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Preface

This collection intends to describe the applications of electron spin resonance (ESR)
spectroscopy in the medical field. Mathematical details have been kept at a neces-
sary minimum so as to make the collection more meaningful for readers from dif-
ferent disciplines.

Chapter 1 by Bernadeta Dobosz and Ryszard Krzyminiewski presents ESR study
of human blood and its interaction with magnetite nanoparticles. Chapter 2 by
Matgorzata Dutka, Janusz Pyka, and Przemystaw M. Ptonka presents ESR applica-
tions in understanding the physical intricacy of HbNO complexes. German Barriga-
Gonzdlez and Claudio Olea-Azar have discussed the applications of ESR and spin
trapping technique for the study of tropical parasitic diseases in Chap. 3. Detection
and measurement of oxidative stress using ESR spectroscopy is discussed in Chap.
4 by Siavash Iravani. Seyda Colak has presented ESR spectroscopy investigations
on radiosterilization feasibilities of sulfa-group drug raw materials in Chap. 5.
Chapter 6 by Bruno Luiz Santana Vicentin and Eduardo Di Mauro presents ESR
applications in identification of free radicals and monitoring of polymerization of
resinous materials used in dentistry. Recent issues in X band ESR tooth enamel
dosimetry have been addressed by Shin Toyoda in Chap. 7. Przemystaw M. Plonka,
Dominika Michalczyk-Wetula, and Martyna Krzykawska-Serda have presented
dermatological applications of ESR in Chap. 8. Przemystaw M. Plonka has coined
and justified “paramagnetomics” for biologically and medically oriented ESR spec-
troscopy in Chap. 9.

I am especially thankful to the expert contributors for making this collection a
unique addition to the existing knowledge base. I sincerely thank Dr. Naren
Aggarwal, Executive Editor, Clinical Medicine, Springer (India) Private Limited,
for giving me opportunity to present this book to the readers. I also thank Teena
Bedi, Associate Editor (Clinical Medicine), Springer (India) Private Limited and
Mr. Kumar Athiappan, Project Coordinator (Books), Springer Nature, for their sup-
port during the publication process.

I am grateful to Professor Ram Kripal, Department of Physics, University of
Allahabad; Prof. Raja Ram Yadav, Vice-Chancellor, V.B.S. Purvanchal University,
Jaunpur; Dr. A. D. M. David, Principal, Ewing Christian College, Allahabad; and
my colleagues for their constant encouraging remarks and suggestions during the
development of this volume.
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I could complete this task with the blessings of my parents. My brother Dr. Arun
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of Technology, Kanpur, has suggested the best in many ways and words are insuf-
ficient to thank him. I wish to thank my wife Dr. Neelam Shukla, my daughter
Nidhi, and son Animesh for their patience during the progress of this work.

Allahabad, India Ashutosh Kumar Shukla
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Electron Spin Resonance (ESR) Study
of Human Blood and Its Interaction
with Magnetite Nanoparticles

Bernadeta Dobosz and Ryszard Krzyminiewski

1.1 Introduction

Electron spin resonance (ESR) is a popular technic in various fields [1-3]. One of
them is also medicine, where it can be used both for paramagnetic species and free
radical study in so-called biologically active materials (e.g., blood, tissues) [4, 5].

The basic principles of ESR are very similar to the more popular nuclear mag-
netic resonance (NMR) technique. Both methods are based on the interaction of
electromagnetic radiation with magnetic moments of electrons (ESR) and nuclei
(NMR). When a sample with an unpaired electron will be placed in an external
magnetic field, the electron spin will align parallel or antiparallel to the direction of
the magnetic field. This situation corresponds to two energy states, and the energy
difference between these is proportional to the applied magnetic field, what is
described by the so-called resonance equation (Eq. 1.1):

hv = gu,B (1.1)

where £ is Planck’s constant, v is the frequency of the electromagnetic radiation, g
is a spectroscopic splitting factor characteristic for each paramagnetic center, B is
applied magnetic field, and pp is the Bohr magneton.

In context of using ESR for paramagnetic species and free radicals present in
blood study, two definitions are important: hyperfine and fine interaction.

The first one concerns the interaction between a spin of unpaired electron with a
nucleus. It is particularly important in the case of free radical detection. It can be
more precisely described on the example of the nitrogen nucleus which spin is
I\ = 1. Nitrogen often occurs in special substances used for free radicals detections:
spin labels, spin traps, and spin probes. In a case of one unpaired electron and one
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nitrogen nucleus, the ESR spectrum is a triplet of lines. However, the possibility of
registering such a triplet depends on the environment and how far the radicals can
interact. In the case of powder, when the radicals are in contact with each other, the
multiplet averaging will occur, and only one line is observed. Using ESR not only a
type of free radical can be determined but also the concentration of free radicals in
a sample and their dynamics.

The second type of interaction, so-called fine interaction, concerns the situation
when more than one unpaired electron is present in studied sample (S > 1/2). It is
based on the interaction of unpaired electron spins with each other in the crystalline
field. It refers to transition elements, including iron that is present in the blood [1, 6].

1.2  ESR Study of Human Blood

Full human blood is composed of fluid (plasma) and the morphological elements
suspended in it: erythrocytes, thrombocytes, and leukocytes. Approximately 94% of
the erythrocyte solid is hemoglobin, consisting of a prosthetic group (hem) and a
protein part (globin). Hem is built of protoporphyrin and centrally located ferrous
ion Fe?*. In the lungs hemoglobin is saturated with oxygen. The binding of the oxy-
gen molecule changes the electron system within the iron that moves in the porphy-
rin plane, which initiates the structural transformation of the molecule. Fe** ion in
the hemoglobin has two possible spin states. In venous blood, deoxyhemoglobin is
in a high-spin state (S = 2), while in arterial blood oxyhemoglobin is in a low-spin
state (S = 0) [7]. The transition from the paramagnetic high-spin state to the diamag-
netic low-spin state results in a decrease in the iron ion’s radius so that it can slip
into the porphyrin ring [8]. Both oxyhemoglobin and deoxidized hemoglobin, by
various factors, can turn into methemoglobin, in which iron is at +3 oxidation state.
The presence of methemoglobin is often disclosed in ESR study of blood by signal
recording with g, = 6 and g, = 2 from the high-spin form of Fe* [9-11]. An ESR
study showed elevated methemoglobin level in people exposed to various types of
radiation [7]. Excessive presence of this protein is not good because free radicals are
produced in the blood mainly by reaction with hydrogen peroxide [9, 10]. When
trivalent iron in the hem reacts with H,O, or other peroxide, the hem is oxidized to
the oxyferyl form (Fe*—O0), and the H,0O, is reduced to H,O by accepting two
electrons. One of them comes from the transform of Fe** in Fe**, while the other is
from the globin, where a porphyrin-based cationor P* is generated [9]. ESR spec-
troscopy revealed the formation of toxic methylene radicals from tryptophan resi-
dues (g = 2.033) and tyrosyl radicals (g = 2.005) in methemoglobin [9, 10]. It has
been proven that ascorbate present in plasma can sweep off free radicals produced
by H,0O,. As a result of electron donating, ascorbate converts into an ascorbic radical
A~ which is much less reactive [9]. In addition, ascorbate as an antioxidant effec-
tively prevents the formation of oxidative damage of coagulation factors in blood,
including fibrinogen [12].

Human transferrin (Tf) is a protein, whose main role is an iron transport and
delivers it to cells. It is also important in the processes of growth, proliferation,
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differentiation, and apoptosis of cells [13, 14]. Transferrin only accepts Fe** ions,
which occur here in a high-spin state (S = 5/2). Hence, during the full human blood
investigation, a characteristic ESR signal is observed at g = 4.2 [4, 14, 15]. This
signal is complex, which is related to the transition from the middle Kramers dou-
blet [16]. On the other hand, the two peaks present at the low field correspond to the
transitions between the levels of the lowest Kramers doublets [17]. Iron-deficient
transferrin-apotransferrin does not give ESR signals [9]. Transferrin is a part of the
defense system which defends the organism against the excess of free iron. Such
iron, unbound to protein, leads in Fenton reaction to the formation of hydroxyl radi-
cals, which are highly reactive and cause damages to lipids and DNA [18].

Human ceruloplasmin (hCP) is a glycoprotein found in the blood plasma. The
ceruloplasmin contains about 95% of the total copper in the body. The hCP molecule
contains six protein domains arranged in a triangular orientation and binds six copper
atoms. Copper atoms are here divided into three types. Each copper atom of type I
binds to cysteine and two histidine residues and to methionine residues. Type III cop-
per atoms are associated with three histidines while type II with two. Copper atoms
of type I are paramagnetic and give a more complex ESR spectrum than Cu type
II. Conversely, a pair of antiferromagnetic-coupled type III copper ions is invisible in
the ESR [19]. In ESR spectra of the purified human ceruloplasmin, one can distin-
guish the signal from Cu type II with g, = 2.25 and A, = 18 mT and two various
signals from Cu type I centers with different values of the hyperfine splitting constant
(Ay =72 mT and Ay = 9 mT) but similar g values (g, = 2.20 and 2.21) [20].
Ceruloplasmin is synthesized in the liver, but cancer cells may it also produce. In
malignant tumors both the level of copper in the plasma [21] and the concentration
of ceruloplasmin increase [22, 23]. Significantly elevated serum ceruloplasmin level
had patients with head and neck cancer comparing to healthy people, and this increase
was proportional to the stage of the disease. A decrease in ceruloplasmin level was
noticed after radiotherapy, but it was still higher than in the control group [24].

1.2.1 ESR Study: Chosen Examples

ESR has been used for years in medical research. There are many references in the
literature on the use of this technique in blood study. In this part of this chapter, only
a few chosen examples will be described.

