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ABSTRACT

Purpose: To develop a method of radioactive tracers by the
activation by charged particles for the studying quantitative content of
chemical elements and nanoparticles in biological samples and in the
environment.

Material and methods: Theoretical analysis and test experiment
were carried out to study the possibility of using various nuclear
methods for detection of chemical elements and nanoparticles in
biological and other samples, using the activation of different isotopes
by a charged particles flux. The characteristics of the products and the
various nuclear reactions, taken from the IAEA’s nuclear databases,
have been considered. The irradiation of natural isotopes of titanium
by fast neutron flux produces radioactive isotopes 4¢Sc and 4’Sc
(with half-life 7', ,, respectively, equal to 83.8 and 3.35 days), by fast
protons flux — ¥V (T, 2= 16 days) and by alpha-particles flux — SICr
(7T, o = 27.7 days). The flux of fast protons after interaction with the
natural isotopes of platinum mixture generates radioactive isotope
195Au (T,,,= 186 days), with the isotopes of iron — 56Co (T,,=71.7
days), with the isotopes of manganese — *Mn (T, 2= 312 days), with
europium isotopes — 3'Gd (T,,,= 124 days) and 153Gd (T,,=241.6
days). We also consider the possibility of exposure to iron isotopes by
fast deuterons flux with the formation of isotope 3*Co. All radioactive
isotopes are gamma-emitters and are suitable for the measuring on
gamma-spectrometers. Particular attention is paid to the detection of
nanoparticles of titanium dioxide, which takes one of the first places in
the list of priority nanomaterials. For estimate the proportion of silver
nanoparticles or another nanoparticles passing through the blood-brain
barrier, evaluation of the content of iron in the blood can give a key
information.

Results: The use of such methods in addition to the traditional
neutron activation analysis expands the list of chemical elements, which
can be successfully detected by the nuclear activation. This expansion
includes such elements as titanium, iron, platinum, manganese,
europium and some others.
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particles, biokinetics, laboratory animals, the environment, nanoparticles
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NUCLEAR PHYSICAL METHOD FOR THE DETECTION OF CHEMICAL
ELEMENTS IN BIOLOGICAL AND OTHER SAMPLES USING ACTIVATION
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AnepHo-(du3nuecKnii METOX AETEKTHPOBAHUSA XHMHYECKHX IJIEMEHTOB
B OMOJOrMYEeCKMX H APYTHX 00pa3nax HA OCHOBE AKTHBAIMH 3APSKEeHHbIMH

PEDEPAT

Llean: PazpaboTka MeTO1a paAMOaKTUBHbBIX MHAMKATOPOB Ha OC-
HOBE aKTUBAIIMK 3apSSKeHHBIMU YaCTUIIAMU JIUTST UCCIIIOBAHUST OMO-
KUHETUKN XUMUYECKUX 3JIEMEHTOB U HAHOYACTUILL B OMOIOTHYECKUX
oOpasiax 1 OKpyxXarolleii cpeje.

