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Introduction. The electron paramagnetic resonance (EPR) method, based on determining the concentration of free radicals generated in
materials surrounding a person under the influence of ionizing radiation, allows for reliable estimates of absorbed doses in individuals exposed
to uncontrolled irradiation. However, materials intended for use as objects in EPR dosimetry must meet fairly stringent requirements, includ-
ing availability, detection limit, temporal stability of the EPR signal, and sufficient radiation sensitivity. Therefore, although ionizing radiation
induces free radical formation in virtually all materials, not all of them can be used to obtain information about absorbed radiation doses.
Objective. Selection of optimal materials for assessing absorbed doses of ionizing radiation in victims of accidental exposures using the EPR
method.

Materials and methods. A standard Bruker Elexsys E580 X-band spectrometer with a SuperHighQ cylindrical resonator was used to record
EPR spectra. A UELR-10-10S2 linear electron accelerator was used for sample irradiation. The study examined samples of biological materials
(hair, fingernails), as well as materials commonly associated with humans in everyday life, such as plastic, cotton fabrics, fabric from dispos-
able medical masks, and smartphone glass.

Results. The results showed that each of the studied materials has its own advantages and disadvantages for EPR dosimetry. The radiation
sensitivity of hair samples was inversely proportional to their melanin content: the higher the pigment concentration (and, consequently, the
darker the hair), the lower the radiation sensitivity and the higher the background melanin signal. To account for the intrinsic melanin signal, an
additional measurement is recommended — recording the hair color via a photograph taken under a microscope. Fingernail samples, which,
like hair, are keratinous formations but lack melanin, represent an alternative. A drawback of biological materials such as hair and fingernails is
their relatively low sensitivity, with a lower limit of detection (LOD) exceeding 10 Gy. High radiation sensitivity was demonstrated by uncolored
cotton fabric samples (LOD = 1 Gy). The material of protective masks exhibited several times higher radiation sensitivity. Stable EPR signals
were obtained from transparent plastic buttons. Smartphone glass proved to be the most radiation-sensitive material, with a LOD not ex-
ceeding 0.5 Gy; however, the variation in sensitivity among such glasses was significant, even among smartphones of the same model. The
variability in radiation sensitivity of the investigated samples ranged 20-50%.

Conclusions. When selecting materials for estimating absorbed doses using the EPR method, the following witness materials for radiological
events are preferred: smartphone screen glass, uncolored cotton clothing fabrics, materials from protective masks, and transparent plastic.
When using hair as a biological dosimeter, the measurement procedure is characterized by increased complexity, and the results may con-
tain a systematic overestimation of the estimated doses, particularly in the case of dark-colored hair. Fingernail samples, in turn, exhibit poor
stability of the radiation-induced signal, which is difficult to distinguish from background signals of non-radiation origin. The variability in the
sensitivity of the studied sample materials indicates the need for individual calibration using additional irradiation.
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BBepeHne. MeTtof aNeKTPOHHOMO napamarHUTHOro pes3oHaHca (3P), 0CHOBaHHbINM Ha ONpPeaeneHnn KOHLEHTpaLUmMm CBOBOOHbIX paaun-
KanoB, 00pa3yloLLMXCH B OKPY>XaloLLMX YeNoBeka NpeaMeTax nof AeNCTBUEM NOHU3MPYIOLLErO U3My4YeHWs, MO3BOASET NOyYnTb 4OCTO-
BEpPHble OLEHKM MOMOLWEHHbIX 403 Y MOCTPafaBLUMX B pe3ynsraTte HEKOHTPOMPYeMoro obaydeHns. OgHako K matepuanam, Ucrnofbaye-
MbIM B Ka4ecTBe 06bekTOB ANnst SMNP-0o3nMeTpumn, NpeabaBAstoTCs OCTATOYHO CePbe3Hble TPEOOBaHWS, TakMe Kak OOCTYNHOCTb, Npeaen
LEeTeKTUMPOBaHNs, cTabunbHOCTb JMMP-curHana Bo BpeMeru, JocTaTtoqHas paamauyonHast YyBCTBUTENBHOCTb U T. A. [o3aTomy, HecMoTps
Ha TO Y4TO MopA, AENCTBMEM VMOHU3MPYIOLLErO 13yyYeHns cBoboaHble paankasibl 00pa3ytoTcs MpakTUYeCKM BO BCEX mMaTepuanax, ganeko
He KaK bl N3 HUX MOXKET UCMONb30BaThCs AN MOMYyHeHUs MHOPMAaLIM O MOTTOLLEHHbBIX 032X N3MyHYeHUs.