One of them is a paper by Krzyminiewski et al. [4] in which human blood, taken
from healthy people and patients with melanoma, was investigated using ESR to
study the electron states of iron complexes and to find out if the ESR results can be
related to a standard biochemical laboratory tests of different blood elements. Cells,
both normal and neoplastic, take up iron by endocytosis with the help of transferrin
receptors. The effectiveness of such process is different in these two cases. In mela-
noma there is a quick growth and numerous metastases. Melanotransferrin (MTT)
present in the melanoma cells reveals a significant homology with transferrin and
lactoferrin, and its expression does not depend on the iron concentration inside
cells. With the mechanism of the iron concentration in the progress of the disease,
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the released proinflammatory cytokines are probably related. They strengthen the
production of ferritin, which is an iron-storing protein, and simultaneously induce a
reduction in the expression of transferrin receptors. This leads to lower iron intake
by the receptors and at the same time enhances the uptake of iron taking from the
cells that change to phagocytes [25, 26]. The accumulation of iron in macrophages
and the cells of the reticuloendothelial system lowers the availability of iron for the
erythrocyte system, which can reduce the Hb concentration and lead to anemia. For
this reason knowing the role and functions of the of iron ion complexes in cancer
disease is very important.

Comparing the ESR spectra of healthy blood and blood from patients with mela-
noma, the basic difference is seen in the complexity of ESR spectrum, in which for
healthy people there are more components which come from higher number of vari-
ous types of Fe* complexes than in the case of people with melanoma. The second
difference is that ESR signals from healthy samples are more intensive. In this study
four different types of components of the EPR spectra were determined with g fac-
tor amounting to g = 6.08-6.09, g =4.14-4.22, ¢ =3.12, and g = 2.34-2.39. Each
line can be assigned to specific iron complexes present in the blood, and so on the
signal at g = 6.0, it is due to the trivalent heme iron in methemoglobin (MetHb) [5,
27, 28] in which iron is at the third degree of oxidation instead of the second one.
Trivalent iron cannot bind oxygen, the energy of the crystalline field at the Fe** ion
is small, and iron is in the high-spin state (S = 5/2). A small percent of such Hb can
be found in the blood of each person. The ESR line recorded at g = 4.14-4.22 is a
typical signal for the nonheme iron Fe** ion in a system of low, rhombic symmetry
in an octahedral or tetrahedral surrounding. Such systems give rise to low crystal-
line fields; hence iron is in the high-spin state (S = 5/2). This signal can occur as a
single peak [5, 28-32] or it can be complex [33—36]. Most researchers have assigned
this signal as originating from Fe*" in transferrin [5, 28-32, 34-39]. The resonance
lines at g = 3.12 and g = 2.34-2.39 are related to various heme protein complexes in
which iron is on the third degree of oxidation, the so-called hematin or hemin. In
contrast to the case of MetHb, iron in hemin is in the low-spin state. In this study the
complexes of copper Cu** were observed only in healthy people. The exemplary
ESR spectrum of whole human blood taken from patient with melanoma is shown
in Fig. 1.1.

Similar investigation was done in a group of patients with a breast cancer [14,
40]. In this study the signals from high-spin Fe** ions in transferrin (g = 4.2) and
Cu?* ions in ceruloplasmin (g = 2.05) were obtained in the ESR spectra of frozen
whole blood both in healthy people and patients suffering from cancer. ESR lines
derived from high-spin Fe** ions in methemoglobin (g = 5.8-6) and various low-
spin ferriheme complexes (g = 2.21-2.91) were detected in some patients and also
in several healthy volunteers. Therefore, it cannot be clearly stated whether the pres-
ence of ESR line from specific trivalent iron complex is characteristic of particular
disease entity and allows to differentiate patients from healthy people. However,
significant changes in ESR signal amplitudes both from Cu?* in ceruloplasmin and
Fe* from transferrin were observed taking into account the influence of radiother-
apy treatment.
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Fig. 1.1 Exemplary ESR spectrum of whole human blood taken from patient with melanoma,
recorded at 77 K

The possibility of blood testing using ESR was described much earlier. Foster and
Pocklington [41, 42] showed that ceruloplasmin and Fe transferrin levels can be mea-
sured by ESR in whole frozen blood. These works concerned studies in patients with
cancer. In ESR spectra they observed lines with g factor typical for ceruloplasmin
(g =2.049) and transferrin (g ~ 4.2). Schwartz and Wiesner [43] also applied ESR for
blood study in mixed cancer patients and observed an increase in ceruloplasmin signal
size as compared with control samples and a decrease on response to radiotherapy.

Numerous other studies were dedicated to study ceruloplasmin and transferrin in
various diseases like leukemia, Hodgkin’s disease, and different types of cancer [16,
44, 45].

ESR is applicable for the studies of iron complexes not only in blood but also in
remaining human tissues [5]. The researchers used lyophilized samples of various
tissues: the human liver, brain, and blood to identify most typical iron forms in the
human body. In liver sample they observed a signal from Fe?* ions in hemoglobin
(g = 5.8), a typical signal of high-spin Fe* ions which presence can be assigned to
nonheme Fe** ions in transferrin (g = 4.3), a sharp signal at g = 2.0, which the
authors ascribed to free radicals and the broad line at g = 2.1 attributed to the Fe**
ions in grains of ferritin. Similar signals were observed in the brain tissue with the
differences in shape and intensity. The signals of course changed depending on the
temperature in which the sample was measured. The signals from hemoglobin and
transferrin, because of their paramagnetic behavior, were hardly detectable at higher
temperatures. It was concluded that brain tissue contains less blood than liver ones
and the grains of ferritin in the brain are smaller than those present in the liver.

The scientists applied also ESR technique to estimate the age of human blood
[28, 32]. In their investigation the authors found that ESR signals from
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paramagnetic centers in human blood can be correlated with the time that has
passed since bleeding. They used dried blood from healthy volunteers, and the
measurements at 77 K were performed on the 1st day of sample preparation and
775th day after extraction. The ESR spectra obtained in the experiments consisted
of typical lines observed in blood samples: ferric heme species at g = 6.2; ferric
nonheme iron species at g = 4.3; two kinds of low-spin ferric heme species at
81=293,4,=2.27,and g; =1.54 (A) and g’', =2.43, ¢g’,=2.27,and g’5 = 1.90 (B);
and free radicals at g = 2.005. The low-spin species (A) and (B) were attributed to
a bishistidinato-ferric heme complex and cysteine-heme-imidazole conformation,
respectively [32, 46, 47]. The free radical signal was assigned to lipid peroxyl radi-
cals formed by degradation of blood components [48]. The authors studied which
parameter can be used for age determination. Important are that ESR measurement
is a nondestructive technique and a 10 mg sample is enough to determine the age
of a bloodstain. However, environmental factors (temperature and light) should be
taken into account.

Other authors [49] applied ESR method in order to estimate the time of blood
extravasation assuming that it can find application as a practical test in forensic
medicine. Similarly to Fujita et al. [28], the authors stated that the conditions in
which the samples are stored (temperature, humidity) have an impact on the
results. Unfortunately in conclusions the authors stated that their results showed
that the investigating ESR spectroscopic method is not valuable to be used in
forensic medicine application and their experiments gave no confirmation of
assumed concept.

1.3 ESR of Free Radicals

From a definition, a free radical is a molecule or molecular fragments with one or
more unpaired electrons in its outermost orbit (atomic or molecular) which is capa-
ble of independent existence [S0-52]. Free radicals can be created both from exog-
enous and endogenous substances. They are creating both in environment and in
cells. There are many sources of free radicals generation [53-57]:

— Radiation (UV, X-ray, gamma rays, microwave)

— Inflammation initiates special elements (neutrophils and macrophages) to gener-
ate reactive oxygen species (ROS) and reactive nitrogen species (RNS)

— In various reactions, e.g., mitochondria-catalyzed electron transport

— Mitochondrial cytochrome oxidase, xanthine oxidases, neutrophils, lipid
peroxidation

— Metabolism of arachidonic acid, platelets, macrophages, smooth muscle cells

— Interaction with chemicals, smoking, cars exhausts

— Burning of organic matter during cooking, volcanic activities

— Industrial wastewaters, excess of chemicals, drugs, asbestos, certain herbicides
and pesticides, some metal ions, fungal toxins

— Metal-catalyzed reactions
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1.3.1 ROS and RNS

Radicals coming from oxygen are the most important group of radical created in
living systems [58, 59]. Molecular oxygen, because of its unique electronic configu-
ration, is a free radical. By addition of one electron to such form, the superoxide
anion radical (O, ") is created. Superoxide anion is forming either through meta-
bolic processes or after oxygen “activation” by physical irradiation. It is capable of
further interacting with other molecules, and “secondary” ROS can be generated.
The formation of superoxide has a place mainly in the mitochondria of a cell [60].
The hydroxyl radical ('OH) is the neutral form of the hydroxide ion. It is character-
ized by a high reactivity, and it is very dangerous (half-life in vivo approx. 10~ s)
[61]. There are also additional reactive radicals from oxygen which can be formed
in living systems like peroxyl radicals (ROO"), for example, HOO", the protonated
form of O, ~ [58].

Free radical reactions derived from oxygen are involved in the pathogenesis of
many human diseases [58, 62-69]:

— Neurodegenerative disorder: Alzheimer’s disease, Parkinson’s disease, multiple
sclerosis, amyotrophic lateral sclerosis, memory loss, depression

— Cardiovascular disease: atherosclerosis, ischemic heart disease, cardiac hyper-
trophy, hypertension, shock and trauma

— Pulmonary disorders: inflammatory lung diseases (asthma, chronic obstructive
pulmonary disease)

— Disease associated with premature infants: bronchopulmonary, dysplasia, peri-
ventricular leukomalacia, intraventricular hemorrhage, retinopathy of prematu-
rity, and necrotizing enterocolitis

— Autoimmune disease: rheumatoid arthritis

— Renal disorders: glomerulonephritis and tubulointerstitial nephritis, chronic
renal failure, proteinuria, uremia

— Gastrointestinal disease: peptic ulcer, inflammatory bowel disease, and colitis

— Tumors and cancers: lung cancer, leukemia, breast, ovary, rectum cancers, etc.

— Eye diseases: cataract and age related of retina, maculopathy

— Aging process

— Diabetes

— Skin lesions

— Immunodepression

— Liver disease, pancreatitis

— AIDS

— Infertility

The second “popular” group of free radicals are reactive nitrogen species (RNS).
NO' is a small molecule with one unpaired electron. In biological tissues is generated
by specific nitric oxide synthases (NOSs). Nitric oxide is a reactive radical, an impor-
tant biological signaling molecule in many physiological processes: blood pressure
regulation, defense mechanisms, neurotransmission, smooth muscle relaxation, and
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immune regulation [70]. Its half-life is only a few seconds in an aqueous environ-
ment and is greater in a lower oxygen concentration (half-life>15 s). Overproduction
or RNS is called nitrosative stress [58, 71, 72].

