*

i See Sanitary Rules and Standards 2.6.1.2523-09 (radiation safety
standards 99/2009).
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Owing to high selectivity of y-spectrometery, RTM
can be used as simultaneous administration of several
sorts of labelled NPs bearing different radioisotope
tracers in one and the same animal. Then it becomes
possible to comparatively estimate the organotropism
and biokinetic characteristics of NPs with higher reli-
ability.

The RTM is most applicable to the study of distribu-
tion and organotropism of the NPs that are insoluble in
biological liquids and are slowly metabolized in the body.
These are numerous metal particles (silver, gold, plati-
num group metals), non-metals, metal oxides and some
salts.

The key limitation of the method is that the NPs must
contain an element able to be activated in a (thermal or
fast) neutron flux to give radionuclides having quantum
energies and half-lives acceptable for y-spectrometry. A
considerable extension of the range of NPs may be
achieved by using more complex activation methods on
charged-particle accelerators (protons or y-quanta with
energy above the threshold of photonuclear reactions)
and by using neutron radiation analysis for detecting the
isotope label.!5*

As applied to soluble and (or) biotransformable NPs
(active metals, iron, zinc and other oxides), RTM can
also provide comprehensive information about their fate
in the body. However, in this case, for detecting the
specificity of the behaviour of nanomaterials as com-
pared with the traditional analogues, it is desirable to use
additional methodical approaches, in particular, to char-
acterize the chemical nature of the biotransformation of
labelled NPs using, for example, various chromato-
graphic procedures.

1. Introduction of radionuclide tracers into
nanoparticles

The following key neutron activation reactions for ele-
ments that compose the NPs under investigation were
used;!3.155

thermal neutron activation by reaction of (n,y) type

19Ag + 1 —»> 110mAg (1)
74Se + n —> 73Se, ()
Y7Au +n —> 198Au, (3)
%4Zn +n —> %Zn; 4)

fast neutron activation by reaction of a (n,p) type
4Ti + n —> 40Sc, (5)

Ti+n —= 4ISc. (6)

The nuclear constants and other data characterizing
the above-indicated initial and activated isotopes are
summarized in Table 1.

For the successful use of a desired procedure in
biological experiments, it is necessary that the radioactive
products of neutron activation of the initial stable iso-
topes have a half-life ranging from several days to several
hundred days (radionuclides with longer half-lives are
less active, which reduces the accuracy of measurements).
The use of radioactive isotopes with a half-life of less
than 24 h causes considerable technical difficulties in the
measurements.

The isotopes used in the experiments described below
complied with these requirements and were obtained by
thermal neutron activation on an IR-8 nuclear research
reactor or by fast neutron activation on a cyclotrone at
the Kurchatov Institute Research Centre.

Reactions (1)—(4) occur in a thermal neutron flux
(the energy range of the thermal neutrons
0.005 < E, <0.4 eV). No titanium radioisotopes of the
required lifetimes were present in thermal neutron reac-
tions. For this reason, the 4°Sc and 47Sc tracers formed
from stable isotopes #°Ti and 47Ti, respectively, in the
fast-neutron threshold reaction (n,p) (with proton ejec-
tion) were chosen.

Table 1. Characteristics of initial and activated Ag, Se, Ti, Au, Zn isotopes involved in neutron capture and y-activity measurement (according to
the IAEA nuclear database; www.iaea.org/Our Work/Nuclear Data Service).

Nano- Isotope of the target Radioactive isotope
material
isotope natural M ox10=?*  radioactive T2 typeof E, ny
abundance Jgmol~!  /cm? isotope on /days radia-  /MeV /decay—!
(%) n-capture tion
Silver 10945 48.2 108.91 44 110mA g 2498 By 06577, 095,
0.8847 0.73
Selenium 74Se 0.9 73.92 48.0 73Se 119.8 ve 0.2647,  0.59,
0.1360 0.61
Titanium 40T 8.3 45.95 0.01 46Sc [upon (n,p) reaction] 83.8 B,y 1.1211, 1.0,
dioxide 0.8892 1.0
47Ti 7.4 46.95 0.01 47Sc [upon (n,p) reaction] 3.4 B,y 0.1594,  0.68,
0.9835 1.0
Gold 197 Au 100 196.97 98.7 198 Au 2.7 B~y 0.4118 0.96
Zinc oxide %4Zn 48.6 63.93 0.6 65Zn 244.3 B,y 1.115 0.51

