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Abstract. An innovative approach based on the effect of bio-mineralization as a response
reaction of cells to decrease their damage under stress was applied to Juniperus communis
(JC) and JC-based biomaterials (Nefrovil and Immunostan drugs with properties increasing
the antioxidant activity and improving the immune system of human organism,
respectively). Electron paramagnetic resonance spectroscopy (EPR), also called electron
spin resonance (ESR), was used as the main experimental tool for detecting paramagnetic
species resulted from the existence of antioxidant activity system, represented by
superoxide dismutase with manganese, catalase etc., as well as formation of
superparamagnetic iron oxide nanoparticles (SPIONs). The influence of temperature and
microwave power on the intensity of EPR signals detected in JC, Nefrovil and Immunostan
was examined. Obtained g-factor values of EPR signals from JC shell and seeds as well as
from Nefrovil and Immunostan were attributed to the paramagnetic species of Mn (g = 2.0),
Fe;0; SPIONSs (g = 2.17...2.60), Fe aggregates (g = 3.22...3.94) and Fe*" ions (g = 4.3).
The EPR signals from SPIONs and Fe®* ijons in Immunostan were found to be fully
correlated, showing an additional experimental evidence of the bio-mineralization effect
(i.e., transformation of Fe®" ions to Fe;0, SPIONS). The results of the EPR study of Fe;O,
SPIONSs incorporated into polymer matrix were taken into account in comparative analysis.
The results reported in the present work support well self-organization of magnetic
nanoparticles in the investigated biomaterials.
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1. Introduction rial objects with natural externally-attained functionality

Recently, an innovative approach based on the effect of that may be useful for biomedical applications. More-

bio-mineralization [1-4] as a response reaction of cells to
decrease their damage under stress was applied to
Juniperus communis (JC) of the Carpathian region of
Ukraine and related biomaterials, namely, Nefrovil and
Immunostan drugs, prepared by Roslyna Karpat Co., Ltd
(Ukraine) [5-9]. Existence of such antioxidant enzymes
as catalase and superoxide dismutase (SOD) [10],
containing manganese (MnSOD), copper (CuSOD), zinc
(ZnSOD), iron (FeSOD), and nickel (NiSOD) in
Juniperus communis, makes the former model biomate-

over, Nefrovil and Immunostan drugs were prepared to
increase the antioxidant activity and to improve the
immune system of human organism, respectively. There-
fore, they may also serve as the model objects. Electron
paramagnetic resonance spectroscopy (EPR) or electron
spin resonance (ESR) method was used as the main
experimental tool for detecting paramagnetic species
resulted from the existence of antioxidant activity system
represented by MnSOD as well as formation of super-
paramagnetic iron oxide nanoparticles (SPIONs) [8, 9].
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In this work, the influence of temperature and
microwave power on the intensity of EPR signals
detected in JC, Nefrovil and Immunostan has been
studied. A good correlation of EPR signals from SPIONs
and Fe* ions in Immunostan is found, which provides an
additional evidence of the bio-mineralization effect (i.e.,
transformation of Fe®* ions to magnetite (Fes0,)
SPIONSs) in the investigated biomaterials.

2. Experimental

JC samples were taken from the Carpathian region of
Ukraine. The JC based Nefrovil and Immunostan drugs
were used as provided by Roslyna Karpat Ltd. (Ukraine).
ESR spectra of the biomaterials studied were registered
using the ESR spectrometer ECS-106 (Bruker, Germany)
in the X-range under the following conditions: HF-
modulation amplitude of magnetic field of 0.5 mT,
microwave power of 20, 40, 80 and 126 mW, field center
of 260 mT, field scanning of 290 mT, temperature of 293
and 77 K, and gain of 10* and 5x10°, respectively.
Micro-/nanoscopic structure of samples was observed
using the scanning electron microscope (SEM) ZEISS
EVO 50.

3. Results and discussion

EPR spectra of JC shell and seeds as well as their
mixture along with a differential spectrum between shell
and seeds are shown in Fig. la. It should be emphasized
that two EPR signals are registered in biomaterials.
Namely, the EPR signal at g = 2.01 is attributed to the
paramagnetic species of Mn [3, 11], characterized by six-
component hyperfine structure, in the Mn-containing
enzymes. This signal is found only in JC seeds. At the
same time, the broad ESR signal at g = 2.28 is attributed
to the paramagnetic species of SPIONs [3, 12] and is
found only in JC shell.