The human body mainly consists of water. When water is exposed to radiation,
the two-electron bondings between the oxygen and the hydrogen atoms can be inter-
rupted, leaving one electron on the hydrogen and one on the oxygen, and thus two
radicals are created. These radicals are commonly known as the hydrogen radical
and the hydroxyl radical which are both very reactive [73]. The hydroxyl radical is
the most reactive free radical which can attack almost every molecule in the body.
In medicine important are two free radicals: the mentioned above hydroxyl radical
and the superoxide radical. Free radicals are very dangerous because they are able
to start a chain reaction that can destroy destructively the tissues. If hydroxyl radical
attacks DNA, chain reactions run along the DNA molecule causing damage and
mutations or even disruption of the DNA strands. During X or gamma radiation
used to kill cancers, large numbers of hydroxyl free radicals are produced. But radi-
ation and water are not the only ways to produce free radicals.

Inflammation is also associated with free radicals; however, in this case free radi-
cals are probably the reason of the inflammation rather than the effect. The human
body uses free radicals to kill bacteria within the phagocytes, the scavenging cells
of the immune system. In the case when excessive numbers of the phagocytes are
present in an inflamed area, the free radicals almost certainly increase tissue dam-
age, making the situation worse. This situation is present, for example, in rheuma-
toid arthritis.

Oxygen free radicals are possible mediators of reperfusion-induced injury.
Reperfusion corresponds to the restoration of oxygenated blood flow to ischemic
tissue. During ischemia there is a reduction or even a complete blockade of blood
flow to a tissue, with a rapid loss of oxygen supply to the cell [74].

The results of investigation suggest that hyperthermia promotes oxygen-centered
free radical formation in cells [75-79]. Also in atherosclerosis, during atheroscle-
rotic plaque formation, which can lead to stroke or myocardial infarction, oxygen
free radicals may play arole [80]. Reperfusion of an injured region leads to increased
formation of oxygen free radicals. It is a result of oxygen reintroduction to the
injured region [81]. Toxic oxygen species can be produced either as a result of an
increased xanthine oxidase pathways or neutrophil activity.

Free radicals in blood can be produced in the reaction of hydrogen peroxide
with human methemoglobin [10]. Peroxyl radical, with g = 2.033, comes from
tryptophan residues, while nonperoxyl, with g = 2.005, was identified as tyrosyl
radical [10, 82]. Plasma ascorbate has the ability to scavenge globin free radicals.
The reduction of these species by ascorbate causes the formation of less reactive
ascorbyl radical. The increase in the concentration of ascorbyl radicals reflects the
rate of the one-electron oxidation of ascorbate and shows oxidative challenges and
also those caused by iron overload [83]. The ESR spectrum of ascorbyl radical is
a doublet at room temperature and a narrow singlet (AB,, = 0.9 mT) at 10 K [82].
In blood at 77 K, the line has g = 2.0057 [11]. Human erythrocytes efficiently
recycle ascorbate, because ascorbyl free radicals are reduced by the NADH- and
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NADPH-dependent reductases [84]. Adrenaline radicals (singlet, AB,, = 1.4 mT,
g =2.003) and adrenochrome radicals (singlet AB,, = 0.9 mT, g = 2.004) were also
detected in the blood [11, 14].

There are three mechanisms in which oxygen free radicals affect cells [73, 85].
First is a single reaction which they can initiate. This does not cause extensive cell
damage. Second is in which the oxygen radicals may initiate a chain reaction and
generate more radicals as a by-product. These radicals start the same reaction that
can continue indefinitely. Such reaction can only stop when one free radical reacts
with another one. However, the most destructive is the third mechanism. Initially,
the oxygen radical generates more free radicals in the chain-type reaction. These
radicals continually initiate reactions, and going further may start other types of
reactions in which new kinds of radicals will arise. This mechanism named the
branching mechanism can be continued until the structure and the function of the
cell are destroyed.

Free radicals, besides their high reactivity, have very short half lifetime (#,,,
10°-10 s). For this reason there are two methods which allow the detection of
free radicals: freezing the samples in liquid nitrogen (77 K) or adding special
substance, called spin traps [75]. They are able to produce more stable secondary
radicals, and thus they can be detected by ESR. Also the conditions of a measure-
ment are important and temperature control. Figure 1.2 shows how it changes the
ESR spectrum of free radicals after repassing through the liquid phase. This is
particularly important when the concentration of free radicals in a sample has to
be determined.

There are a lot of spin traps used in study of free radicals [86]. In biological
systems most of them are nitroso and nitrone derivatives. For oxygen, carbon, or
sulfur radicals, nitrone spin traps are usually applied, for example, the water-sol-
uble DMPO (5,5-dimethyl-1-pyrroline-N-oxide) or the lipid-soluble a-phenyl-N-
tert-butylnitrone (PBN). For NO, iron/sulfur cluster-containing spin traps have
been developed, for instance, iron(ir)-methyl glucamyldithiocarbamate
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Fig. 1.2 ESR spectra of free radicals in human blood after cardiac surgery recorded at 170 K: (a)
first measurement, (b) second measurement after repassing through the liquid phase, recorded at
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(Fe-MGD,). Depending on the properties (hydro- or liposolubility), they can dif-
fuse through the cell membranes. The structure of ESR spectrum, number of lines,
and their amplitudes can deliver information about the type of the radicals which
were trapped [74].

The source of ESR signals in vitro can be vitamin C, present in vivo and known
as a scavenger of free radicals. It also participates in the reduction of vitamin E,
which is one of the important antioxidants. Thus, vitamin C level may indirectly
indicate free radicals reactions in the body [87].

1.3.2 ESR of Free Radicals: Chosen Examples

Free radicals, using ESR spectroscopy, were studied in the blood taken from patients
during open aortoiliac arterial reconstruction [88]. This kind of surgery can lead to
development of ischemia-reperfusion injury and induces an inflammatory response
and free radical production [89]. The authors compared the results of free radical
study by ESR with a degree of inflammatory response monitored on the basis of
standard parameters obtained from blood tests like I1-6, TNF-alfa, and CRP. To
detect free radicals, the standard nitrosobenzene spin trap was added to blood sam-
ples. Free radical production during reperfusion of the first leg was observed 5 min
after the aortic clamp removal. Twenty-four hours after the operation, free radicals
decreased to the level observed before surgery. In the first minutes of reperfusion
and reoxygenation of hypoxic tissue, high formation of oxygen radicals such as
superoxide radicals (O,), hydroxyl radicals ("OH), and hydrogen peroxide is
observed [90]. The superoxide radicals in the reperfusion phase react with nitric
oxide (NO) to generate peroxynitrite anions, which leads to the peroxidation of lipid
and membrane proteins [91]. Increased formation of reactive oxygen radicals dur-
ing reperfusion is associated with different mechanisms of mitochondrial function,
DNA damage, activation of apoptosis, destruction of cellular membranes, capillary
perfusion failure, interstitial edema, and multiorgan dysfunction syndrome [92-94].
Severity of ischemia and reperfusion cellular injury is dependent on overproduction
of free radicals, duration of ischemia, degree of surgical trauma, endogenous anti-
oxidant capacity, and antioxidant therapy. A significant increase in CRP, IL-6, and
TNF-alfa was observed 24 h after the surgical treatment. It may cause not only tis-
sue injury during surgery but also muscle ischemia during temporary aortic clamp-
ing and reperfusion. These markers decreased 6—8 days after the aortic reconstructive
surgery in uncomplicated cases.

ESR spectroscopy was also used to monitor free radicals generation in peripheral
blood inpatients subjected to angioplasty treatment [95, 96]. In this study the scien-
tists also applied nitrosobenzene spin trap, and they determined the most appropriate
experimental conditions (temperature of measurements and the concentration of spin
trap-blood solution), the concentration of free radicals in patients subjected to angio-
plasty treatment, and compared the ESR results with myocardium damage markers
(CPK, MB, and TnT). It is obvious that inflammation accompanies this type of sur-
gery which, in turn, is associated with increased levels of free radicals. The increase
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Fig. 1.3 Exemplary ESR spectra of free radicals in human blood generated after perfusion: (a)
1 min after perfusion, (b) 5 min after perfusion

in the concentration of free radical in the blood-spin trap conglomerate was observed
2 h after reperfusion. Twenty-four hours after reperfusion, the concentration of free
radicals decreased, and maximum values for some medical markers were observed.
This study shows that ESR is a sensitive method to detect heart damage and inflam-
mation earlier than standard medical blood markers. In addition, it was found that
such samples should be stored at liquid nitrogen temperature (77 K) to stabilize the
concentration of free radicals over time. The exemplary results of free radicals gener-
ated in human blood after reperfusion is shown in Fig. 1.3.

Gonet et al. [87] applied ESR for study free radicals in ischemic heart disease in
two groups: people with myocardial infarction and with angina pectoris. The role of
free radicals in ischemia, atherosclerosis, and diabetes diseases was described in
many papers [97-100]. Gonet et al. used lyophilized blood samples taking into
account that this kind of sample preparation and exposure to air can affect the type of
free radicals generated. Their results indicate a reduce level of vitamin C in blood in
patients with ischemic heart disease that was in good agreement with the previous
study [101-105]. Second, the shape and parameters of ESR signals from blood can
be a useful method in studying free radicals in patients with ischemic heart disease.

Because free radicals are also associated with ionizing radiation, there are papers
concerned to ESR study of irradiated blood or serum [7, 31]. Maghra by et al. [31]
studied the effect of ionizing radiation of Cs-137 and Co-60 on powder bovine hemo-
globin. In addition to the signals coming from iron (described earlier in this chapter),
the authors also described the signal assigned to free radicals in hemoglobin created
by the degradation of blood components [48]. In several papers two or more different
kinds of radicals are considered as created on the protein [106, 107]. As the major
contributor of this signal, the globin-based free radical (HB(Fe(1v) = O)) was sug-
gested [10, 33]. It was observed that this signal significantly increased even for very
low dose of irradiation (4.95 Gy), and the response to gamma radiation doses was
linear. No new radicals were generated after irradiation. The researchers concluded
that gamma irradiation of bovine hemoglobin causes conformational changes in Hb
molecular structure, which may cause the changes in its function performance.
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The ways of imposing oxidative stress are physical exercises [108, 109]. It is also
a good model for studying the balance between oxidative challenge and antioxidant
defense mechanisms in biological systems [110]. Physical exercises increase the
generation of ROS [111, 112]. It is a response to increased use of oxygen that causes
a disturbance in the prooxidant/antioxidant balance in favor of the former and leads
to oxidative stress. On the other hand, antioxidant compounds can lead to a reduc-
tion in ROS production by alter redox status [113, 114]. Mrakic-Sposta et al. [108]
successfully applies ESR to monitor ROS production in peripheral blood of athletes
after controlled exercise. Although ESR can be used to measure many kinds of bio-
logical samples, blood is the most commonly used one. Based on the conducted
research, the authors stated that by measuring of the capillary blood, a reliable infor-
mation can be provided about free radicals appear in the skeletal muscle, heart, and
liver.