Lienb. Beibop onTumMansHbIx 06bEKTOB A5 OLIEHKM MOMAOLLEHHBIX 103 MOHU3MPYIOLLErO N3yHeHNs MOCTpaaaBLUMX B Clydasix aBapuinHOro
06ny4enHna metogom SlP.

Martepuanbl n metogbl. [nsa peructpaymm IMNP-CNekTpoB NPUMEHSANCS CTaHOapTHbIM CrekTpoMeTp X-avanasoHa Bruker Elexsys E580
C unnmHapuyeckm pedoHatopoM SuperHighQ. [ns obnyyveHns obpasLoB MCMob30BaiCs MHENHbIN YCKOPUTENb 3NEKTPOHOB MOAENN
YOJ1P-10-10C2. B nccnenoBaHusix paccMmaTpmsanmcb 06pasLibl G1Monorm4eckix matepmasnos (BOMOC, HOMTeN), a TakxKe COMyTCTBYIOLME He-
NOBEKY B ObITY MaTepuasibl, Takre Kak niacTuk, XJ10n4aTobyMadkHble TKaHW, TKaHN 3aLUUTHBbIX MEAULMHCKIMX MAcOK U CTEK1a CMapT(OHOB.
PesynbraTtbl. Pesynsrathl nokasanu, 4YTO KaXKApli M3 MCCNefoBaHHbiX OOBEKTOB VMEET CBOW MpeuMyLLecTBa W HegocTaTkum
ans OrNP-go3nmeTpun. PagmnaumoHHas YyBCTBUTENBHOCTb 06pasLioB BOIOC 0BPaTHO MPOMOPLIMOHabHa COAEPXKAaHMIO B HUX MeNaHuHa:
4YeM BbllLE KOHLEHTPaLMS MUrMeHTa (M COOTBETCTBEHHO TEMHEE BOJIOC), TEM HIKE HyBCTBUTENBHOCTb K paauaLum 1 Tem Bbille (hOHOBBbI
curHan MenanHvHa. ns y4eta co6CTBEHHOMO CUrHana mMenanvHa LenecoobpasHo NpoBeCTW AOMOMHUTENBHOE U3MepeHne — 3adKCMpo-
BaTb LBET BOSIOCA MOCPEACTBOM (hoTorpadun nog MUMKPOCKOMNOM. ANTEPHATMBOM MOTYT CTaTb 06pasLbl HOFTel, KOTOPbIE, Kak 1 BOIOCHI,
SABNSIOTCS KEPATUHOBLIMM 06PA30BaHMSIMUY, HO NLLEHbI MeNaHnHa. HegocTtatkom 61onormiyecknx 0ObekToB, TaknX Kak BOSIOCH! U HOTTU,
SBNSETCS BbICOKOE 3HAaYEHMEe HXKHErO Npefena AeTtekTupoaHus — 6onee 10 p. BbiCoKyto pagmaLioHHy0 H4yBCTBUTENBHOCTb Nnokasanm
06pasLbl HEOKPALLEHHbIX XJ1I0M4aTOBYMarkHbIX TKaHEN (HVXXHU Npefen AeTekTupoBaHng — 1 Ip), Matepran 3alyTHbIX MacoK UMEN YyB-
CTBUTENBHOCTb K 06/Ty4EHMIO B HECKOSIbKO pas Bblwe. CTtabunbHble SIP-curHansbl nonyYeHbl Npu 06ayHeHnn Npo3paqHbiX NNacTUKOBbIX
nyrosuL,. CambiM HyBCTBUTENBHBIM K 0BJTyHEHUIO OKa3ascs maTepuan CTekon cMapTgOHOB, Npeaen AeTEKTMPOBaHNS MO KOTOPbLIM He npe-
Bbilwan 0,5 p, ogHako pa3bpoc HyBCTBUTENBHOCTY TaKMX CTEKON OKa3ancs 3Ha4MTENbHbIM AaXke NpU NCCAefoBaHn CMapTOHOB OAHOM
Moaenn. BaprnabenbHOCTb pagnaLmoHHON YyBCTBUTENBHOCTU CCNeQ0BaHHbIX MaTepuanos coctasnsana 20-50%.