Note. Designations: M is the isotope atomic mass, ¢ is the neutron capture cross-section, 7' is the isotope half-life, £, is the isotope y-radiation

energy, ny is the quantum yield (the number of photons per decay).
20On the capture electron reaction.
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The radioactive nuclei #6Sc and 47’Sc isomorphically
replace some titanium nuclei in the crystal lattice of
titanium dioxide. Since the atomic radii of these two
elements do not differ much, this apparently does not
cause any significant distortion of the crystal lattice or
change in the physicochemical and biological properties.

The following nanoparticles were used in the experi-
ments:

— silver NPs as Argovit (produced by the research
and production centre Vector-Vita, Russia), which were
characterized above;

— titanium dioxide NPs as rutile (produced by
Sigma-Aldrich, USA, Germany), which were character-
ized above;

— spherical gold NPs of a 8 nm average size prepared
by a reported procedure'’® in the presence of sodium
citrate;

— selenium NPs obtained at the Wave Research
Centre of the A M Prokhorov General Physics Institute
of the RAS by ablation of a compact target made of
reagent grade elemental (red) selenium in deionized water
without surfactants;!®7 according to electron microscopy
data,!>® the average particle size was 65 nm;

— zinc oxide NPs (produced by Sigma-Aldrich, USA,
Germany) with an average diameter of 28-30 nm
according to photon-correlation spectrometry data.

For neutron activation, the NP samples (dry powders
of zinc oxide and titanium dioxide NPs, aqueous disper-
sions of silver, selenium and gold NPs) were sealed into
ampoules made of extra-pure (99.99%) quartz. The NPs
for neutron activation should not contain significant
amounts of sodium ions, as upon activation, sodium
isotopes can be formed and interfere with determination
of the target radioactive tracers. Therefore, gold NP
samples containing solutions of sodium citrate were
subjected, prior to sealing, to long-term dialysis in sacks
of the Visking cellulose membrane (Serva, Germany) with
a pore size of ~1 nm against a 10~2 mol dm—3 solution
of reagent grade citric acid.

For the radioactive tracer procedure, the NPs under
study with a specified isotope tracer activity were orally
(through an enteral tube) administered into the animals.
The activity was chosen to achieve a compromise
between the radiation safety requirements (the amount
of the radioactive sample present at the workplace should
not exceed the level defined as the minimum significant
activity in the above-mentioned standard) and the tech-
nical capability of the y-spectrometric instrumentation.

The neutron activation session in a thermal neutron
flux was carried out as follows. The sealed quartz
ampoules with the material to be irradiated as ultra-
disperse powder or aqueous suspension containing a
specified amount of the NPs to be studied were placed
into unsealed containers made of extra-pure aluminium.
For irradiation, the containers were sunk into the vertical
channel of an IR-8 reactor on a aluminium link chain
(5 m-long lower part) and a polethylene fish line (5 m-
long upper part) to a depth corresponding to the neutron
flux maximum.

After the irradiation, the container was pulled up to a
level 2—3 m above the active zone and left inside the
bioprotection for ‘cooling’, i.e., decay of most of short-
lived radioisotopes, in  particular, 28Al  with
Ti2=2.7 min and 3'Si with Ty, = 2.6 h, which are

responsible for the predominant radiation exposure dur-
ing the first hours after irradiation. After ‘cooling down’
for several days, the sample containers were taken out of
the bioprotection under the supervision of a dosimetrist.
The resulting radioactive powders or aqueous suspen-
sions were diluted by deionized water to form specimens
to be administered into test animals.

The neutron activation session of titanium-containing
NPs in a fast neutron flux was performed in the following
way. A sample of the initial dry ultradispersed titanium
dioxide powder placed into a polyethylene container was
irradiated with fast neutrons in a special channel of a
cyclotrone at the Kurchatov Institute Research Centre.
Fast neutrons were generated in the cyclotrone by irra-
diating a beryllium target with a proton beam with an
energy of up to 30 MeV. The (p,n) reaction of °Be
isotope yielded neutrons with an energy of 14 +6 MeV.