1.4  Magnetite Nanoparticles as Potential Drug Carriers
and Their Interaction with Human Blood

This part of the chapter will be dedicated to magnetite nanoparticles and their
interaction with human blood. Both these materials are suitable to study using
ESR. Various nanomaterials are of interest to researchers as future materials for
applications in various fields of life including medicine [1]. The special place,
because of their physical properties, occupies magnetite nanoparticles. Using a
special configuration of magnetic field gradients, they could be directed to a place
of disease that is particularly important in a case of cancer. Standard used chemo-
therapeutics destroy both cancer and healthy cells. Using magnetite nanoparticles
as drug carriers, a drug attached to a magnetite core would be released at the site of
the disease and only destroy diseased cells. Because such drugs are administered
intravenously, it is important to study their interactions also with blood. This issue
is very complex because the interaction between nanoparticles and the environ-
ment (e.g., blood) depends on their many properties such as a size, a shape, surface
charge, coverage, etc. [115].

The previous experiments, in the case of iron oxide nanoparticles, shown
that applying an external magnetic field near the target increases the circula-
tion time of the nanoparticles in the bloodstream and increases their accumula-
tion in the indicated organ [116, 117]. It is particularly important to determine
how nanoparticles interact with the morphological elements of the blood.
Studies show that they can be caught by monocytes or remain on the surface
of cells [118]. They can also penetrate the nuclei of lymphocytes located in
the capillaries [117]. There are also studies showing the use of ESR to inves-
tigate the interactions of nanoparticles with blood or plasma proteins. In one
of them, such interactions with fibrinogen and albumin were studied [119],
applying spin labels. It has been found that important is the distance between
the magnetite nanoparticles and free radicals and the fibrinogen can adhere
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to the surface of the magnetic nanoparticles. These results are important in
relation to the coagulation system and the formation of possible clots. In addi-
tion to fibrinogen chains, other proteins can also adsorb to superparamagnetic
iron oxide nanoparticles: immunoglobulins, antitrypsin, al transthyretin, or
just transferrin [120, 121]. This adsorption depends not only on the charac-
teristics of the nanoparticles but also on the properties of the proteins and the
environment. Meaning it is also the type of interaction. It was thought that
albumin, as the most abundant protein in plasma, would be the fastest in inter-
acting with the nanoparticle surface. Meanwhile, experiments with iron oxide
nanoparticles have shown that albumins attach to their surface only in small
amounts. Dominated immunoglobulins and fibrinogen increased with increas-
ing the incubation time [121]. The effect of magnetic nanoparticle coverage
on the degree of their interaction with albumin was also studied [122]. For
nanoparticles coated with dextran and polyvinyl alcohol, the studies have been
performed to determine which proteins present in the serum adsorb to nanopar-
ticles [123]. The presence or absence of coverage is of great importance in
terms of the interaction of nanoparticles with proteins as well as their rapid
elimination from the bloodstream.

Nanoparticles, because of their physical properties, offer great possibilities
in terms of their functionalization. From ESR point of view, a group of materials
which can give additional valuable information are spin labels, for example,
2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) [124]. Attaching these types of
materials to the surface of nanoparticles is also useful in studying the extent of
their interaction with the environment (e.g., blood, serum) [125]. Interactions of
spin label with proteins present in blood might also affect the ESR spectra, and
the pH influences the conformation of proteins and molecular motions.
Depending on the rate of rotation of the spin label changes the line shape of ESR
spectrum. Besides attaching a spin label to nanoparticles to obtain the informa-
tion about nanoparticles interaction with an environment, they can be also
placed in the nanoparticle core and apply as ROS scavengers [126, 127]. Shimizu
et al. [127] projected redox nanoparticles, prepared by self-assembly of amphi-
philic block copolymers possessing 2,2,6,6-tetramethylpiperidine-N-oxyls as a
side chain of hydrophobic segment. Using ESR method the authors investigated
their behavior in blood. When 4-hydroxy-2,2,6,6-Tetramethylpiperidine-N-oxyl
was added to rat whole blood, the ESR signal disappeared rapidly. In contrast,
the signal from redox nanoparticles remained for a long time. It indicates that
nitroxyl radicals were protected in the blood by combining with the core of
nanoparticle. They have shown that redox nanoparticles are useful in therapy for
various oxidative stress injuries including hemorrhage and stroke. Because this
type of nanoparticles under appropriate conditions takes the form of micelles,
ESR is also suitable for monitoring their opening that has a place, e.g., in a pH-
adjusted environment.

The biggest hope is the application of functionalized magnetite nanoparticles
as drug carriers in chemotherapy or treatment of inflammation [128, 129]. To
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become so, the nanoparticles must be thoroughly investigated, both in terms of
their physical properties (durability, quality) and their impact on the body. Since
most standard chemotherapeutics are administered intravenously, the interac-
tions between new potential nanodrugs with blood and proteins present in it
should be investigated. Of course these interactions change when nanoparticles
move through various regions of the body [130-133]. They cause changes in
nanoparticle properties such as the aggregation state, surface charge, and chem-
istry, targeting capabilities. All these factors lead to changes in their function
[134]. Moreover both cellular and acellular elements will interact with each
other on the nanoparticle surface, changing protein conformation, function
[131, 135, 136], binding affinity, and also blood physiology. These changes in
properties of both blood and nanoparticle generate a complex system of biologi-
cal interactions.

Nanoparticles added to blood attract many different proteins to their surface, and
so-called “protein corona” is formed. Protein corona increases the nanoparticle size
and changes the surface charge [137]. This structure can cause unexpected changes
in cellular interactions, cellular uptake, biodistribution, and immunogenicity [138].
The protein corona influences nanoparticles to bind to a wide variety of cells [130].
Depending on the nanoparticle charge and size, they favor proteins in different man-
ners: anionic-charged nanoparticles favor proteins with pH < 5.5 and cationic-
charged nanoparticles with pH > 5.5 [135].

Because the most interesting is the use of nanoparticles as drug carriers, more
papers are concerned to this issue [139]. However some researchers also try to
investigate the interactions between nanoparticles and blood. Kubiak et al. [140]
applied ESR for study PEG-coated magnetite nanoparticles in water and whole
human blood. The determined ESR parameters were different for nanoparticles
depending on the medium (water and blood), which may indicate the influence of
the environment on the interactions between nanoparticles and thus the utility of
ESR application in such study.

From the point of view of magnetite nanoparticle applications in medical ther-
apy, their important features are the magnetic properties and hence the ability to
control their movement using a special configuration of magnetic field gradients.
Dobosz et al. [141, 142] applied ESR to study both the physical properties of chosen
magnetite nanoparticles and their interactions with human blood in a presence of an
inhomogeneous magnetic field. In this case ESR was also used to monitor the diffu-
sion of magnetite nanoparticles forced by the inhomogeneous magnetic field
(Fig. 1.4).

The solution of magnetite nanoparticle movement control is particularly impor-
tant in context of nanodrugs focusing in affected area (e.g., tumor). This would
allow to deliver the drug directly to a target, omitting healthy cells that are in stan-
dard chemotherapy also destroyed. The authors checked the influence of both
nanoparticle coverage and the time during which the sample was kept in a magnetic
field. Because these nanoparticles were functionalized with TEMPO, the results
gave two sources of information, both from the magnetite core and TEMPO
(Fig. 1.5).
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1.5 Summary

In this chapter electron spin resonance was shown as a method suitable for blood
study, both paramagnetic species and free radicals, as well as magnetite nanoparti-
cles as the example of a large group of nanomaterials. As scientists around the world
work intensively on the use of nanomaterials in medicine, another advantage of the
ESR technique is the ability to use it for the study of interactions between biologi-
cally active materials and potential nanodrugs (e.g., blood-functionalized magnetite
nanoparticle interactions).
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2.1 Introduction

Heme-based proteins play a key role in many basic life processes; they are involved
in oxygen transport, catalysis, and electron transfer [1]. Versatile spectroscopic
techniques (electron and nuclear magnetic resonance, Mossbauer and Raman spec-
troscopy, magnetic circular dichroism, vibrational spectroscopy, X-ray diffraction)
and theoretical calculations (applying density function theory or quantum mechan-
ics/molecular mechanics approach) are used in the research of these systems.
Application of the electron paramagnetic resonance spectroscopy enormously con-
tributed to understanding of structure—function relationship of proteins with heme
cofactors, starting from the pioneering publication of Peisach and Blumberg [2].

The electron paramagnetic resonance signal directly probes the electronic struc-
ture of the active metal center and provides detailed information about the changes
caused by the rearrangement of the nearest molecular structure of the heme pocket.
The use of this technique for investigations on biological NO-heme complexes is
exceptionally justified: the heme ligand NO is paramagnetic by itself; in turn the
heme center constitutes the natural “spin trap” for NO. The paramagnetic nitrosyl
hemoglobin exhibits a characteristic EPR spectrum with distinct features being a
unique fingerprint of the molecular geometry and electronic structure around the
unpaired electron.

The hemoglobin—NO complex (HbNO) has been extensively studied with appli-
cation of electron paramagnetic resonance for more than 40 years [3-5]. The EPR
spectra of HbNO derivatives directly proved the preferential NO bounding to o
subunits within the hemoglobin tetramer [5]. The shape of nitrosyl hemoglobin EPR
spectrum differentiated the conformation (R- or T-state) [6] of the whole tetramer
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and demonstrated the direct observation of R/T transition taking place in the arterial-
venous cycle [7, 8]. The EPR signal measurements remain the only direct and
unambiguous technique to quantify HbNO in blood [9, 10], regardless of complex
and demanding protocols for the whole blood samples assays [9, 11, 12]. Recently
EPR studies on HbNO are a part of research of endogenous NO-derived paramag-
netic species in biological systems [13]. The recent investigations of the electronic
structures with EPR and other spectroscopic properties of heme—nitrosyls have been
recently reviewed in [14, 15].