BbiBogbl. Mpn Bbibope 06BEKTOB A5t OLIEHKM MOMMOLLEHHON 403kl MeTofoM OlMP npegnodTnTensHbIMU ABNSKOTCS Cnefdytollive Matepua-
bl — CBUAOETENV PAAMONONNYECKIMX COObITUIN: CTEKIIA SKPAHOB CMapPT(OHOB, HEOKPALLEHHbIE XT0NMYaTOOYMarKHble TKaHW OAeX Abl, MaTepu-
arnbl 3aMTHBIX MaCcoK, MPO3paYHbIi MiacTuk. Mprn NCNonb30BaHUM BOSIOC B Ka4eCTBe GMONI0MMHYECcKoro 403MMEeTpa NpoLenypa N3MepeHus
XapaKTepun3yeTcsi MOBbILLIEHHOW TPYAOEMKOCTbHIO, a pesy/isTaTbl MOMyT COAep»KaTb CUCTEMATNHECKOE 3aBblLLEHNEe OLIEHNBaEMbIX [0O3, OCO-
OeHHO B cry4ae BofIoc TeMHOro LiBeTa. ObpasLbl HOrTel, B CBOKO 04epedb, AEMOHCTPUPYIOT HU3KYIO CTabUIbHOCTL paanauOHHO-MHOYLW-
POBAHHOIO CUrHana, KOTopbI TPYAHO OTANYUTL OT POHOBLIX CUMHANOB HEPaANALMOHHON NPUPOAbl. Pasbpoc 4yBCTBUTENBHOCTM 06pa3L0oB
1CCNefoBaHHbIX MaTepuanoB ykasblBaeT Ha HEOOXOAMMOCTb HANBUAYANBHOM KanMbPOBKN C MPUMEHEHNEM AOMOAHUTENBHOMO 0OyHEeHNS.

KnioueBble cfioBa: SMeKTPOHHbIM MapaMarHWTHbI PEe30HaHC; PETPOCTEKTUBHAaA [O03UMETPUs;, paanaumoHHas YyBCTBUTENIbHOCTb;
paavaunMoHHO-MHAYLMPOBaHHbIN CUrHas; aBapuitHoe obyyeHre; NornoLLeHHas fo3a

Ons untupoBaHus: Vearos [.B., Anagosa E.E., bantumupos [.P., KoHeB C.®. Beibop onTumansHbix MaTepranos ans NP-go3nmeTpum
npv aBapuinHOM 0bnyderun. SkcTpemassHas buomenmumHa. 2026. hitps:/doi.org/10.47183/mes.2026-478

duHaHcupoBaHue: paboTa BbinonHeHa npu nogaepxke MUHUCTEPCTBa HayKu 1 BbicLLero obpasoBaHus PO (Tema Ne FEUZ-2023-0013) 1 ro-
cypapcTteeHHoro 3aganusa «CnvH» [p. Ne 122021000036-3, a Takke B paMkax peanmsaumy rocyaapCcTBeHHoOro koHTpakTta Ne 11.310.22.2,
puHaHcnpyemoro ®MBA Poccum no OLM «ObecneveHne aoepHoOn 1 pagmaumoHHon 6esonacHocT Ha 2016-2020 rr. 1 Ha nepuog,
0o 2030 r.».

CoO0TBETCTBUE NPUHLMNAM 3TUKU: MCCNeaoBaHNe He TPebyeT 0foOpeHst STUHECKOrO KOMIUTETA, MOCKOJIbKY HOCUT XapakTep Matepuano-
Be[l4eCcKoro, a briomarepuassl 6o 06e3NM4EHbI 1 HEe COAepPXKan NepcoHanbHble JaHHbIE.