After irradiation with a neutron flux, aqueous sus-
pensions of silver and selenium NPs were diluted down to
concentrations of 1 and 50 pg cm—3, respectively. The
irradiated zinc oxide and titanium dioxide NP powders
were dispersed in water to concentrations of 2.5 and
77 ng cm 3, respectively. Due to the very high specific
radioactivity of the gold isotope, the aqueous suspension
was diluted, after irradiation with a neutron flux, to a
concentration of 5.8 pg cm—3.

2. Procedure of the biological experiment

The organotropism and biokinetic characteristics of the
NPs were estimated using male Wistar rats with body
weight of 200—-300 g, who received the standard semi-
synthetic diet.

The radioisotope-labelled NPs were administered
intragastrically as a single dose. The administered NP
doses and the activities of isotope tracers are summarized
in Table 2. Immediately prior to administration into the
animals, the dispersion of labelled nanoparticles was
sonicated (44 kHz, 250 W acoustic power) for 15 min in
a water ultrasonic bath to reduce the particle aggregation
level.

Table 2. Administered nanoparticle doses and isotope tracer activities.

Rat NP NP dose Isotope Isotope
weight /mg tracer tracer
/g activity /kBq
200 TiO> (rutile) 77 46S¢ 1.75

TiO> (rutile) 77 47Sc 81.8

Zn 1.25 657n 48.8
250 Ag 1 10mA o 25.1
300 Au 5.8 198Au 53.9

Se 0.105 73Se 15.05

Immediately after the administration of the NP dose,
the animals were placed in cages designed to enable
separate collection of faeces and urine. Throughout the
stay in the cages the rats had unrestricted access to food
and drinking water. The faeces and urine were collected
on the first, second, third and fifth days after adminis-
tration of the specimens. The animals that were adminis-
tered a particular test material were divided into 3 or 4
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subgroups, each comprising four rats. The biological
samples were taken on the first day after administration
from the animals of the first subgroups of all test groups,
on the second day from the second subgroup animals, on
the third day from the third subgroup animals, on the
fifth day from the fourth subgroup animals after exsan-
guination from the inferior vena cava under deep ether
anaesthesia. The radioisotope activity was analyzed in
the following biological samples: whole blood, liver,
spleen, pancreatic gland, gonads, kidneys, lungs, heart,
brain, gastrointestinal organs, musculoskeletal frame
with hair and skin. The materials placed in polyethylene
sealed tubes were stored before the measurements in
containers made of extra-pure polyethylene at —20 °C.

Then the fabricated samples were studied on a
v-spectrometric instrumentation to determine the activity
of the radioisotope tracer by selective measurement of
one (or several) y-energy lines inherent in the particular
isotope (Table 3). By summing up the sample activities
for each rat, the integrated activity of the isotope tracer
was determined for each animal taking into account the
activities of the daily amounts of faeces and urine
excreted from the animals before sample withdrawal.
The integrated value thus obtained was correlated with
the introduced dose, and the ratio of these values was
used to estimate the accuracy of measurements.

Table 3. Distribution of *6Sc and 47Sc tracers in the body of rats at
various time intervals after intragastric administration of 40Sc- and
47Sc-labelled titanium dioxide NPs (in percent of the administered
dose, M +m).

Biological Time after administration /h
specimen

24 43 72
GIT®? 79.2+10.4 1.68 +£0.24 0.125+0.063
Carcass® 0.055+£0.016 0.040 £0.016 0.020 £ 0.004
Liver <2x10-3 none none
Blood <2x10-3 the same the same
Faeces 20.7+10.4 98.30£0.23 99.90 +0.06

a Gastrointestinal tract. ® The skin and hair coat and the bladder were
also included in the musculoskeletal frame.

3. Measurement of the sample activity
The activity of the samples was measured on a low-
background y-spectrometer manufactured by Canberra
(USA) comprising a GC4018 semiconductor extra-pure
germanium detector, a DSA-1000 analyzer and Genie
2000 —Genie S501 and Genie S502 software. According
to the procedure of measurements, the vy-radiation
quanta from the test sample were registered (counted)
over a broad energy range in which the operator adjusted
either manually or automatically the range of the appro-
priate characteristic spectral line that was chosen for
measurements of the tracer isotope for the subsequent
treatment (decoding). The full spectrum of each meas-
ured sample was recorded and retained for the repeated
treatment or for reference.