A narrow signal is observed in the center of the
EPR spectrum corresponding to Mn (Fig. 1a). Due to the
fact that the g-factor values of MnSOD and paramagnetic
centers of photosystem are close, it is not possible to
separate them in the EPR spectrum. In other words,
change of the registration parameters such as power and
modulation amplitude leads to a fail in registration of the
typical EPR spectrum of MnSOD. Superoxide anion
radical (SAR, O,¢") is a dangerous molecule for living
organisms, as it takes part in the process of one-electron
reduction of oxygen [13]. SAR can attach one or two
protons to form peroxide. The decay of the latter to a
hydroxyl anion and OH radicals is catalyzed by copper
and iron. Superoxide dismutase (SOD) is an enzyme that
converts superoxide anion radical to oxygen and
hydrogen peroxide. A MnSOD active site contains
5 manganese atoms, 3 of which are bound to histidine,
one to aspartate residue and the rest one to a water
molecule or an OH group. Numerous experiments proved
the presence of a 4-nuclear Mn cluster in the active
center of the photosynthetic apparatus of plants. This
cluster is directly responsible for the release of oxygen.

Complexes of metals with terminal oxido-ligands play an
important role in various transformations, including those
in high-valent manganese-oxide units at the stage of
formation of O-O bonds during photosynthetic oxidation
of water [14, 15]. Theoretically, presence of MnlV-oxyl
radicals is also assumed, but such species were not
observed experimentally. Using a combination of
experimental measurements and theoretical calculations,
it was demonstrated [14, 15] that the bond within a Mn
oxido-group is best described as highly covalent with
0.45 spins on the oxido-ligand. These results explain the
presence of putative high-valent manganese species in
photosynthesis in the form of an energetically available
high-spin MnV-oxide unit instead of MnIV-oxyl radicals.
It may be suggested therefore that the narrow signal with
g-factor of 2.01 is responsible for various paramagnetic
centers, quinones, as well as dependent on reactive
oxygen species (superoxide anion radicals, singlet
oxygen, hydroxyl radicals) and carbon-centered ones
(alkyls or hydroxyalkyls). The rate of formation of these
radicals and, consequently, the rate of degradation of
proteins and carbohydrates depend on the possibility of
electron transfer from manganese cluster ions to
Photosystem 11 [14, 15].

(a)
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Fig. 1. EPR spectra of JC shell, seeds and their mixture
measured at the temperature of (a) 293 K (1 — mixture of shell
and seeds, 2 — shell, 3 — seeds and 4 - differential spectrum
(2 and 3)) and (b) 77 K (1 — mixture of shell and seeds, 2 — shell
and 3 — seeds). The estimated EPR signal widths are: g = 2.28,
AHqypp= 15.9...16.9 mT,; g= 258, AHqyp= 26.6 mT.
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Fig. 2. EPR spectra of JC shell measured at different
orientations of samples relative to the magnetic field (0°, 90°,
180°, and 270°) and the temperatures of (a) 293 K and

(b) 77 K. The estimated EPR signal widths are: g = 2.58,
AHyp= 26...32mT; g = 2.60, AHy, = 12.1 mT,; g = 3.22,
AHyp= 345 mT, g = 3.87, AHy, = 17.2 mT; g = 3.94,

AH1/2: 29.3 mT.

SPIONSs detected in the investigated materials have
an important role in the development of pathological
conditions. They are frequently used for biomedical
applications [16-25] and in food science [26-28].
SPIONs also lead to the appearance of magnetic
properties in plant systems and the emergence of EPR
signals [3, 29-32]. The stress factors affecting JC shell
are also directly confirmed by EPR detected SPIONs,
which stems from the bio-mineralization effect under

stress. In its turn, MnSOD, which indicates the
antioxidant activity, is normally identified in JC seeds
(Fig. 1a).