BnaropgapHOCTb: aBTOPbI BblpaxkatoT 6narofapHOCTb MAadLemMy Hay4YHOMY COTPYOHUKY VIHCTUTyTa dumsmkm metannos YpO PAH KoHe-
By A.C. 3a c6op 06pasLIoB.

MoTeHuManbHbIN KOHMINKT MHTEPECOB: aBTOPbI 3aABNAOT 06 OTCYTCTBUN KOHMDINKTA MHTEPECOB.
><I AnapoBa EneHa EBreHbesHa aladova@subi.su

MonyuyeHo: 13.03.2026 Mocne gopaboTku: 22.04.2026 MpuHaTa k ny6nukauum: 04.05.2026 Online first: 22.07.2026

INTRODUCTION

When radiation incidents occur, even in the presence
of well-organized dosimetric monitoring, there is a
risk of uncontrolled exposure. Furthermore, data from
external exposure dosimetric monitoring may require
verification, necessitating retrospective dosimetric
measurements. In turn, the choice of the correct treat-
ment strategy for patients showing signs of radiation
injury depends directly on the assessment of the ab-
sorbed dose.

One method that provides reliable estimates of ab-
sorbed dose is electron paramagnetic resonance (EPR),

which is based on determining the concentration of free
radicals generated in objects and materials surround-
ing a person under the influence of ionizing radiation.
The concentration of free radicals is directly proportional
to the accumulated dose. Due to the different nature of
substances, their free-radical states differ [1], and the
selection of an optimal object for dosimetric measure-
ments is a challenging task. The main parameters to
be considered in EPR measurements are the number
of radicals generated in the material per unit absorbed
dose (radiation sensitivity) and the temporal stability of
these radicals. Additionally, the presence of intrinsic par-
amagnetic centers in the substance that are unrelated
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to irradiation and give rise to a non-radiation EPR signal
must be taken into account.

The most sensitive object for retrospective EPR do-
simetry is tooth enamel [2, 3]; however, its use in do-
simetry is limited by the need for tooth extraction and
the lengthy sample preparation process for measure-
ments. Nevertheless, research continues actively into
alternative approaches that allow measurement of radi-
ation-induced radicals in tooth enamel both in vivo [4]
and in small chips, making this method less invasive and
more convenient for widespread practical application
[5, 6]. It should be noted that significant contributions to
the development and advancement of technologies for
non-extractive tooth enamel sampling have been made
by specialists of the FMBA of Russia [7, 8].

In addition to tooth enamel, keratinous fibers — hair
and fingernail samples — have been used as objects for
EPR studies [9], as have materials commonly associated
with humans in everyday life, including plastics, cotton
clothing fabrics, and the fabric of disposable medical
masks, which are widely used as sanitary-hygiene prod-
ucts [10]. Alongside these, it has been shown that glass
from modern smartphones also exhibits high radiation
sensitivity [11].

The study purpose was to select optimal materials
for assessing absorbed doses of ionizing radiation in
victims of accidental exposures using the EPR method.
The objective was to perform a comparative analysis of
the dosimetric characteristics of various materials (both
of biological origin and commonly found in everyday life)
when used as objects for retrospective EPR dosimetry
and to identify the best candidates.

MATERIALS AND METHODS

EPR was used to study samples of human hair of differ-
ent colors (dark, brown, light — blond, and gray), finger-
nail samples, plastic (buttons, pen caps), clothing fab-
rics (a white cotton laboratory coat), protective medical
masks, and samples of smartphone touchscreen glass.

The sample size was determined by the ability to
place it in a 5 mm diameter test tube for measurements,
with the sample height in the tube not exceeding 10 mm.
Due to differences in the density of the materials studied,
sample masses ranged 15-200 mg.

A Bruker Elexsys E580 X-band spectrometer with a
SuperHighQ cylindrical resonator (Bruker, Germany) was
used to record EPR spectra. The spectral recording pa-
rameters were optimized to achieve maximum sensitiv-
ity without distorting the spectral pattern. The following
settings were used: magnetic field modulation — 0.1 G,
magnetic field sweep width — 100 G, sweep time —
30 s, microwave power — 2 mW, number of scans —
1-15. The EPR signal amplitude was determined using
the peak-to-peak method.