During treatment, the count rate of y-quanta in the
chosen energy range was calculated and then converted

to the absolute activity of the sample (in becquerels) with
allowance for recording efficiency correction factors, in
particular, in conformity with the source (biological
sample) geometry. For all radioisotopes, the measured
activity was additionally corrected for radioactive decay
by conversion to the instant of administration of the
labelled NPs in animals (¢ = 0). An additional correction
of the measured activity of the withdrawn blood and
frame weight was applied to account for the incomplete
exsanguination, the actual blood weight being taken to
be 6.0 % of the body weight.

4. Investigation results

a. Titanium dioxide nanoparticles labelled by “6Sc and 4’S¢
radioisotopes

The presence of two radioisotope labels, 4°Sc and “7Sc,
formed upon neutron irradiation of TiO» nanoparticles
gives a noticeable advantage for the analysis of biological
samples with y-activities differing by several orders of
magnitude (this is the case when the gastrointestinal
absorption is low, which is typical of this type of NPs).
The simultaneous recording of y-activities of both iso-
topes presented no difficulty, and the highly active but
rapidly decaying (71> = 3.4 days) 47Sc isotope was used
during the first days after administration of labelled NPs
for measurement of samples with low NP contents. The
less active but long-lived 4°Sc isotope suited for measure-
ment of faeces, gastrointestinal tract and frame with high
contents of NPs for a long period of time (up to several
months) without considerable influence on the accuracy
and sensitivity of the method. The highest sensitivity of
the applied method in the analysis of NP distribution
among organs and tissues, ~0.8 pg for a labelled NP
sample, was attained using 47Sc. The balance of determi-
nation of the tracer radioactivity was, on the average,
(108 +5)%, which is within the accuracy of the method
for the given isotope. As follows from the data of
Table 3, the main bulk of the titanium dioxide NP tracer
was located the first day in the gastrointestinal tract and
later it was almost completely excreted with the faeces.
The degree of tracer excretion after three days was
99.9%. Minor (<0.06%) quantities of the tracer detected
in the frame could be due to faeces remaining on the skin
around the anus. After the first 24 h, a very low (about
0.002%) radioactivity from 4’Sc was detected in the liver
and blood of the animals; this corresponded to a titanium
dioxide NP contents of ~0.8 pg. No activity of labelled
TiO> nanoparticles was revealed in the spleen, pancreatic
gland, gonads, kidneys, lungs, heart, brain or urine, i.e.,
the contents of NPs in these biological specimens did not
exceed 0.001%.

The results demonstrated that titanium dioxide NPs
show low absorption from the small intestine. This does
not contradict the data of electron microscopy, which
revealed only a few NPs of this type in the enterocyte
cytoplasm after introduction of a nanomaterial disper-
sion into the intestine lumen (see Section II1.3.a and Ref.
151). Earlier experiments !4 showed the presence of slight
amounts (~4 pg for the whole organ) of TiO» (rutile)
nanoparticles in the liver of rats after daily administra-
tion of high doses of these NPs for a month, which does
not contradict the result of our study.
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Table 4. Distribution of ''"Ag in the body of rats at various time intervals after intragastric administration of the ''*Ag-labelled silver NPs

(in percent of the administered dose, M + m).