Investigations on nitrosyl hemoglobin complexes delivered a strong basis for
understanding the role of NO in biology. The chronological stages of that research
have been described in [16]. In the late sixties of the twentieth century, the experi-
mental methodology for recording the nitrosylated hemoglobin EPR spectra had
been settled; and the interest of the researchers focused on linking the EPR signa-
tures of the HbNO sample to the structural conformations of the tetrameric hemo-
globin [4-6]. Achieving this goal was a real challenge, due to molecular complexity
of the protein composed of four polypeptide chains, with four reaction sites and
extremal sensitivity of the EPR spectrum shape to minute structural modifications
of hemoprotein. Identification of the component spectra within the recorded signal
of HbNO complex [6] opened the road to the use of EPR for the quantitative
measurement of HbNO in biological samples [8, 9, 12].

2.2  Nitrosyl Hemoglobin

The physiological function of hemoglobin is to transport oxygen in blood. This intra-
cellular protein exhibits millimolar concentrations within mammals’ erythrocytes.
Under normal conditions, in human blood, approximately only 1 per 1000 hemoglo-
bins binds nitric oxide [17]. The hemoglobin molecule is composed of four subunits:
two a-chains, each with 141 amino acid residues, and two f-chains, each with 146 resi-
dues. Each chain carries one cofactor, heme group, which consists of a flat porphyrin
ring molecule with an iron ion at the center (Fig. 2.1) with the ability to cycle between
the ferrous (Fe?*) and ferric (Fe**) redox states. The iron ion has the octahedral coordi-
nation: the nitrogen atoms of the porphyrin ring account for four ligands, and the
remaining two ligand positions lie along an axis perpendicular to the porphyrin plane.
The fifth coordination site is occupied by the nitrogen of proximal histidine F8. At the
sixth position, different diatomic ligand can be bound. Binding of oxygen or carbon
monoxide to a heme group takes place provided that initially the iron is in the Fe** (fer-
rous) form and the resulting complex is diamagnetic. In contrast to that, nitric oxide can
be bounded to ferrous as well to ferric hem, with affinity exceeding considerably the
affinities for CO and O, binding, and the resulting nitrosylated hem is paramagnetic
[18]. There is also a difference of ligand-ferrous iron bonding geometry. Fe**~C-O
bonds have linear arrangement, whereas Fe>*~N-O or Fe?*~0-0 are bent at 130°—
150° angle. The structural effects of binding the sixth ligand to a ferrous hem were
precisely explained on the model tetraphenyl porphyrin complexes. The main
changes are lengthening of the Fe—N(NO) bond and a decrease in the Fe-N-O angle
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Fig. 2.1 Cartoon diagram of a three-dimensional structure of human hemoglobin in the deoxy
form (PDB entry 2DN2). The heme planes and histidines (proximal and distal) are shown as a stick
model. The heme irons are shown as a space-filling model. The figure was generated by the free-
ware PYMOL Molecular Graphics System, Version 1.6 Schrodinger, LLC

[19]. There exists to some extent the resemblance of oxyheme complexes to the
analogous nitrosyl heme complexes. In the last case, the presence of at least two
different geometries of the N(imidazole)-Fe—-N(NO) bonds is postulated.

Three-dimensional crystal structure of human, physiologically formed adduct
HbNO was reported for T- and R-state [20, 21]. Crystallographic studies confirmed
earlier spectroscopically based conclusions that binding of NO to the heme groups
of deoxyhemoglobin ruptures the Fe—proximal histidine bond of the alpha subunits
(but not the beta units). The iron atom is displaced from the average porphyrin plane
“upward,” toward the NO ligand. In T-state HbNO, the iron heme from alpha unit is
five-coordinate (proximal ligand, N from histidine is dissociated). In R-state both
hemes remain six-coordinate but with a slightly different geometry: a greater length
and more acute angle of Fe—-N-O bond in beta chain are observed. The displacement
of the proximal imidazole, induced by the R-T transition, is different for alpha and
beta subunits (Fig. 2.2). It is clearly seen that the B-NO chain heme remains six-
coordinate in R- and T-state.

The binding of NO to heme in hemoproteins has been investigated theoretically
with Density Function Theory (DFT) methods. The effect of the protein environment
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Fig. 2.2 Models of the heme active sites in alpha and beta subunits of human HbNO. The super-
imposed structures present configurations adopted T-state (yellow, PDB entry 1RPS) and R-state
(blue, PDB entry 4N8T). The figure was generated by the freeware PyMOL Molecular Graphics
System, Version 1.6 Schrodinger, LLC

was concerned as the possible key determinant whether the bond of His to Fe is bro-
ken or maintained upon binding of NO to iron [22]. Defining the factors controlling
the coordination state of NO complexes in different hemoproteins remains still a real
challenge. The extensive and complementary studies—including crystallography,
EPR spectroscopy, and quantum chemical calculations—are reported for nitrosyl
myoglobin complexes [23, 24]. The secondary and tertiary structures of myoglobin
and the alpha subunits of hemoglobin are very similar; thus the results obtained from
experiments on monomeric nitrosyl myoglobin pave the way for explaining the com-
plexity of HbNO electron paramagnetic signals.

2.3 Electron Paramagnetic Resonance Phenomenon

2.3.1 Macroscopic Observation of Paramagnetic
Resonance Signal

The EPR experiment offers the macroscopic method for establishing the micro-
scopic parameters of the paramagnetic molecule. The complex of nitric oxide and
heme is paramagnetic, with resulting electron spin S = 1/2, and can be subjected to
measurements of electron paramagnetic resonance. The complete description of the
EPR fundamentals in theoretical and practical aspects can be found in numerous
textbooks. This technique becomes a more and more powerful tool of biophysical
research on molecular biosystems. Consequently the number of handbooks and
volumes reporting the development in this field is systematically increasing. Some
of them are especially dedicated to the biomedical researchers [25-29].
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The informative description of the basic EPR spectroscopic rules can be found in
introductory parts of reviews published recently [10, 30, 31].

The most intuitive, classical explanation of the electron paramagnetic resonance
describes the sample’s magnetization reaction to the imposed static magnetic field
B, and microwave radiation By(t) with constant frequency @ and amplitude
B, < < B,. The macroscopic magnetization of the sample is the sum of individual
magnetic moments (“electronic spins”) of the paramagnetic molecules. At the
beginning we assume the paramagnetic centers are “diluted” within the sample and
neglect interaction with other electron or nuclear magnetic moments. The number
of spins in a typical sample reaches up to 10'°.The corresponding detectable con-
centration of active sites can be very low, compared to the other spectroscopic tech-
niques. If the magnetization vector is inclined toward the direction of the static
magnetic field, it undergoes a precession motion around it with a Larmor angular
frequency w, = yB,, where y is the “gyromagnetic ratio.” The value of y directly con-
nects the microscopic magnetic moment of the paramagnetic molecule g and its
total electronic angular momentum J via relation:

u=yJ 2.1

Imposing the microwave field in the reciprocal plane (with respect to B, direc-
tion) leads to the tilt of the precession axis of the magnetization motion. The tilt
angle 6 is determined by the equation:

18(0)=7B, /(0-a,) (2.2)

As the difference (w — w,) approaches zero, the tilt angle @ goes to /2. The
resonance takes place at the moment when the frequency of an alternating field @
(controlled by the experimenter) is matched to the Larmor frequency w,—an indi-
vidual signature of the paramagnetic center. In practice the resonance condition is
achieved by keeping microwave frequency @ constant and changing B,—magni-
tude of the static magnetic field. EPR signal, proportional to a transverse compo-
nent M, of the magnetization, is recorded for systematically swept magnitude B,,.
The signal intensity changes abruptly at a field position characteristic for a given
sample, where the static magnetic field B, fulfills the resonance condition (the
magnetization nutation frequency ®, in this field becomes matched to the fre-
quency of the imposed microwaves w). For a basic sample, being an ensemble of
diluted isotropic paramagnetic centers, non-interacting with each other, its related
“continuous wave EPR spectrum” consists of one “resonance line” at uniquely
defined position B,., = w/y, where y characterizes the magnetic properties of the
paramagnetic sample.

2.3.2 “Structural Fingerprints” of the Paramagnetic
Center Read from EPR Signals

In the EPR experiment, the actual detected quantity is the macroscopic magnetiza-
tion M, which is a resultant vector of large ensemble of microscopic magnetic
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moments (“spins” of unpaired electrons). The recorded EPR spectrum results from
interaction of M with the external magnetic fields. Detailed analysis of that spec-
trum (the positions and shapes of “resonance lines”) extracts basic parameters,
encoding information about the structural properties of the paramagnetic center. In
case of nitrosyl hemoglobin samples, the focus is on nitrosylated heme group and
its interactions with ligands. Simplified, intuitive reasoning presented below illus-
trates the connection between macroscopic features/numbers (the resonance line
position and shape) read from the recorded EPR spectrum and their meanings as
representing microscopic properties of the molecular center. The amplitude of the
EPR signal at the position B on the spectrum represents the answer of these mag-
netic moments, which possess the same y value (calculated as a quotient of B, line
position read from the spectrum, and w, frequency of the applied electromagnetic
field in the experiment). The value of y [rad/T-s] directly refers to the intrinsic,
dimensionless individual magnetic property of the paramagnetic center, Lande
g-factor:

ly|= %g (2.3)

In the above equation, x5 is the Bohr magneton (elementary atomic unit of the
magnetic moment), and 7 is the reduced Planck constant. For molecular systems the
value of g-factor for bound unpaired electron deviates from the value
ge = 2.00231930436182(52), characterizing the free electron (the most accurately
known physical constant). The Lande g-factor links to the individual magnetic prop-
erties of the molecule hosting an unpaired electron and depends on the electron
density distribution, resulting from the given molecular structure and microenviron-
ment conditions. Thus the value of g is very unique as is coding quantitatively the
properties of the investigated paramagnetic complex on the molecular and quantum
mechanical level. Recently, it has become possible to obtain the Lande g-factor
straightforwardly from density functional theory for some molecular paramagnetic
complexes, but for many, it still has to be established experimentally. When the EPR
signal is used for this purpose, it must be taken into account that the measured inter-
action depends on the absolute orientation of the molecule with respect to the exter-
nal magnetic field: the molecular system with anisotropic electron density
distribution produces an “EPR” answer, dependent on its orientation with respect to
the static magnetic field direction. Owing to that the EPR spectroscopy is an excel-
lent tool to detect and study molecular systems exhibiting 3D anisotropy. For each
position of the spectrum (given magnetic field B coordinate), the scalar value, called
“effective g-factor” g.q, can be calculated from formula:

h-o
= 2.4
8eir Bou, 2.4)

where @ denotes frequency of the applied electromagnetic field in the experiment,
set constant, and B is the magnitude of the static magnetic field, systematically
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“swept” during detection of EPR signal. Intensity of the spectrum at a given value of
B represents the total signal from selected spins: those with identical g..