Matepuan u meronbl: [1poBeneH TeOpeTUUYECKUIA aHAIU3 U Te-
CTOBBII 9KCTIEPUMEHT TI0 MCCIICNOBAHUIO BO3ZMOXHOCTH TTPUMEHEHMSI
Pa3IMYHBIX SIIePHO-(DUBNYECKUX METOIOB IETEKTUPOBAHMSI XUMUYE-
CKHX 2JIEMEHTOB B OMOJIOTMYECKHX U IPYTUX 00pasiiax, B TOM YUCIe B
COCTaBe HAHOYACTUII, C MCMOIb30BAaHUEM aKTUBALIUU PA3TMYHBIX U30-
TOITOB TIOTOKOM 3apsDKeHHBIX YacTull. [1poaHamn3upoBaHbl MPOLYKTHI
Pa3IMYHBIX sIEPHBIX peakuuii. [Ipu 06ydeHM MPUPOIHBIX M30TOIMOB
TUTaHAa TIOTOKOM OBICTPBIX HEHTPOHOB OOPA3YIOTCSl PAIUOAKTUBHBIC
uzororsl *°Sc n 4’Sc (¢ nepronamu nonypacnazna 7T, /2 PABHBIMHU CO-
OTBETCTBEHHO 83,8 1 3,35 IH:), MOTOKOM OBICTPBIX MPOTOHOB — BV
(TI/Z: 15,98 nns), a anpda-yactuuamu — >'Cr (TI/Z = 27,7 nus). Mpu
00JTy4eHUH OBICTPBIMU TIPOTOHAMU TIPUPOTHON CMECH U30TOIIOB TLIa-
THHBI 00pasyeTcst pannoakTHBHbLL usoron '*Au (T 2= 186,12 nus),
M30TOTOB Xene3a — °Co (7, 2= 77,7 nHs1), N30TOMOB MapraHiia ¢ 00-
pasoBaHueM msotona >>Mn (7,,= 312,1 aHs), U30TONOB €BPONUS —
n3otonsl ragonunusa P'Gd n %Gd (T}, COCTABIIAET, COOTBETCTBEH-
HO, 124 u 241,6 nHs). PaccMoTpeHa TakKe BO3MOXHOCTbH OOIYUEHIMST
M30TOTIOB Kejie3a OBICTPBIMU JCUTPOHAMM C 00pa30BaHMEM TOTO Xe
uszorona *°Co. Bce 06pasyrolyecs paanoaKTUBHbIE U30MNTOINbI ABIs-
I0TCSI TAMMa-U3JTyIaTeSIMA M UMEIOT YIOOHBIE JUTS TIeJIei U3MepeHMsT
Ha raMMa-CreKTpoMeTpe sHepretudeckue auHun. Ocoboe BHUMaHME
yIeJsIeTCsl IeTeKTUPOBAHUIO HAHOYACTUIL M3 IBYOKHUCH TUTaHa, 3aHU-
MAIOLIMMK OJIHO U3 TIEPBBIX MECT B CITUCKE MPUOPUTETHBIX HAHOMATE-
puaioB. [Ipr KoMuecTBEHHOI OIIEHKE IO HAHOYACTHII cepedpa WiIn
NPYTUX HAHOYACTULL, TIPOXO/SIIIUX Yepe3 reMatosHiedannyeckuii 6a-
pbep, OLIEHKA COMEePKaHMsI Xele3a B KPOBH MOXET IaTh HENOCTAIOIIYIO
Kio4yeByo uHbopManuio. [Ipu BbIOOpEe ONTUMAIbHOM MpPOLETYPhI
TPOBENICHNsT SKCIIEPUMEHTA TIOTyIaeMble PaTuOAKTUBHBIC TPOLYKTHI
OyyT UMETh aAKTUBHOCTb HUXE MUHUMAIbHO 3HAUMMOI1 aKTHBHOCTH.

Pesynbrater: [TpuMeHeHNE pACCMOTPEHHBIX SITEPHO-(DU3MIECKIX
METO/IOB B JOMOJIHEHUE K TPAAULIMOHHOMY HEHTPOHHO-aKTHBAIL[MOH-
HOMY aHAJIU3Y CYIIECTBEHHO PACIIMPSIET CITUCOK XUMUIECKUX DJIEMEH-
TOB, Ha TaKWe KaK TUTaH, XeJe30, MIaTHHA, MarHUi|, eBPOIUii U 1Ip.,
IUTST TETEKTUPOBAHUST KOTOPBIX OHU MOTYT OBITh YCTIEIITHO TPUMEHEHBI.
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Introduction

Accelerated  development of nanotechnology
increases the amount of products containing nanoparticles
(NPs). Only in the food industry currently more than 200
products with nanomaterials are used. Exponential growth
of the amount of products with nanomaterials requires
an assessing not only their useful properties, but also the
degree of risk to humans and the environment that creates
the problem of ensuring their safety for human health and
the environment.

A key way in solving this problem is to study biokinetics
(absorption, biodistribution, metabolism and excretion)
of nanoproducts in animals and humans. The basis of this
research is a quantitative measurement of the NPs mass
content in biological samples.

Quantitative measurement of NPs content in living
organisms and material / waste of nanotechnology presents
considerable difficulties because of the high demands for
sensitivity and accuracy. These difficulties in the most
concentrated form manifest in quantitative measurements
of NPs content in complex, multi-component and
polydisperse systems, such as tissues of living organisms.