Hair and fingernail samples were obtained from do-
nors aged 20-25 years; gray hair donors were 60 years
old. Overall, the study used data obtained from 16 hair
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samples, 3 fingernail samples, 10 plastic samples,
20 fabric samples (of which 5 were medical mask fab-
rics), and 14 smartphone glass samples (of which 11
were Gorilla® Glass and 3 were Tempered Glass).

The pigmentation intensity of the hair samples was
determined using an optical microscope with a digi-
tal camera, a Nikon Eclipse E200 (Nikon, Japan). The
hair was photographed at 400x magnification, and the
resulting image was processed in the GIMP graphics
editor.

A UELR-10-10S2 linear electron accelerator
(NPP KORAD, Russia) located at the Innovation and
Implementation Center for Radiation Sterilization of the
Physical Technology Institute, Ural Federal University,
was used to irradiate the samples. The average electron
beam energy was 10 MeV. To rapidly and reliably cap-
ture the radiation effect, the samples were exposed to
high doses of radiation ranging 10-30 kGy.

The standard deviation of the EPR measurements
for the established lower limits of detection of absorbed
doses was + 20%.

RESULTS AND DISCUSSION

In the case of accidental exposure, hair samples are
an accessible and easy-to-collect material; however,
their use in EPR dosimetry is complicated by the pres-
ence of melanin. This pigment generates its own EPR
signal, which is similar in shape to the signal observed
after radiation exposure (Fig. 1). The intensity of this
signal depends on the melanin concentration, i.e.,
on the hair color: the darker the hair, the higher the
signal (Fig. 2). In this study, the lightness (pigmenta-
tion intensity) of the hair was determined by analyzing
microphotographs: the brightness of the hair image,
expressed as a percentage relative to the brightness
of a light background, was measured. Thus, for EPR
dosimetry of hair samples, there will always be a
systematic error associated with hair color (melanin
content). Furthermore, melanin can bind free radicals
[12]; therefore, the radiation sensitivity of hair depends
strongly on its color (Fig. 3): the lighter the hair, the
higher the sensitivity [9, 13].

Additional irradiation of the sample with a known
dose (as an alternative to using a calibration curve) re-
duces the influence of differences in sensitivity but in-
creases the workload. To account for the melanin signal,
the hair color (lightness) must be additionally determined
(e.g., by microscopic photography), which lengthens the
analysis process; even when studying light-colored hair,
this procedure is unavoidable. Moreover, chemical treat-
ment of the hair (dyeing, bleaching, etc.) can unpredict-
ably alter the sample’s properties, rendering the analysis
results unusable.

Fingernails, like hair, are keratinous formations; how-
ever, they lack melanin and therefore may serve as a
reasonable alternative in dosimetry. Nail material has no
background EPR signal, but its radiation sensitivity is
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Fig. 1. Example of an EPR spectrum of black hair
before and after irradiation
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Fig. 3. Dependence of the relative EPR response to
irradiation on hair color

significantly lower than that of hair (Fig. 4). Furthermore,
the signal intensity decreases rapidly over time (the sig-
nal halves within 24 hours), depends on sample humidity
[14], and can be overwhelmed by signals from various
impurities often present on the nail surface, leading to
overestimation of the absorbed dose.

The temporal stability of the EPR signal of the stud-
ied materials was assessed by repeated EPR response
measurements over a period of 2 months. For all ma-
terials except fingernails, the half-life of the EPR signal
is 3—4 days or more, which is sufficient for emergency
dosimetry purposes [1].

Plastic is a widely used material in the manufac-
ture of many everyday items (mobile phones, buttons,
eyeglass frames, etc.). Due to the widespread use of
radiation sterilization in the manufacture of medical
instruments, detailed studies have previously been
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Fig. 2. Dependence of the melanin EPR signal intensity
on hair color
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Fig. 4. Example of EPR spectra of biological materials
after exposure to the same radiation dose

conducted on the effect of irradiation on plastic sam-
ples of various compositions [15-17]. It was found that
the parameters of the EPR signals and their stability
vary significantly depending on the type of plastic [18].
The most stable EPR signals were recorded from ir-
radiated, transparent, uncolored plastic buttons [19]. It
should be noted that plastic may have a background
non-radiation signal, which is often associated with its
coloring (Fig. ).