EPR spectra of JC shell, seeds and their mixture
measured at low temperature are shown in Fig. 1b. As
expected, the measurements at 77 K show the
enhancement of the EPR signal from enzymes (g = 2.0)
for the seeds. At the same time, the intensity of the EPR
signal from SPIONSs (g = 2.28) for the shell is reduced at
77 K. The intensity of the broad EPR signal at g = 3.26
for the shell is found to decrease at low temperature. In
all dried soil samples, a broad EPR signal at g = 3.3 is
observed at room temperature. The intensity of this
signal decreases upon reducing the temperature down to
80 K [3]. Registration of the broad EPR signal at g = 3.3
in soil samples is attributed to high content of iron
aggregates, including SPIONs [3]. As can be seen in the
case of shell, behavior of the EPR signals at g = 2.28 and

g=3.26 at 77 K is quite similar, supporting the finding
[3] that these both signals are related to SPIONSs and iron
aggregates (containing SPIONSs). Besides, the weak
signal of Fe*" at g = 4.3 (recorded at 80 K in [3]) is also
detected in JC samples at 77 K (Fig. 1b). The broad EPR
signal at g = 2.58 is also assigned to SPIONSs, since this
signal is the closest to the one at g = 2.69 detected in the
samples with magnetic nanoparticles [3].

Fig. 2 shows EPR spectra of JC shell measured at
different sample orientations relative to the magnetic
field (0°, 90°, 180° and 270°) at 293 and 77 K. It is
clearly seen that at both temperatures the intensity of
EPR signals from SPIONSs and iron aggregates (g = 2.26,
2.38, 2.54, 3.69 and 3.87 at 293 K and g = 2.17, 2.20,
2.23, 2.60, 3.22, and 3.94 at 77 K) depends on whether
the sample is oriented parallel (0° and 180°) or
perpendicular (90° and 270°) to the magnetic field. It is
found that the intensity of the weak EPR signal of Fe** at
g = 4.34 (77 K) is independent on the sample orientation.

Room-temperature EPR spectra of JC shell
measured at the microwave power of 20 and 126 mW are
shown in Fig. 3. As expected, the intensity of EPR
signals from SPIONSs (g = 2.26) and iron aggregates (g =
3.87) is strongly dependent on the microwave power.

In contrast to SPIONs and iron aggregates, the
intensities of EPR signals from Mn-containing
compounds (g =2.0, characterized by six-component
hyperfine structure) in the JC seeds measured at 293 and
77 K are independent of the sample orientation as shown
in Fig. 4.

293K

126 mW

100 mT 20 mW

Fig. 3. EPR spectra of JC shell measured at different values of
the microwave power (20 and 126 mW) at the temperature
of 293 K. The estimated EPR signal width is: g = 3.87,
AHl/z =17.2mT.
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Fig. 4. EPR spectra of JC seeds for different sample
orientations relative to the magnetic field (0° and 90°) and
temperatures (293 and 77 K).
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Fig. 5. EPR spectra of Nefrovil measured at the temperatures of
293 and 77 K.

Fig. 6. EPR spectra of Nefrovil for different sample orientations
relative to the magnetic field (0° and 90°) and the temperature
close to 293 K.
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Fig. 7. EPR spectra of Nefrovil for different values of the
microwave power (20, 40, 80, and 126 mW) measured at the
temperature close to 293 K.

Fig. 5 shows EPR spectra of Nefrovil as the
functions of magnetic field measured at the temperatures
of 293 and 77 K. It is clearly seen that the dominant
contribution to these spectra are made by Mn-containing
compounds (g =2.0, characterized by six-component
hyperfine structure) as compared to the contribution of
SPIONs (g =2.30). Presence of both Mn-related and
SPIONs signals in the Nefrovil drug is conditioned by
that a mixture of JC shell and seeds was used for drug
preparation. Hence, the obtained results testify that the
antioxidant activity of Nefrovil is increased when it is pre-
pared according to the procedure developed in this work.