One of the most promising methods for measuring the
mass of inorganic NPs is a method of radioactive tracers,
based onneutronactivation ofthe atomic nuclei. Inprevious
years, NRC “Kurchatov Institute” in collaboration with
the Moscow Institute of Nutrition performed a significant
amount of work on the development of the method and its
application to the study of biokinetics of NPs, such asssilver,
zinc dioxide, gold and selenium. For the first two types of
NPs the techniques were developed and certified in GOST
R system [1]. These techniques are recommended for use
in Rospotrebnadzor’ document MR 1.2.0048-11 [2].

Method of detecting chemical elements contained in
the NPs based on thermal neutron activation is applicable
to a limited number of such elements. They include silver
(Ag), zinc (Zn), selenium (Se), cerium (Ce), lanthanum
(La), iron (Fe), gold (Au), iridium (Ir). The most serious
limitation is imposed on the number of elements in
the biokinetics’ study in the experiments on laboratory
animals due to possible requirements on their duration. In
studies of trace elements and hazardous pollutants in the
environment, agricultural and food products, this list may
be expanded considerably. Practical needs in quantifying
the content of trace elements in the various materials
demands significant expansion of this list.

In different practical fields (scientific research,
medicine, nanotechnology) there is a need for methods of
detecting other elements such as titanium (Ti), platinum
(Pt), europium (Eu) and some others. In addition, not for
all elements, listed in the first list, and not in all options
of research the high sensitivity of the measurement in
the application of the neutron activation method can
be ensured. For example, such situation may occur in

measuring the iron content in the samples due to the low
content of isotope ¥Fe (0.28 %) in the natural isotope
mixture. The measurement sensitivity may fall due to long
time isotope activation with relatively short half-life, for
example, Pt,¢ with T /2= 4 days. In connection with
this, we started the study of the possibility of using the
elements’ activation in nanomaterials by irradiation with
fast charged particles (p, d, *He, “He) paying particular
attention to proton irradiation. Preliminary theoretical
analysis and experimental research using beams of fast
charged particles of the cyclotron in NRC “Kurchatov
Institute” promises the hope of the viability of this method
of activation as applied to biological and environmental
research.

Material and methods

The method of radioactive tracers based on neutron
activation was developed many decades ago for the purpose
of biochemical and physico-chemical analysis.

Radiotracer method based on the neutron activation
was developed several decades ago to conduct biochemical
and physico-chemical analysis. This method is unique in
its features of sensitivity and accuracy (see review paper
[3]). It is one of the widely used technologies from the
standpoint of its sensitivity [1, 3—7].

Originality and features of modern development of the
radiotracer method are as follows:

* the scope ofthe application nanoparticles / nanomaterials
with specific chemical elements, support research on
their bio- and toxico-kinetics;

+ the application of modern highly sensitive gamma-
spectrometric equipment;

» development of standardized measurement techniques
to ensure the reliability and accuracy of measurement;
one embodiment of this method (the method of
comparison with a standard sample) allows to receive
the result of measurement with a high precision (with a
relative error less than 15 %);

* it is possible to determine the mass content of biophilic
elements (e.g., zinc, selenium) in biological tissues and
organs, in contrast to many other methods;

* it is possible to measure directly the mass content in
solid samples, while many other methods require prior
sample transformation into a liquid or gaseous state;

 determination of the mass content of nanomaterials can
be produced both in micro- and macro-samples up to
several centimeters in all three dimensions;

« if the activated isotope has a sufficiently long half-life
(a few ten-day periods), this method can be applied
to biological and other experiments lasting for tens —
hundreds of days, commensurate with the time of
process of transport of nanomaterials in experimental
animals or objects of the environment;
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* the possibility of using not only thermal neutrons flow
but also charged particles flow for the isotope activation
significantly expands the scope of the nuclear-physical
methods.

* NRC “Kurchatov Institute” has a certified equipment
necessary for the application of nuclear-physical
methods of measuring the mass of chemical elements
(research nuclear reactor IR-8 with a thermal neutron
flux of at least 10!2 neutrons/sxcm?, cyclotron, modern
multichannel analyzers of gamma-spectra, etc.).