Cotton fabrics have fairly high radiation sensitiv-
ity and EPR signal stability over several days [20, 21],
making them useful as a source of information about
levels of radiation exposure. Moreover, in cases of
non-uniform exposure, clothing fabric samples from
a victim can be used to determine the distribution of
absorbed radiation dose over the surface of the body.
However, fabric dyes can produce a background EPR
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signal with high probability. In addition, various factors
can complicate the analysis of irradiated cotton: ex-
posure to sunlight, residual content of detergent mol-
ecules from laundering, water content, the presence
of dust, grease, etc. It should be noted that the fabric
of medical masks, which is of a different nature (typi-
cally synthetic materials), showed a radiation sensitivity
3.5 times higher than cotton fabrics [10].

The glass of modern smartphones is typically made
from a specially chemically strengthened material pro-
cessed through an ion-exchange process, for example,
Gorilla® Glass, developed by Corning Inc'. Among the
candidate materials, smartphone glass is the most
sensitive to radiation. However, variations in the chemi-
cal processing of such glasses cause a spread in their
sensitivity [22], even for smartphones of the same
model, which can introduce significant measurement
errors [23, 24]. The structure of the EPR spectra can be
divided into three types [11]; the two most commonly
encountered spectrum types are shown in Fig. 6.

The dosimetric characteristics of the studied biologi-
cal materials and everyday materials are presented in
the table.

The radiation sensitivity of transparent plastic sam-
ples varied over a wide dose range: the lower limit of
detection (LOD) was 5 Gy for button plastic and reached
15-20 Gy for pen casing plastic. Dyed (colored) plastic
may have a background non-radiation signal that leads
to an overestimation of the determined absorbed radia-
tion dose.

For hair samples, a pronounced dependence of radi-
ation sensitivity on melanin content was observed: an in-
crease in melanin concentration reduces sensitivity and
increases the background signal. Even when studying
light-colored hair, color correction is required, performed
via optical measurements.

Fingernail material has no background signal but is
characterized by poor EPR signal stability and insuf-
ficient radiation sensitivity (LOD exceeds 10 Gy).

Cotton fabrics have sensitivity providing a detection
limit of 1 Gy and signal stability of several days; however,
dyes may produce a background EPR signal. Synthetic
fabrics from protective masks showed better radiation
sensitivity.

The most radiation-sensitive materials are smart-
phone glasses: the lower detection limit is 0.5 Gy.
However, the variability in sensitivity of the glasses stud-
ied is large, even for smartphones of the same model,
which can lead to significant measurement error and
makes individual calibration of samples using additional
irradiation preferable.
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Figure prepared by the authors based on their own data

Fig. 6. Examples of EPR spectra of the two most
common types of smartphone glass after irradiation

1 Corning, Inc. https://www.corning.com/gorillaglass/worldwide/en.html

EXTREME MEDICINE | 2026



OPUTMHAJIbHASA CTATbA | PAQBUOBNONOINA

Table. Dosimetric characteristics of the studied materials

Material Lower limit of detection, Gy Sensitivity variability, %
Dark hair 20 30
Brown hair 15 30
Blond hair 10 25
Fingernail 10 20
Colorless plastic 5-20 50
Dyed (colored) plastic 25 50
Cotton fabric 1 30
Medical mask fabric 0.7 30
Smartphone glass 0.5 20

The table was compiled by the authors based on their own data

CONCLUSION

1. The optimal candidates for EPR dosimetric measure-
ments among the materials considered are smartphone
screen glass, as well as uncolored cotton clothing fab-
rics and medical mask fabrics.

2. Transparent plastic items (buttons, ballpoint pen
caps) are applicable for dosimetry purposes, but their
sensitivity variability is the highest among the materials
studied. Samples of dyed (colored) plastic may have a
background EPR signal, which may lead to an overes-
timated dose assessment; therefore, the use of colored
plastic is recommended only when no other samples are
available.
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