Biological specimen

Time after administration /h

24 48 72
GIT + faeces (the sum) >98 >98 >99
Carcass 0.36£0.17 <0,6 0.23+0.09
Liver 0.60+0.18 0.78 £0.26 0.18+0.10
Kidneys 0.014 £0.002 0.029+0.008 0.007 £0.003
Blood 0.126 £0.051 0.203 £0.046 0.052£0.022
Lungs 0.0094 £+ 0.0026 0.0160 £ 0.0025 0.0062 £ 0.0026
Heart 0.0042 £0.0016 0.0060 £0.0015 0.0032 £0.0007
Pancreatic gland 0.0079 £0.0015 0.0120 £0.0052 0.0039£0.0013
Spleen 0.054 £0.020 0.059 £0.029 0.010 £0.004
Gonads 0.016 £0.003 0.033 £0.007 0.010 £0.004
Brain 0.0029 £0.0010 0.0123 +£0.0023 0.0053 £0.0017
Urine 0.012 4 0.002 0.032 +0.009 0.048 +0.037
b. Silver nanoparticles labelled by 1™Ag radioisotope i
The measurements of the '"™Ag tracer in the organs of T 200 o 1
rats after administration of labelled silver NPs showed ﬁ *2
that >98% of the activity is located in the gastrointes- 2 100 83
tinal tract and then excreted with faeces. The total NP % 50 L4
absorption from the gastrointestinal tract throughout the &8 o3
experiment did not exceed 2% of the administered dose § 20 =0
for all animals. Nevertheless, owing to the high specific .5 10 : ;
activity of the ''19mAg-labelled NPs, the NP distribution s 5
among the organs and tissues was estimated by y-spec- =
trometric analysis. It follows from the data presented in % 2
Table 4 that silver NPs are mainly accumulated in the . 0

Z 10 20 30 40 50 60 70 t/h

liver; the overall tracer activity in the liver is similar in
the order of magnitude to the overall activity in all other
organs and tissues.

In the order of decreasing !''mAg, the next are
peripheral blood, spleen and gonads. The tracer accumu-
lation in the heart did not exceed 3% — 6% of the content
in the blood and may be related to the amount remaining
in the coronary vessels. The total content of '19mAg NPs
in the kidneys, lungs and pancreatic gland is also insig-
nificant. Note the following: if the data are expressed in
the units of specific NP content in the sample rather than
in the units of total NP content in the organs (Fig. 13),
then the second highest NP concentration after the liver
was found in the spleen.

Note the low level of NP accumulation in the brain.
This can also be attributed, to an extent, to the retention
of the NPs in the brain blood vessels. However, the
maximum '"omAg NP concentration in the brain
(attained ~48 h after administration) does not coincide
in time with the blood maximum, which is observed in
the range of 24—-48 h (see Fig. 13). Obviously, some
silver NPs penetrate the blood—brain barrier. However,
verification of these data and accurate quantitative eval-
uation require additional research.

¢. Gold nanoparticles labelled by °8Au radioisotope

The results of estimation of the absorption and distribu-
tion among organs and tissues for '"®Au-labelled gold
NPs are summarized in Table 5 and in Fig. 14. Like
silver and titanium dioxide NPs, gold NPs show very

Figure 13. Concentration of ''®Ag-labelled silver NPs in the body
of rats vs. time after intragastric administration through enteral
tube.

Organ: (1) liver, (2) spleen, (3) blood, (4) kidney, (5) lungs, (6)
gonads, (7) heart, (8) brain.

low absorption upon intragastric administration. The
total faecal and gastrointestinal content of the tracer 24
and 48 h after administration exceeds 95%, and after
72 h, it did not differ from 100% to within the error of
v-spectrometric analysis, i.e., the main bulk of gold NPs
is excreted with the faeces. The urine excretion is very
low, being <0.02% of the administered amount during
the first 24 h.

However, the biokinetics and organotropism of gold
NPs are largely different from those of silver NPs,
despite the fact that both these metals are chemically
inert under physiological conditions. The most pro-
nounced accumulation of gold NPs was found in kidneys.
In the order of decreasing tracer activity, this is followed
by the blood, liver and spleen. The tracer accumulation
in other organs is rather low — it does not exceed 10—2%
of the administered dose. The residual amount of labelled
gold NPs in the bones is apparently much lower than that
of silver NPs.
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Table 5. Distribution of ' Au in the body of rats at various time intervals after intragastric administration of '*® Au-labelled gold NPs (in percent

of the administered dose, M 4+ m).