Activation analysis options

As in the embodiment of neutron activation analysis
two modifications of the method are used: the absolute
and relative measurements [1, 4, 7]. In absolute method,
the mass content of the investigated element in the sample
is calculated by the known nuclear properties of the target
and activated radioactive isotope and the value of the flux
density of charged particles during irradiation and others.
In this case, the measurements can contribute significantly
to systematic and random components of uncertainty into
the results.

The absolute method is used for the preliminary
assessment of activity of the samples. Using the results
of this evaluation, a scenario of the experiment using
nuclear-physical methods of detection of nanomaterials
in the samples is determined. In particular, the exposure
time of the sample by neutrons or charged particles, the
holding time after the exposure and the time of measuring
the activity on a gamma-spectrometer are determined.

In the relative method of measuring, the content of
the element in the sample is determined by comparison
of the radiation activity of the test sample and the
standard sample with a known content of an element after
simultaneous exposure of test and standard samples to the
activating particles’ flow. In this case, the measurement’
result does not depend on the variation of the value of the
particle flux density. Thus, the measurement uncertainty
in the relative activation analysis method is much smaller.
To use it, the standard samples with known content of the
element must be prepared.

Depending on the goals and objectives of the
study, as well as on the biological properties of the sought-
for element (whether it is a biophil element, i.e., is it
contained in the body in a natural amount, or it is not
biophil) one of two experiment’ variants on laboratory
animals is chosen:

1) co-activating irradiation of the test and standard samples
with subsequent gamma-spectrometric analysis;

2) preliminary preparation of the radiolabeled material
containing a tested chemical element in a particular
physico-chemical form by irradiation of primary non-
radioactive material; administration of radioactively
labeled material in the test medium (animal’ organism
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or some other sample); gamma-spectrometric analysis
of the sample with the tested radiolabeled element.

For such elements as Pb, Ag, Au, As, etc. one may use
both types of the experiments. For biophilic elements (Fe,
Zn, Se, Ti, etc.), when a varying amount of the element
is contained in the animal organs, in the biological
studies only the second type of the experiment may be
recommended — with the radiolabel material.

When studying the penetrability of the blood-brain
barrier by investigated NPs it is necessary also to determine
the iron content in the blood and brain samples. Knowing
the NPs concentration in the peripheral blood one can
estimate the NPs content in the blood veins of the brain
of laboratory animals. And then the NPs fraction passing
through the blood-brain barrier can be determined.
Determination of iron in the blood is carried out by the
same method of radioactive tracers: activation of iron
isotopes.

Theoretical analysis of the activation method with
charged particles

This analysis was performed for a number of elements
relevant from scientific and practical points of view.

Titanium. One of the first places in the list of priority
nanomaterials is taken by titanium Ti, used usually in
the form of titanium dioxide TiO, [8]. For this element
there are no radioactive isotopes, activated by the thermal
neutron flux, with the required properties. Because of
the special needs in developing a method of detecting
nanomaterials with this element the method of activation
of titanium in fast neutrons flux was investigated.

Upon irradiating natural isotopes of titanium with fast
neutrons, radioisotopes 4°Sc and 4’Sc are produced in the
reaction (n, p) with the necessary properties for gamma-
spectrometry measurements (7, /2 are 83.8 and 3.35 days
respectively). In this study the secondary beam of fast
neutrons, generated in the cyclotron of NRC “Kurchatov
Institute”, was used. The study has shown that it was
impossible to obtain high detection sensitivity with a
titanium content of nanomaterials due to the relatively
small cross section of the (n, p) reaction and insufficient
power of the secondary beam of fast neutrons.

In this regard, the development of another method
of detecting the content of titanium nanomaterials was
initiated. That method isbased on the activation of titanium
by fast protons to form radioactive isotope *8V in reactions
(p; n, 2n, ..) on natural titanium isotopes. Radioisotope
8V has a sufficiently long half-life (7, ,»= 16 days) and two
gamma-lines 1.31 and 0.98 MeV with a single output for
each decay. Preliminary theoretical analysis of this method
showed its satisfactory characteristics.

Both methods of analysis — absolute and relative
ones — are equally applicable to activation of the target by
fast protons.