g= 434 3.26 2.58 2.|28 2.0 Mn

293K
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Fig. 8. EPR spectra of Immunostan measured at the
temperatures 293 and 77 K. The estimated EPR signal widths
are: g =2.58, AHy,=26...34 mT; g = 3.26, AHy;p = 22.4 mT.
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Fig. 9. EPR spectra of Immunostan measured at different
sample orientation relative to the magnetic field (0°, 90°, and
180°) and the temperature of 293 K. The estimated EPR signal
width is: g = 3.26, AH,;,=22.4 mT.
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Fig. 10. EPR spectra of Nefrovil and Immunostan measured at
the temperatures: (a) 293 K and (b) 77 K.
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Fig. 11. SEM image and EDX analysis data for the Nefrovil sample.
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Fig. 12. SEM image and EDX analysis data for the Immunostan sample.
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Similarly to the case of JC seeds (Fig. 4), the test
performed for Nefrovil drug indicated that the intensity
of the EPR signals from Mn-containing compounds is
independent of the sample orientation as illustrated in
Fig. 6. At the same time, the intensity of the room-
temperature EPR  signals from  Mn-containing
compounds typically depends on the microwave power
as demonstrated in Fig. 7.

The bioactivity of Immunostan drug was also
confirmed to improve the immune system of human
organism as shown in Fig. 8. Indeed, SPIONs (g = 2.28)
and iron aggregates (g 2.58 and 3.26) have the
dominant contributions to the EPR spectra as compared
to Mn-containing compounds (g 2.0). Moreover,
behaviour of the EPR signals of Immunostan measured at
293 and 77 K is consistent with the results obtained for
JC materials. However, the EPR results showed that the
effect of sample orientation was less pronounced in the
case of Immunostan as compared to that of JC shell as
illustrated in Fig. 9. In particular, the orientation effect
was rather significant for iron aggregates (g = 2.58) than
for SPIONs (g = 2.28). In contrast, Fig. 10 shows the
EPR spectra of Nefrovil and Immunostan measured at
293 and 77 K. The dominant roles of MnSOD for
Nefrovil and SPIONs for Immunostan are plausibly
confirmed. Moreover, it was ascertained that the EPR
signals from SPIONSs at g = 2.28 and Fe*" ions at g = 4.34
in Immunostan are fully correlated (Figs. 8 to 10). This
result may be considered as an additional evidence of
bio-mineralization effect arising in the studied
biomaterials under physical stress. This effect is coupled
with electron-transport chain of photosynthesis leading to
decreasing the Fenton reaction due to transformation of
ferric ions (Fe**) into magnetite (Fe;Os) SPIONS.
Therefore, SPIONSs in the drugs based on JC shell and the
antioxidant activity of JC seeds detected by MnSOD can
be applied for pharmaceutical and biomedical purposes.

To summarize the obtained EPR results, SEM expe-
riments were carried out on the examined Nefrovil and
Immunostan drugs. The SEM images and EDX analysis
data for the Nefrovil and Immunostan samples are shown
in Figs. 11 and 12, respectively. Two components related
to Mn and Fe atoms in the Nefrovil sample are observed,

g= 26711262 [240

293K

3

—/\/

100 mT

Fig. 13. EPR spectra of Fe;0, SPIONs incorporated into poly-
ethylene glycol (PEG) measured at 293 K by using three samples:
1 — (Fe;04 + PEG), 15 ml, 9.4 nm; 2 — (Fe;0, + PEG), 10 ml,
9.4 nm; 3 — (Fe;04 + PEG), 5 ml, 9.4 nm (Adapted from [3]).

while only one component related to Fe atoms is found in
the Immunostan sample under the same conditions
(Fig. 11, spectrum 3, and Fig. 12, spectrum 4). Other com-
ponents related to Ca, K, Cu, Cl, Na, P, Mg, S, Si and Al
atoms in EPR spectra were not analyzed here. Therefore,
presence of both Mn- and Fe-related components in Nef-
rovil correlates well with the EPR measurement results,
showing that the signals from both Mn-containing
compounds and SPIONs in Nefrovil drug stem from the

mixture of JC shell and seeds used for drug preparation.

It should be noted that quantitative estimation of the
dependence of the intensity of EPR signals on power
(i.e., EPR intensity vs  P) is difficult, which is caused by
superposition of signals. Estimation of the integrated
number of paramagnetic centers in JC seeds (the area
under the integral curve) showed an increase in the area
with increasing the power. The main contribution to the
increase of intensity of EPR signal was made by

paramagnetic centers with g = 2.26...2.30.