Biological specimen

Time after administration /h

24 48 72
GIT 64.2+6.8 5.93+342 0.199 +0.064
Faeces 31.1£11.0 89.1+£38.1 100+3
Carcass 0.145+0.061 0.0078 £0.0068 0.0054 £ 0.0045
Liver 0.018 £0.003 0.045+£0.036 0.0039 £0.0013
Kidneys 0.166 £0.029 0.114 £0.091 0.069 £0.014
Blood 0.0374+0.003 0.035+0.018 0.0042 +0.0021
Lungs 0.0073+0.0012 0.0040 +0.0031 0.0052 4+ 0.0029
Heart 0.0023 +0.0006 0.0027 +0.0012 0.0016 +0.0007
Pancreatic gland 0.0033+0.0011 0.0018 +£0.0012 0.0017+0.0014
Spleen 0.0095 £ 0.0024 0.0088 +0.0070 0.0090 +0.0061
Gonads 0.0086 +0.0028 0.0042 £0.0031 0.0028 £0.0012
Brain 0.00038 +0.00017 0.00070 +0.00026 0.00025 +0.00012
Urine 0.012+0.002 see? see

4 No measurements were performed.
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Figure 14. Concentration of '?®Au-labelled gold NPs in the body of
rats vs. time after intragastric administration through enteral tube.
Organ: (/) kidneys, (2) spleen, (3) lungs, (4) gonads, (5) heart, (6)
blood, (7) liver, (8) brain.

Note that the minor amounts of gold NPs revealed in
the pancreatic gland, lungs and gonads show a sort of
‘conservation’, i.e., their amount in these organs does not
tend to decrease (to within the determination error) after
72 h as compared with the amount found after 48 h. The
time variation curves for the specific content of gold NPs
per unit weight of the organ are shown in Fig. 14. It can
be seen that the highest concentration of these NPs is
found in kidneys, and it is an order of magnitude higher
than the second highest concentration found in the
spleen. In the brain, the total amount and the concen-
tration of NPs 24 h after administration are an order of
magnitude lower than those in the blood. Thus, it cannot
be ruled out that in an early stage of the experiment, the

whole or almost the whole amount of °®Au detected in
the region of brain may actually be due to the NPs
present in the blood vessel lumen of the brain. However,
after 72 h, the NP concentrations in the blood and in the
brain differ less than twofold. Moreover, as in the case of
silver NPs, the highest content of gold NPs in the brain is
reached later (after 48 h) than in the blood (in the range
from 24 to 48 h). This suggests that some minor portion
of gold NPs can penetrate the blood—brain barrier.
However, the degree of penetration cannot be quantita-
tively determined based on the experimental data.

The reasons for the considerable difference between
the organotropisms of silver and gold NPs are obscure.
The surface of the NPs administered into animals bears a
loosely bound adsorption layer of stabilizer molecules
(polyvinylpyrrolidone and citric acid, respectively); as
NPs enter the body, this layer is apparently replaced by
a layer (crown) of the animal body proteins.!3% 160
Presumably, the abilities of silver and gold NPs to bind
various blood plasma proteins are different, which
accounts for different degrees of their retention by the
cell receptors of liver and kidneys. However, this assump-
tion requires experimental verification.

d. Selenium nanoparticles labelled by the 7>Se radioisotope

As follows from the data summarized in Table 6 and in
Fig. 15, the distribution of 7°Se-labelled selenium NPs in
the rat body after the intragastric administration differs
substantially from the distribution of other studied NPs.
Note a rather high degree of absorption of selenium NPs
during the first 24 h after administration; subsequently
~40% of the selenium present in the NPs is excreted
with the faeces and ~55% is excreted with the urine. The
highest 7°Se concentration was detected in kidneys; large
amounts of selenium are accumulated in the blood and
liver. Considerable amounts of the tracer (4% —5%) were
found also in the carcass. In all of the studied organs,
except for brain, the maximum tracer concentration is
attained between 24 and 48 h after administration, and
by 72 h of the experiment, some ‘conservation’ of the
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Table 6. Distribution of 7°Se in the body of rats at various time
intervals after intragastric administration of 7°Se-labelled selenium
NPs (in percent of the administered dose, M + m).