The evaluation of the titanium activation with the igsoo

absolute method has demonstrated the possibility of the
radioactive label 43V formation with sufficient activity. In
this evaluation the characteristics of the proton beam of
the cyclotron and the available literature’ nuclear data on
the target nuclei and radioisotope 3V were considered.
Nuclear data were taken from the IAEA’s nuclear
databases, see fig. 1 with the data on the cross section of
proton activation of natural titanium isotopes. Thus, the
possibility to achieve a sufficient sensitivity of detection of
nanomaterials with titanium can be real.

We also considered the option of activating titanium
with fast alpha particles. Fig. 2 shows the cross section
of the reaction "ITi(a,x)°'Cr with the release of the
radioactive isotope >!Cr (T, 2= 27.7 days, E, =0.32 MeV).
The cross section for this reaction is higher than for the
activation by protons and °!Cr radiolabel has almost two
times longer half-life, than 43V.

Platinum. When irradiating natural platinum isotope
mixture in the fast protons beam, reactions (p; n, 2n, ..)
form radioisotope '*3Au, having a half-life 7,,= 186.1
days and gamma-line with energy 0.099 MeV. For a
sufficiently long time’ experiments (tens — hundreds of
days), this activation option can give the desired results in
the terms of sensitivity and accuracy.

Iron. The irradiation of a natural mixture of iron
isotopes by fast protons produces radioactive isotopes of
cobalt in the reactions ™Fe(p,x)¢-57-38Co. Radioisotope
56Co presents the greatest interest. It is formed from the
main natural isotope *°Fe (91.75 % content in the natural
isotope mixture), has a half-life 7, 2 = 77.7 days and
gamma ray line of energy 0.847 and 1.24 MeV (respectively
with the quantum yields per unit of radioisotope decay
n, = 1;0.67).

The option of activating iron isotopes by fast deuterons
is also of interest. In reactions "Fe(d,x)**Co radioisotope
56Co is generated. Fig. 3 shows the dependence of the
reaction cross section on the energy of the deuterons. In
these options with the existing technical characteristics
of the cyclotron one can achieve better results than with
irradiation by thermal neutrons.

Furopium. Upon irradiation of natural europium
with fast protons, reactions "'Eu(p,n)”'Gd and
I3Bu(p,n)!>3Gd  generate radioactive isotopes of
gadolinium "!Gd and '53Gd with half-life, respectively,
124 and 241.6 days and gamma ray lines 0.154; 0.243 and
0.097, 0.103 MeV respectively. This option is suitable for
the detection of europium in various nanomaterials.

Manganese. Manganese has the single natural isotope,
SMn. Its irradiation by fast protons creates in the reaction
5SMn(p;p,n)>*Mn radioisotope >*Mn with a half-life 7, 2=
312.1 days and gamma line with energy 0.835 MeV.

Description of the experiment. Test experiment was
performed with irradiation of TiO, NPs in the form of
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Fig. 1. Cross section of reaction Ti(p,x)*V on the natural
mixture of isotopes of titanium depending on the energy of the
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Fig. 2. Cross section of reaction Ti (a.,x)3'Cr on the natural
mixture of isotopes of titanium depending on the energy of the
alpha-particles (IAEA, Nuclear Databases)
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Fig. 3. Cross section of reaction Fe(d,x)3*Co on the natural
mixture of isotopes of iron depending on the energy of the
deuterons (IAEA, Nuclear Databases)

powder rutile (Sigma-Aldrich, USA — Germany) by the
proton beam of the cyclotron. According to the study on
the transmission electron microscope TEM, the rutile was
presented partially by aggregated nanorods with a diameter
of 5—10 nm and a length of 40—50 nm [6].
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For planning the experiment, the theoretical
calculations were made with the absolute method.
Taking into account the rather high cross section of
natural titanium isotopes’ activation by fast protons and
characteristics of the proton beam of the cyclotron, the
following parameters were chosen for the irradiation of
ampoules with TiO,: proton beam power with an energy
of 32 MeV — 0.1 mA, exposure time — 28 minutes. For
the irradiation the sample was prepared containing 0.6 g
of titanium dioxide powder (0.36 g of titanium) in a sealed
tube, made of quartz glass.

Fig. 4 shows the spectrum of gamma-lines after proton
activation of the sample with TiO, obtained on gamma-
spectrometer in NRC “Kurchatov Institute”.