In summary, an innovative identification method for

bio-functionality of natural bioactive additives

proposed using the example of Juniperus communis from
Carpathian region of Ukraine as a model object. The
effect of bio-mineralization under stress was studied
using EPR spectroscopy. Nefrovil and Immunostan
drugs, prepared to increase the antioxidant activity and to
improve the immune system of human organism,
respectively, were chosen as the model objects as well.
The influence of temperature and microwave power on
the intensity of EPR signals from JC, Nefrovil and
Immunostan was examined. The EPR signals from
Immunostan are fully
correlated, providing an additional experimental evidence
of bio-mineralization effect under stress. SEM-EDX
experiments confirmed the presence of Mn- and Fe-
related components in the investigated biomaterials. The
obtained g-factor values of EPR signals from JC shell, JC
seeds, Nefrovil and Immunostan with their respective

SPIONs and Fe** ions in

identifications are listed in Table 1.

Table 1. The values of g-factor corresponding to EPR signals
from JC shell, JC seeds, Nefrovil and Immunostan with their

respective identifications.

Samples g-factor Identification
JC shell 2.17,2.2,2.23,2.26, | Fe;0, SPIONs
2.28,2.38, 2.54,
2.58, 2.60
3.22, 3.26, 3.3, 3.69, | Fe aggregates
3.87,3.94
4.30, 4.34 Fe*
JC seeds 2.0,2.01 Mn
4.3 Fe®
Nefrovil 2.0 Mn
2.28,2.3 Fe;0, SPIONs
4.34 Fe*
Immunostan | 2.0 Mn
2.28,2.58 Fe;0, SPIONs
3.26 Fe aggregates
4.34 Fe®
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Table 2. Spectral characteristics of the EPR signals observed for (Fe;O, + PEG) samples measured at 293 K.

Samples Concentration of paramagnetic particles (a.u.) g-factor AH (G)
1 - (Fe;04+ PEG), 15 ml, 9.4 nm 1.063¢8 2.67 930
2 — (Fe304+ PEG), 10 ml, 9.4 nm 1.19¢8 2.62 840
3 - (Fe304+ PEG), 5 ml, 9.4 nm 0.541 2.40 750

In order to support the conclusion presented above,
a comparative analysis with the results of the EPR study
of Fe3O, SPIONs incorporated into the polyethylene
glycol (PEG) matrix described in [3] was carried out.
Three (Fe;O4 + PEG) samples with the NP sizes of 9.4
nm and the concentrations of 5, 10, and 15 ml were
prepared and analyzed by EPR technique. The obtained
results are adduced in Fig. 13 and Table 2. It has been
found that the values of the g-factor of 2.40, 2.62 and
2.67 for Fes0, SPIONs in PEG agree well with the
values of g = 2.28...2.30 and g =2.58...2.60 for the
studied biomaterials.

4, Conclusions

Antioxidant activity system represented by MnSOD and
other enzymes and formation of SPIONs in Juniperus
communis based biomaterials (JC shell and seeds,
Nefrovil and Immunostan drugs) were studied using EPR
spectroscopy. SPIONs were detected only in JC shell,
while Mn-containing enzymes were found only in JC
seeds. The same features were observed for Nefrovil
(prevalent MnSOD) and Immunostan (prevalent
SPIONs), when JC-based Nefrovil and Immunostan
drugs, both produced by Roslyna Karpat Co., Ltd
(Ukraine), were screened in order to increase the
antioxidant activity and to improve the immune system
of human organism, respectively. It has been shown that
the intensity of EPR signals from JC and related
biomaterials in SPIONs and iron aggregates (containing
SPIONS) is sensitive to the temperature, microwave
power and sample orientation relative to the magnetic
field. In its turn, the intensity of the EPR signal from Mn-
containing enzymes is sensitive only to the temperature
and microwave power. The intensity of the weak EPR
signal of Fe** at g = 4.34, which was mainly detected at
77 K, was also almost independent of the sample
orientation. It has been found out that the EPR signals
from SPIONs and Fe®* ions in Immunostan are fully
correlated, which is an additional experimental evidence
of the bio-mineralization effect under stress (i.e.,
transformation of Fe** ions to Fe;O, SPIONS). The EPR
study of Fe;O, SPIONs incorporated into the polymer
matrix supports the conclusion of the self-organization of
magnetic nanoparticles in the investigated biomaterials.
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EIIP nociixkeHHs caMOOPraHi3oBaHUX MAarHiTHUX HAHOYACTHHOK Yy GiomMaTepiaaax