Numerous paramagnetic complexes manifest spatial anisotropy of their magnetic
moment; especially nitrosyl hemoglobin is one of them. This entails that individual
spins in the sample fulfill the resonance condition at different magnetic field posi-
tions, depending on their orientation. In consequence, for anisotropic molecular sys-
tems, the g reflects the magnitude of the magnetic moment at a given orientation.
Experimentally such anisotropy can be recognized when the crystalized sample is
measured and the position of the resonance line on the recorded EPR spectrum varies
with the changed orientation of the crystal within the static magnetic field. Such
experiment reveals obviously the inherent magnetic anisotropy of the paramagnetic
site. The set of the “single crystal” EPR spectra for systematically changing orienta-
tions of the crystal axes with respect to the direction of the static magnetic field,
encoded as (O,¢), yields the data for g.« = g (@,¢). For anisotropic molecular sys-
tems, the value of g, recovered from position of the single resonance line, usually
departs from g.—free electron value—and depends on angles (@,¢@). In that case the
complete description of magnetic properties for a given complex cannot be repre-
sented by the scalar quantity. The tensor is adequate to represent a set of these orien-
tation-dependent factors: g;(@,¢). Thus the g-tensor (more exactly 3 x 3 matrix)
becomes a generalization of the scalar gyromagnetic g-factor. In Eq. 2.1, instead of
scalar coefficient g, the multiplier relating the total angular momentum J to magnetic
moment g becomes now g-tensor quantity. The necessity of introducing tensor quan-
tity for concise description of the paramagnetism appears in these molecular centers
where the electron possesses both spin and orbital angular momentum. The concise
and complete definition of magnetic properties of the studied paramagnetic center is
expressed by the three principal g-tensor values g.., g,,, and g,. (“eigenvalues”) and
set of angle orientations of the principal g axes within the molecular frame. In case
of nitrosyl heme, the inner, molecular reference system is based on a heme system
geometry. The principal axis systems for g-tensor are not collinear with heme-based
molecular frame (e.g., the angle between the principal Z axis of the g-tensor and the
heme normal is about 10°). The widely used classification of the paramagnetic com-
plexes is based on the “g-tensor symmetry.” If all eigenvalues are equal, the system
is isotropic; when all values g.., g,,, and g,. are different, the “rhombic” symmetry is
present; and when only two parameters are equal, this is the case of “axial symme-
try.” Knowledge of the principal g-tensor values of the investigated paramagnetic
molecular system is the basic step for the proper interpretation of the measured EPR
spectrum. After introducing the g-tensor—the real paramagnetic center “finger-
print”—the link between “g.;” factor and the paramagnetic molecule orientation
(0,¢) with respect to the B, direction can be written as:

g(@,(p) =g = \/sinz 0 cos’ g’ +sin’ Osin’ q)gfy +cos’ ngzz 2.5

This formula for g.; separates the contribution of molecule orientation during
EPR measurements and its individual magnetic signature, expressed by g-tensor
components.
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The routinely prepared and measured experimental samples of HbNO complexes
are not “crystals” but frozen solutions of proteins. Such samples are classified
within the magnetic resonance spectroscopy, as “disordered systems”—they are an
ensemble of paramagnetic molecules adopting distinct, random orientations (6,¢)
versus the fixed magnetic field B,. The “lines” observed in their EPR spectra are
very broad due to cumulation of the individual resonance signals from different
orientations, with distinct “g.”” value. Usually the distribution of magnetic moment
orientations (6,¢) is uniform in case of frozen solution samples. The measured EPR
spectrum of such a “powder sample” is a superposition of individual signals, and the
obtained final shape encompasses broadened, poorly resolved, and overlapping
lines. Even then the resulting “powder profile” transfers the information about the
intrinsic anisotropy of microscopic paramagnetic unit: the positions relating to the
three principal values of g-tensor are easily discernable. The estimate values of
eigenvalues g,., g,,, and g, can be revealed directly from EPR powder spectrum (for
the centers dominated by g anisotropy). In Fig. 2.3, the typical “powder pattern” of
an EPR spectrum paramagnetic center with rhombic symmetry is displayed. In sim-
ulation the following values were assumed: g,, = 2.06, g,,=2.00, and g_, = 1.96. The
coordinates of distinguishing points, the first maximum, the middle line cross point,
and the last minimum, correspond to the molecular orientation in which a given
principal g axis (x, y or z) is parallel to the magnetic field direction. When the mol-
ecule is found in one of these characteristic orientations, the effective value (g.s) is
equal to, consecutively, g, &, Or ... In general, the interpretation of experimental
powder EPR spectra may be very demanding, due to the presence of other paramag-
netic active sites, magnetic interactions, and distribution of magnetic parameter val-
ues. Samples of proteins are collection of molecules with distribution of
conformations, and the paramagnet in each molecule may have slightly different
g-tensor values. The exact determination of g-tensor values from experimental data
is possible using simulation of “powder spectra” and least-squares fitting methods
(see, e.g., ref. [27]).

Qe v 2.06 Jes v 2.00 Qer v 1.97

Fig. 2.3 Simulated EPR line shape for a randomly oriented S = 1/2 spin system with rhombic
symmetry (in the absence of any hyperfine interaction). The simulation of powder profile was
performed assuming g, = 2.06, g,, = 2.00, g, = 1.96, and microwave frequency 9.5 GHz. The field
positions related to the orientations, 8 = 90° (ger = g..), € = @ = 90° (geir = g,y), and € = 90°; ¢ = 0°
(getr = &xv)s are indicated
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The strict, theoretical interpretation of g-tensor is presented by the quantum
mechanics approach. In brief, information about the wave function of the molecule
in its electronic ground state is required to calculate g-tensor ab initio for a given
molecular structure. This still remains a difficult task especially for heme—NO com-
plexes, where sometimes large discrepancies between calculated and experimental
g-tensor values appear [15]. Although theoretical predictions of g-tensors for model
heme—-NO compounds are obtained more routinely [32], the incorporation of the
protein environment into calculations is a real challenge. Recently interesting results
[24] have been published for nitrosyl myoglobin, a genuine prototype for the study
of heme proteins. The insight into collection of g-tensor data established for the dif-
ferent ferrous heme—-NO proteins reveals their general similarity: three principal
g-values are around 2.07, 2.00, and 1.98, indicating the case of “rhombic” symme-
try of these centers. Confrontation of the experimentally established g-values and
those predicted from quantum mechanics confirmed the hypothesis that the orienta-
tions of the principal g-tensor axes are closely related to the orientation of the NO
bond in ferrous NO-heme complexes [23].

2.3.3 Hyperfine Splitting of the Resonance Line

The magnetic moment of an unpaired electron senses not only the external applied
field but also the presence of local nuclear magnetic moments in its vicinity. For the
case of NO-heme unit, magnetic moments of the closest nuclei 'H and “N exert a
significant effect on the actual magnetic field experienced by the unpaired electron.
The additional magnetic field provided by these nuclear “magnetic dipoles” can
either add or subtract from the external magnetic field B, and causes the splitting of
the observed EPR spectrum line. Although the magnitude of this local field (up to
few mT) exerted by the nuclear spins is small compared to the B, (hundreds of mT),
the interaction between the electron magnetic moment (determined by its spin S)
and a nearby nuclear magnetic moment (originating from its spin I) introduces the
visible changes in the EPR spectrum of the paramagnetic center. There are 2I + 1
different orientations of the nuclear spins in the external magnetic field B,, adopted
statistically. Because the local field of the nucleus either adds or subtracts from the
applied B, field, therefore a certain fraction of the unpaired electrons experiences a
larger, another lower magnetic field, and a bunch of 2I + 1 resonance lines appear in
the spectrum instead of one (as in the absence of the interaction). The hyperfine
interaction between the electronic and nuclear magnetic moments depends on the
distance r between them and electron density distribution at the nucleus. The
“hyperfine constant” A is introduced to express the strength of the coupling: its
magnitude indicates the extent of delocalization of the unpaired electron over the
nucleus. If the unpaired electron is delocalized over several ligands, it can interact
with nuclear spins of all these atoms, and the resulting A value depends on the bond
strength in the molecule. If the local field is strong, the separation between the
hyperfine lines increases. The important hyperfine effect in case of NO-ligated
hemes is the interaction of the unpaired electron and the nitrogen nucleus'*N with
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spin I = 1. In five-coordinate hemes (5C), the three-line splitting of the resonance
line is expected due to the local field produced by nitrogen nucleus from NO. In
six-coordinate hemes (6C), there are two nitrogen ligands: from NO and from prox-
imal histidine. The pattern of hyperfine splitting becomes more complex, and the
resulting local field from both N nuclei has (2I + 1)-(2I + 1) = 9 possible magni-
tudes. Thus nine-line splitting pattern is expected for six-coordinate NO-hemes. It
is worth to notice that use of ’N-labeled NO changes the hyperfine pattern observed
in the spectrum of NO-ligated hemes: the nuclear spin of N is equal to 1/2. The
hyperfine structure for 5C hemes consists of two lines only, and for 6C the number
of lines is (2:1/2+ 1)(2-1 + 1) =6.