After opening the ampoule 0.58 g of powder were
dissolved in 25 cm? of water and, after vigorous stirring,
the solution was aliquoted in the tubes in amount of 1
cm?. Thus, each tube contained 23.2 mg of rutile NPs.
Measurements on gamma-spectrometer have shown that
activity of radioisotope “8V in tubes corresponded to 4.4
kBq, which gives a specific activity about 190 Bq / mg.
One should take into consideration a nonuniformity of
irradiation of rutile mass in the tube due to relatively short
free path of the protons and the narrowness of the proton
beam. Homogeneity of samples was provided by dissolving
them in water and stirring.

Two tubes were subjected to centrifugation at 18.000
rpm for deposition of particles and nanoparticles and
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evaluation of the possible content of 8V jons in solution.
After merging the liquid of the two tubes in one other tube,
its activity was measured.

Results and discussion

In the reaction with the fast protons radionuclides
48V produced possess high recoil energy. It was necessary
to determine the “8V amount which can be outside the
nanoparticles volume. Behavior of radioisotopes 43V and
NPs themselves are different in the body of the animal.

Measured activity of the test tube with liquid from
the two initial test tubes after centrifugation was equal to
7.1 Bq. Its initial activity was 8.8 kBq. Thus, the activity
of the isotope ions did not exceed 0.8-10~ of initial NPs
activity. This testifies to the low yield of radioisotope 6V
outside NPs after proton irradiation.

The main purpose of developing MRI on the basis of
the activation by charged particles is to provide a reliable
and sensitive method for measuring the content of NPs
with TiO, and other substances in the studies of NPs
distribution kinetics in experimental animals. For NPs
loaded with silver, zinc and selenium, these experiments
were carried out using thermal neutron activation [1, 5, 6].
Previous experience in this part of the experimental work
with animals and of gamma-spectrometry analysis is fully
applicable in experiments with activation by the charged
particles.
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Fig. 3. Cross section of reaction Fe(d,x)3*Co on the natural mixture of isotopes of iron depending on the energy of the deuterons
(IAEA, Nuclear Databases)
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The main attention of past and planned experiments
on NPs biokinetics was given to per oral way of NPs
administration. It is appropriate to note that the earlier
MRI method, based on the activation by accelerated
protons, was applied in Germany to determination of
titanium oxide distribution after its inhalation by rats [8].

During the session with the optimal proton irradiation
of test samples and gamma-spectrometry analysis one can
expect that the detection limit of titanium in the sample
can be reduced to a few — tens of nanograms.

The sensitivity of the detection method of titanium
in various samples 2—3 orders of magnitude higher with
activation by cyclotron’ fast protons than by fast neutrons
generated in the same cyclotron.

Titanium is not biophilic element. Nevertheless, it
is present in small amounts in some animal tissues [9].
For this reason, the biological experiments with titan
containing materials should be made using the 2nd
option (see above): pre-production of radioactive-labeled
material containing the desired chemical element.

Conclusion

Summing up, it can be noted that the theoretical
analysis and test experiments have shown the possibility
of effective application of nuclear physics methods to
measure the NPs content in biological, environmental
and other samples containing a number of scientifically
and practically significant elements, using the activation
of source isotope by fast charged particles. Application of
this method of activation, in addition to the method of
thermal neutron activation extends the list of the NPs and
the chemical elements, to which nuclear physical method
of detection can be successfully applied.

Experimental verification of the possible release of the
radioisotope “8V beyond the NPs volume because of the
relatively high energy recoil in the reaction (p, x) shows
that this output is negligible, and its impact on the accuracy
of measurement of the NPs with TiO, is insignificant. A
similar result can be expected for other elements using
activation by accelerated charged particles. Such test
was carried out only for the activation of the elements by
fast protons. According to available data, some of which
is shown above, the reaction cross sections with other
charged particles (d, 3He, “He) have the same order of
magnitude as the reactions with protons. This means that,
if it is necessary for activation of the studied elements,
these charged particles may also be used.

Nuclear-physical methods of detecting the trace
elements in different samples based on neutron activation
has continuously been used in various research institutes,

see e.g. [3, 7]. But ecological and hygienic control of these
micronutrients is still comprise an actual scientific and
practical problem.
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