T.C. KaBeubkuii, B.M. ConoBiios, P.I. Xaninos, B.A. Cepe:xkenkos, JL.I. [1anbkis, I.C. [Ianbkis,
A.H. Haci6oBa, B.I. Craxis, A.C. IBaciBka, M.K. CtapueBcbknii, }O.B. [1aBjioBcbKmii,
O.B. Bonnapyk, /1.0. As4ok, J.B. Bonnap, C.51. Bosomancska

AHoTanis. [HHOBaIiiiHMA TiAXia, OCHOBaHWN Ha edekTi OloMiHepamizalii sK peakilii KIITHH Ha 3MCHIICHHS iX
TIOIIKOJKEHHST TIPH CTPECi, 3aCTOCOBAHO JI0 sITIBII0 3BH4YaitHoro — Juniperus communis (JC) — ta Giomarepiaiis Ha
ocHoBi JC (mpemapatun Hedposin (Nefrovil) Ta Imynocran (Immunostan)), mo MaroTh BIACTHBOCTI ITiJBHIILYBATH
AQHTHOKCHIAHTHY aKTHBHICTh Ta MOJINIIYBaTH IMyHHY CHCTEMY OpTaHi3My JIOAWHHU BiamoBimHO. CIEKTPOCKOIIis
€JIeKTPOHHOTO TapamarHiTHOro pe3onancy (EIIP), sky Tako)k Ha3UBAarOTh €IEKTPOHHUM cIliHOBHM pezoHaHcoM (ECP),
BUKOPHCTOBYETHCSI SIK OCHOBHUI EKCIIEPUMEHTANbHUI I1HCTPYMEHT JUisi BUSBJICHHS [ApaMarHiTHUX I[EHTPIB Y
pe3yJNbTaTi ICHYBaHHS CHCTEMH aHTHOKCHUJIAHTHOI aKTHBHOCTI, MPEJCTaBICHOT CYNEPOKCHINCMYTA3010 3 MapraHiiem,
KaTaja3ol Ta iH., TA YTBOPEHHS CyIeprapaMarHiTHUX HAHOYACTHHOK okcuiy 3aiiza (SPIONSs). JlocmimkeHo BILUIUB
TEMIIEpaTypH Ta IOTY>KHOCTI MIKPOXBUJIb Ha iHTeHCUBHICTh curHaiiB EINP, Bussnennx y JC, Nefrovil ta Immunostan.
Otpumani 3HaueHHs §-¢aktopa curHaniB EIIP, mo cnocrepiramucs B IIKapaldyli Ta HaciHHI SUTIBIO, & TaKOX Y
Hedposini ta ImyHoCcTaHi, 6ynmu BimHeceHi 10 mapaMarHiTHuX 1eHTpis Mn (g = 2,0), Fe;04 SPIONS (g = 2,17...2,60),
arperaris Fe (g = 3,22...3,94) ta ionis Fe** (g = 4,3). Vcranosneno, mo curnamu EITP sig SPIONs ta ionis Fe®* B
IMyHOCTaHI TOBHICTIO KOPEMIOIOTH MK C000I0, NEMOHCTPYIOUH JOJATKOBI EKCIIEPHUMEHTANBHI J0Ka3u eQexTy
Giominepanizanuii (To6To Tpanchopmamito ionie Fe** y FesO, SPIONSs). Jisi MOpiBHSUIBHOTO aHAIi3y HABEICHO
pesynbratu EIIP nmocmimkens Fe3O4 SPIONSs, BrimtodeHux y monimepHy marpuiio. OTpumani pesynbratu 100pe
MATBEPKYIOTh JaHUH BHCHOBOK IIIOJO CaMOOPTraHi30BaHMX MATHITHHX HAHOYACTHHOK Y IOCHTIIKYBaHUX
OGioMarepianax.

Kurouosi cioBa: EIIP, camoopranizamis, cyneprnapaMarHiTHI HAHOYaCTHHKY OKCHAY 3alti3a, biomarepiai.
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