In the molecular system, the coupling between the unpaired electron and a given
paramagnetic nucleus is anisotropic; the magnitude of the splitting can differ sig-
nificantly in each direction within the molecule. Generally the effect of the local
nuclear field exerted on the unpaired electron must be represented by the tensor
quantity A, which can be diagonalized by a suitable choice of principal axes. The
principal values [A,,, A,,, A..] of the tensor completely characterize the anisotropy of
the interaction. They also constitute an individual molecular signature and comple-
ment the information about the paramagnetic center obtained from EPR signal. A
tensor data for the iron—porphyrin-NO model compound, Fe(To-F,PP-BzIM)(NO)
[14], can be an illustrative example of the hyperfine interaction strength in NO—
hemes. The experimental spectrum for that compound was reconstructed by simula-
tion with best parameters for g-tensor: g, = 2.077, g,, = 2.009, and g, = 1.978.
Hyperfine interaction with nitrogen from NO was determined by the following
eigenvalues of AN (in gauss): 13.2, 22.1, and 13.9; the effect of interaction with
nitrogen from imidazole was resolved on the spectrum only in “g,” region; only one
component of the A™ tensor could be established: A, = 6.8 G. These numbers
directly indicate that the interaction with nitrogen nucleus from imidazole is much
weaker than with that from NO. The quoted data represent typical magnitudes of
hyperfine effects observed also in biological NO-heme complexes.

The hyperfine structure of the EPR resonance line is not always resolvable in the
acquired spectrum, especially when the coupling constant is rather small, as com-
pared with line broadening. In such case the experimental evaluation of these cou-
pling parameters is possible using pulse EPR methods, e.g., electron spin echo
envelope modulation (ESEEM) spectroscopy [33]. The knowledge of true A-tensor
values is crucial for understanding of the relationship between molecular structure
and electronic configurations of the paramagnetic heme complexes.

Put together, the g- and A-tensors reveal important information about local geo-
metric and electronic structure of the metalloprotein’s paramagnetic center. These
parameters can be experimentally determined using “continuous wave” and pulse
methods of electron paramagnetic spectroscopy [34]. The effect of hyperfine cou-
pling between the unpaired electron and nuclear magnetic moments is essential in
the utilization of EPR spectroscopy for structural studies. Especially unravelling the
ligation scheme around paramagnetic transition metal ions is possible.
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2.4  TheEPR Spectra of the Nitrosyl Hemoglobin

From the very beginning, recording “continuous wave EPR spectrum” of HbNO
complex has been the basic spectroscopic technique employed in Hb and HbNO
studies. Detailed analysis of EPR spectral features corroborated the information
obtained from other methods as well as provided new facts [3, 6, 35] concerning the
bonding of diatomic ligands to heme. The complexity of nitrosyl hemoglobin EPR
CW (continuous wave) spectrum arises from the fact that this macromolecule is
composed of four subunits: two a- and two -chains, each of them possibly contrib-
uting to the overall signal shape. In real samples, not all four units are necessarily
nitrosylated. Additionally the variation of the HbNO EPR spectra with temperature
as well as the effect of pH can be observed. Historically the first step toward unam-
biguous interpretation of that complex signals was proving that the EPR spectrum
of the Hb,(NO), tetramer is a linear combination of the isolated subunit spectra [3].
Though the specific HbNO spectral features cannot be discussed without consider-
ation of the protein environment of heme—NO complex, it was very advantageous to
study monomeric species: model complexes and monomeric enzyme, myoglobin.
The progress in thorough, quantitative understanding of the EPR spectra of ferrous
heme-nitrosyls was achieved by combining the data retrieved from experiments and
quantum mechanical calculations [15, 24].

2.4.1 EPRSignatures of HboNO-a and HbNO-f Subunits

As the decades passed, the consistent interpretation of the manifold of experimental
EPR spectra recorded for nitrosyl proteins emerged. The routine is to measure the
EPR spectrum of the frozen solution of the HbNO at liquid nitrogen temperatures.
In such sample all possible orientations of the paramagnetic center occur, and the
recorded signal belongs to the “powder-pattern” type. The EPR spectrum of the
tetrameric hemoglobin appears to be composite, first because of contributions from
the two types of subunits (o« and ). The molecular surroundings of hem units
slightly differ in a- and B-chains; thus the different sets of g- and A-tensor values are
expected. Additionally, the hem in alpha subunit can occur as five- or six-coordinate
unit, which may increase the number of spectral components required for recon-
struction of tetrameric HbNO spectrum. Furthermore, the stereochemical variability
of the Fe—NO bond in the sixfold coordinated systems may lead to the presence of
“structural HbNO micropopulations,” characterized by individual magnetic
tensors.

2.4.1.1 Six-Coordinate Nitrosyl Hemes

The first attempts to determine principal g-tensor values for heme—NO utilized EPR
spectra of isolated oo- and Pyo-chains recorded at low temperature [3, 36]. The
approximate g-values for separate subunits were dissimilar and both demonstrated
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Table 2.1 The principal values of g- and Ayo-tensors for six-coordinate heme-NO in o and f
subunits of human nitrosyl hemoglobin at 87 K, ref. [37]

g-Tensor principal values Ano-Tensor principal values [MHz]
a-Chain | 2.0604(52) 1.9653(9) 1.9995(56) 29.6(1.4) 32.9(1.0) 63.6(0.7)
B-Chain | 2.0817(15) 1.9782(5) 1.9999(16) 26.9(0.9) 44.2(0.5) 62.3(0.2)

temperature dependence. The latter effect was explained as a result of altered orien-
tation of the NO molecule with respect to heme at both room and low temperatures.
The EPR spectra of isolated subunits, recorded at room temperature, gave broad,
overlapping lines, and their hyperfine splitting was practically unresolvable. The
spectral features, remarkably hallmarking the subunits, appear only at low tempera-
tures, when they are not masked by the averaging dynamics of the molecules. Even
since early experiments [3], the similarity of the EPR spectral shapes for fyo-unit—
but not ayo—and NO-myoglobin has been noticed. The more precise and reliable
disentangling of g-tensors was possible to gain from measurements on “single crys-
tal” tetrameric HbNO sample. The study on the crystallized form of nitrosyl hemo-
globin with preserved tetrameric structure and quaternary interactions [37] supplied
the basic electronic parameters: the principal values and axis directions of the g-
tensors adequate for an alpha and a beta subunit. The obtained EPR spectra indi-
cated the presence of unpaired electron hyperfine interaction with NO and proximal
histidine N, which corresponds to the fully liganded state of hemoglobin, with all
hemes being six-coordinate. The established tensors [37] are summarized in
Table 2.1.

The EPR data allowed establishing the principal axis directions for A- and g-
tensors, and then the geometry difference between o and p subunit was clearly dis-
cerned. The principal axes of A- and g-tensors were not collinear. There was also no
exact coincidence between the hem geometry and the directions of g principal axes:
the angle between heme normal and the axes at which g component adopts nearly-
free-electron values was about 10° in the alpha and about 8° in beta subunit. After
experimental establishing of g-tensor, the model of geometry, orientation, and
orbital spin distribution at NO ligand site was proposed; especially the Fe—-N-O
bond angles were calculated for o- and B-units as 135° [18] and 105° [5]. Putting all
together, the obtained EPR spectroscopic data demonstrated subtle differences in
the binding of NO to the heme between a and 3 subunits. It turned out that g-tensor
was sensitive not only to the local properties of the heme unit but also the quaternary
structure of the protein. The values for Byo units from tetrameric hemoglobin could
be compared with g-tensor of NO-myoglobin, determined also from the “single-
crystal” study [38] at 77 K: g,, = 2.076, g,, = 1.979, and g,. = 2.002. The Fe-N-O
bond angle in the monomeric MbNO was estimated as 109°. Those nitrosyl myo-
globin parameters were temperature dependent, in a similar way observed in nitro-
syl hemoglobin samples.

The experimental determination of g-values and hyperfine coupling constants for
crystal samples of nitrosyl hemoproteins must be recognized as a valuable contribu-
tion to the field, made by EPR spectroscopy. These parameters provided direct
insight into the real electron spin density distribution in the heme—NO complexes.
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Fig.2.4 Spectral simulation showing the separate contributions of a-NO and B-NO subunits. The
EPR “powder spectra” at 9.5 GHz were simulated. The g and A tensors corresponds to the values
established for six-coordinate alpha and beta subunits (ref. [37])

The results showed that practically no electron density is located on the four pyrrole
nitrogens. Comparative studies [39] with use of “NO and NO showed that the
unpaired electron is delocalized mainly on iron and nitrogen N, (from proximal
histidine) orbitals. On the other hand, the recognized structural flexibility of the NO
ligand coordinated to ferrous heme has made the exact determination of Fe-NO
electronic structure and formal oxidation states difficult both for proteins and model
complexes. Recently it has been remarked that the geometry of Fe-NO observed in
crystal structures of protein not necessarily represents the conformation executed
during binding NO to hem in solution [40].

The consequence of different magnetic tensors A and g for alpha and beta sub-
units (both with six-coordinate heme) is the unequivalence of their EPR powder
spectra. The simulated traces, corresponding to the parameters presented in Table 2.1,
are displayed in Fig. 2.4. The large effect of resonance line broadening, similar to the
experimental conditions, makes the details of hyperfine interaction unresolved. The
general impression is that a- and B-chain spectra are fairly similar in the sixfold coor-
dinated conformation. The real, HbNO samples would give the spectra which con-
tain these basic components (besides others) in different proportions.