Biological Time after administration h
specimen
24 48 72

GIT 31.6+3.8 520+ 1.71 1.23+0.38
Faeces 4.78 £1.71 33.5+33 36.7+1.7
Carcass 5.20+0.68 4.30+0.43 424 +1.15
Liver 3.344+0.17 2.55+0.32 2.61+0.25
Kidneys 1.50 +0.08 1.314+0.15 1.214+0.13
Blood 4.11+£0.17 3.244+0.39 3.71+0.47
Lungs 0.2114+0.013 0.206+0.015  0.187+0.015
Heart 0.093 +0.008 0.077+£0.008  0.063 +0.022
Pancreatic gland ~ 0.106 £0.012 0.059+0.010  0.088 £0.003
Spleen 0.272+0.044 0.220+0.029  0.2224+0.025
Gonads 0.275+0.030 0.268+0.013  0.293+0.017
Brain 0.03540.003 0.050+0.015  0.032+0.001
Urine 50.7+3.0 54.8+2.0 57.1+£2.3
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Figure 15. Concentration of 7°Se-labelled NPs and the possible
products of their metabolism in the body of rats vs. time after
intragastric administration.
Organ: (/) kidneys, (2) liver, (3) blood, (4) spleen, (5) lungs, (6)
heart, (7) gonads, (8) brain.

content of exogenous labelled selenium takes place, or its
amount even increases (as it was found for blood).

The smallest amount of 7°Se was found in the brain
(not higher than 1% —2% of the blood level). The most
pronounced decrease in the specific activity in the brain
occurred by 72 h after 73Se administration. This may
imply retention of the tracer activity in the residual blood
of brain capillaries and the lack of evidence for penetra-
tion of considerable amounts of nanoparticles or the
products of their biotransformations through the
blood —brain barrier.

These results suggest that unlike silver and gold NPs,
selenium particles are considerably biotransformed and
metabolized in the body, i.e., selenium is incorporated
into the metabolic process. The main bulk is excreted
with urine, and only a slight amount is deposited in the

liver and kidneys. This fact comes as no surprise as most
of the possible sites of selenium incorporation into
protein molecules are saturated with selenium that
arrived into the animal body with food. In eukaryotes,
the co-translational incorporation of selenium into pro-
teins as selenocysteine is known to be sharply intensified
in the case of selenium deficiency and, conversely, to be
retarded when selenium is present in normal or excessive
amount. The greater part of selenium that was not
included into biosynthetic processes is methylated and
excreted with urine,'®! which is apparently the case in
our experiments.

e. Zinc nanoparticles labelled by the ®>Zn radioisotope

The results of determination of ®°Zn in the urine and
faeces and the absorption, retention and effective reten-
tion factors of zinc from the %°Zn-labelled specimen are
summarized in Table 7. The data attest to very high
bioavailability of zinc when present in zinc oxide NPs.
The overall activity of the tracer that has not been
absorbed in the intestines is only ~20%. Hence, in view
of the characteristic transit time of the intestine content,
which is ~24 h for rats, not less than 80% of the amount
of the introduced tracer is absorbed in the intestines. In
reality, the absorption in the intestines can be even
higher taking into account the fact that some of the
zinc oxide NPs absorbed during the first 24 h has time
to be metabolized in the body and be incorporated in
proteins, some of which can get into the intestines, for
example, as a part of pancreatic juice or bile.

Table 7. Characteristics of zinc bioavailability in rats upon admin-
istration of®*Zn-labelled ZnO nanoparticles.

Characteristics M+m
Faecal excretion of %Zn (% of the administered dose) ~ 20.01 +4.65
Urine excretion of ©Zn (% of the administered dose)  0.60 +0.24
Assimilability characteristics:
absorption factor (%) 80.00 + 4,65
retention factor (%) 79.39+4.61
effective retention factor (%) 99.25+0.28

The zinc absorbed as NPs is effectively retained in the
body for 24 h, as indicated by low urine excretion of the
tracer. Therefore, the tracer retention factor differs little
from the absorption factor. The absorbed zinc oxide NPs
are utilized almost completely in the body, as indicated
by the effective retention factor exceeding 99%.

The statement of the high bioavailability of zinc in
the form of zinc oxide NPs is even more significant
because the study was performed for animals supplied
with enough zinc in the diet. Under conditions of zinc
deficiency, the intestinal absorption and retention may be
even higher.

As follows from the data presented in Table 8, zinc
introduced in the gastrointestinal tract of rats as NPs,
after penetration into the body, is distributed in different
ways in the internal organs. The greatest amount of the
tracer was detected in the liver and kidneys of the
animals; in the order of decreasing amount, this is
followed by spleen, pancreatic gland, gonads, lungs,
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Table 8. Distribution of ®Zn in the body of rats at various time intervals after intragastric administration of ®*Zn-labelled zinc oxide NPs

(in percent of the administered dose, M + m).

Biological specimen

Time after administration /h

4 24 72 120

Blood 0.126 +£0.025 0.2444+0.053 0.475+0.09 0.1714+0.020
Brain 0.021+0.005 0.0364+0.013 0.064 +0.003 0.047 4+ 0.004
Heart 0.061+0.016 0.11240.042 0.166+0.078 0.04940.01
Lungs 0.076 +£0.012 0.1484+0.018 0.189+0.036 0.068+0.018
Seminal glands 0.078 +£0.012 0.18040.025 0.196 +£0.029 0.0724+0.011
Pancreatic gland 0.17740.037 0.214£0.082 0.22740.037 0.0290 £ 0.080
Kidneys 0.376 +0.094 0.428 +£0.101 0.536 4+0.065 0.116 +0.007
Liver 2.5024+0.489 3.878 £0.558 3.977£0.789 1.16 +£0.115
Spleen 0.199+0.072 0.256 +0.045 0.354+0.093 0.105+0.029

2 The amount of zinc nanoparticles administered into the gastrointestinal tract is 1 mg per rat, which corresponds to the 50 kBq activity

of Zn.

heart and brain. Note relatively low zinc uptake in the
blood and brain, despite the considerable number of Zn-
containing proteins in the tissues of these organs. The
maximum uptake of the tracer in all organs was observed
72 h after administration. By the 120th hour of observa-
tion, the tracer activity decreased in all of the organs,
which is consistent with the known fast turnover of Zn-
containing proteins (many of which are enzymes) and the
absence of pronounced zinc deposition under sufficient
supply.

The greatest amount of °Zn is deposited in the
musculoskeletal carcass of the animals. As in the internal
organs, the maximum tracer inclusion in the frame was
noted 72 h after the beginning of the experiment, while
after 120 h excretion of ®Zn started.

Analysis of the individual distribution profiles of ¢Zn
among the biosubstrates of rats obtained in 72- and 120-
h experiments 13- 155 showed that most of zinc introduced
with the specimen is detected in the frame (27% —40%)
and is excreted with the faeces (28% —51%). A consid-
erable amount of the tracer is detected after 72 h in the
gastrointestinal tract (16% —40%) and liver (3% —5%).
The amount of tracer retained in other organs is negli-
gibly low. After 72 h, the main bulk of ®3Zn (82% —84%)
is excreted with the faeces, and only 10% —13% is
retained in the frame. Note very low levels of zinc
excretion with urine observed in all experiments.

Thus, the studies by the radioactive tracer method
identified several types of behaviour of inorganic NPs
entering the gastrointestinal tract. Apparently, titanium
dioxide NPs tend to show extremely low degree of
absorption from the gastrointestinal tract and nearly
100% faecal excretion. Conversely, small but reliably
detectable amounts of silver and gold NPs penectrate
through the intestinal walls and are accumulated in
organs and tissues, the organotropism profiles for these
two types of NPs being substantially different. Finally,
the selenium and zinc oxide NPs show fairly high degree
of absorption, which is presumably accompanied by

biotransformation and urine and faecal excretion, respec-
tively. The results attest to good prospects of using
radioactive tracers for studying absorption, biodistribu-
tion and excretion of engineered NPs, in particular, for
elucidating the reasons of different organotropism of
metal NPs and the possible routes and mechanisms of
their assimilation.

In conclusion, it should be noted that integrated physi-
ologo-biochemical and toxicologo-hygienic assessment of
adsorption, biodistribution and bioaccumulation of
nanoparticles and nanomaterials in the body cannot
currently be based on any single known method of their
analysis in heterogeneous and multicomponent systems.
An integrated approach is required including the use of
electron microscopy, chemical analysis and model in vivo
experiments using labelled nanoparticles.
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