2.4.1.2 The Effect of Temperature on HbNO Spectra

Comparison of theoretical, simulated profiles and experimental spectra requires all
constituents to be identified and their separate shapes properly set. Only then can
the decomposition procedure explain the reliable proportion of these basic compo-
nents. In case of nitrosyl hemoglobin, as well as six-coordinate heme complexes,
the additional difficulty arises: their experimental EPR spectra exhibit a temperature-
induced variation. That effect was observed in experiments on nitrosyl myoglobin
and HbNO (for isolated chains and tetramers): in the recorded EPR spectra, two
components were recognized, distinguished as an R (rhombic—three different
g-tensor components) or A (axial—two different g-tensor components) species,
characterized by the different g-tensor values. As temperature increased, the conver-
sion of R-form into A-form was noticed [41].
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The general explanation of that phenomenon could refer to the protein-specific
effect: their backbone structure is temperature dependent. That intriguing observa-
tion was known also for small molecules: heme-model compounds [15]. Its elucida-
tion could focus on the common feature: the temperature-dependent stereochemical
variability of the Fe-NO bond in the six-coordinate hemes. Recently the explana-
tion of the origin of these two forms “R” and “A” was suggested [23, 24]. That
explanation consistently combined the spectroscopic data and theoretical, quantum
mechanical calculations. The authors aimed to explain the geometric differences
between the R- and A-forms and reproduced the experimental values of g-tensors
from theoretical model for monomeric protein: nitrosyl myoglobin. They showed
that at higher temperature (>77 K), rotation of the NO molecule with respect to the
heme plane is probable and may be responsible for adopting the A-form. A similar
hypothesis, concerning two differring geometries for six-coordinate heme-NO
complex, was proposed for interpretation of the model complex experimental EPR
data, collected over the 4-300 K range [42]. The “axial form” was related to the
structure, where N(imidazole)-Fe-NO axis was parallel to the heme normal,
whereas the “rhombic form” is related to the geometry assuming the tilt angle
between N(imidazole)-Fe-NO axis and the heme normal. The authors postulated
the presence of the axial and rhombic form for both o and p subunits (giving four
different spectrum shapes). The further investigation of spectral components corre-
sponding to distinct structural subtypes of HbNO involved measurements of EPR
signal at higher microwave frequency (95 GHZ, W-band), offering better resolution
[43]. The important finding was that the critical temperature, characterizing the
structural change from R- to A-form, is much lower for 3 subunit than for o.. In most
HbNO measurements with the use of EPR, the temperature is set ~77 K; in this
range, the p subunit is converted to the axial form, whereas o remains rhombic. The
similar conclusion was earlier supported [42] by results obtained with ENDOR
(electron-nuclear double resonance).

2.4.1.3 EPR Spectral Response to the R-T Transition of HbNO

Upon NO binding to the heme cofactor, a six-coordinate intermediate conformation
forms until the heme-trans ligand is dissociated, leaving a five-coordinate complex.
Crystallographic study of T-state human HbNO [21] presented explicitly a cleavage
of the proximal Fe-His bond in the o subunit (whereas that bond was retained in the
[ subunit). A number of characteristic changes are observed in the EPR spectra of
five-coordinate (5C) ferrous heme—nitrosyls. The average g-tensor values of Fe-NO
unit (in model systems and proteins) are around 2.10, 2.06, and 2.01 [14]. These
values can be compared with markedly smaller typical parameters for six-coordinate
NO-hemes, 2.08, 2.00, and 1.98, which illustrated the profound effect of binding
N-donor ligand trans to NO. The most striking evidence of Fe—-N (imidazole) bond
cleavage is the appearance of three-line hyperfine pattern. At the spectral line cor-
responding to g ~ 2.01, a very characteristic, three-line splitting is present. That very
well-resolved hyperfine structure results from an unpaired electron interaction with
nitrogen (NO) nuclear spin / = 1 in five-liganded NO-heme unit. In case of six-
coordinate hemes, that interaction is also present but is further splitted by
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interaction with the N (imidazole) of the proximal N-donor ligand, generating the
final, nine-line hyperfine pattern with lower intensity.

The solid, theoretical explanation of the nitrogen hyperfine interactions during the
change of heme coordination form 6C to 5C was given by Mun [44]. He directly proved
that extensions of the Fe-N (imidazole) bond produce a significant decrease of the
related hyperfine interaction constant; thus weakening or cleavage of that bond is
unequivocally manifested by only three-line (not nine) splitting on the EPR spectrum.

When it comes to HbNO tetramers, formation of a pentacoordinate iron—-NO—
heme complex, manifested by the presence of “triplet” on the EPR spectrum in the
high-field region, has been correlated to the T-R transition. The pentacoordinate
heme—NO unit is formed only in o subunit. There is a preferential affinity of o sub-
units for nitric oxide, and, in turn, an equilibrium between hexa- and pentacoordinate
a-NO hemes occurs in the low-affinity conformation of hemoglobin. If hemoglobin
is in the quaternary T-state, the strain on heme-proximal histidine bond is present,
and binding of NO to a-chain can finally lead to cleavage of the Fe-axial nitrogen
bond resulting in the five-coordinate state of heme. This process is reversible and
accompanied by the switch from T to R quaternary state of the tetramer. Owing to the
fact that the molecular coordination of heme (5C or 6C) can be related to the physi-
ological states of hemoglobin, T (low-affinity tense) or R (high-affinity relaxed)
form, the transition from R to T structures can be monitored via changes from a nine-
to a three-line hyperfine pattern in the EPR spectrum. The complicated, allosteric
mechanism of hemoglobin structural transition is responsible for the fact that under
physiological conditions, the a-NO fraction is a mixture of five- and six-fold coordi-
nation [42]. Experimentally, the formation of an intense “triplet” structure on the
EPR spectrum of the tetrameric nitrosyl hemoglobin can be enhanced by the pres-
ence of inositol hexaphosphate [6]. The effect of hyperfine interaction on the CW
EPR spectrum of HbNO is frequently obscured by the large resonance line widths,
but this is not in the case of pentacoordinated «-NO. The prominent three-line split-
ting is resolved even on “powder”” EPR spectra of frozen solution samples. The simu-
lated EPR spectra for six- and pentacoordinated «-NO (in a presence of inositol
hexaphosphate, IHP), with parameters proposed in [6], are presented in Fig. 2.5. The
evident spectral differences indicate that the breakage of the bond between Fe and
proximal histidine results in changes in g-tensor components and hyperfine interac-
tion pattern. Generating the pentacoordinate a-NO heme (5C) in the HbNO sample
is very efficient in the presence of IHP, but the presence of this chemical allosteric
modulator can introduce some additional structural disturbances of the tetramer and,
consecutively, recorded EPR spectra. The characteristic “triplet” on the EPR spec-
trum, accompanying formation of 5C NO-heme, appears also when pH in the sam-
ple containing tetrameric or monomeric HbNO is lowered from 7.3 to 3.0. The effect
of pH on the X-band EPR parameters of HbNO was studied by Ascenzi et al. [45].
The presented spectroscopic data illustrated the “quaternary effect”: the equilibrium
constants, characterizing the pH-dependent spectroscopic transition R/T, were differ-
ent between the tetramer and the isolated monomeric «- and f-chains.

The physiological role of NO as an enhancer of oxygen release is realized via
NO-induced trans-axial cleavage of the heme Fe-proximal His bond in tetramer
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Fig. 2.5 The simulated
EPR “powder” spectra
corresponding to 5C-a-NO
and 6C-a-NO (in the
presence of inositol
hexaphosphate, IHP).

Values for g and A ;
parameters are taken from ”
ref. [6] . 5mT
v
a
5mT
b

Fig. 2.6 Experimental continuous wave EPR (9.5 GHz) spectra detected ex vivo at 77 K in solid
samples of human lung adenocarcinoma tumors growing in nude mouse model. A and B represent
two different tumors. The difference between the spectra results from various levels of NO genera-
tion, thus various saturation of hemoglobin with NO. (a) The HbNO triplet signal overlaps with the
signal of the six-coordinate HbNO, suggesting a considerable saturation of hemoglobin with NO.
(b) The five-coordinate HbNO “triplet signal” has a predominant contribution to the whole
spectrum

hemoglobin. The presence of the five-coordinate spectral component with distinct
three-line pattern was demonstrated in venous blood samples [7, 46]. Moreover, due
to a different ratio between five- and six-coordinate a-NO in venous and arterial
blood, the structural transition of a-NO during arterial and venous circulation could
be proved [8]. The presence of HbNO with characteristic signal was reported also in
tumor tissue [47]. The examples of EPR tumor sample spectra are shown in Fig. 2.6.
The signals exhibit different levels of SC-a-NO versus 6C-a-NO in photodynami-
cally stressed tumors.
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2,5 Quantification of HbNO Signal

The EPR spectroscopy is an indispensable tool for research on endogenous
NO-derived paramagnetic species in biological systems. However the researcher
meets some challenges of EPR application to quantification of HbNO in biological
samples. Interpretation of the experimental spectra of HbNO samples must take into
account their composite character. There are many spectrally distinct subtypes of
HbNO with temperature-dependent contributions. As a routine, in medical and bio-
logical applications, the “in vivo” samples are immediately frozen in liquid nitro-
gen, and then EPR measurements are taken at 77 K (and lower temperature). The
general approach is to use three basis spectra for decomposition of the recorded
spectrum, representing five-coordinate a-chain, six-coordinate a-chain, and six-
coordinate pB-chain. That procedure allows the quantification of HbNO fractions
present in the sample. The standard EPR shapes of the basic components have to be
measured separately for synthesized HbNO variants. A regression-based spectrum
analysis technique was developed [12], which successfully allowed to quantify the
HbNO levels in blood during NO inhalation. In the measurements on physiological
material, the background signal is frequently problematic. One solution is to use
“the spectral subtraction method,” as proposed in [9]. The absolute concentrations
of HbNO in venous and arterial blood from rats were determined using that method.

Because the five-coordinate a-NO spectrum exhibits the well-resolved nitrogen
hyperfine splitting from NO, it is relatively easy to determine the height of one of
the “triplet” inverted peaks and use it for monitoring the increase of 5C-a-NO sub-
unit in the whole pool of HbNO. It must be noted that this height cannot be taken
directly to quantify the absolute concentration neither “T-state” nor the whole pool
of nitrosyl hemoglobin present in the sample. The magnitude of “triplet” peak
neglects the contribution of 6C-a-NO to the spectrum. On the other hand, in biologi-
cal tissue and blood samples, there are present other non-HbNO overlapping signals
on the recorded EPR spectrum, but 5C-a-nitrosyl hemoglobin is the only form that
gives a three-line hyperfine structure around g ~ 2. This fact motivates to use that
distinct feature for approximate estimation of HbNO content. The procedure of cali-
bration of “triplet” signal intensity versus NO concentration was proposed in [48].
The exemplary illustration of the pronounced increment of the hyperfine line heights
on the EPR spectrum is presented in Fig. 2.7. The collected EPR spectra reflect
increasing SC-a-NO formation after exposure to growing concentrations of NO. The
similar approach was used in [49] to reveal physiologic regulation of 5C-a-NO level
in human pathophysiologic states.

In order to obtain the reliable concentrations of the active center in the biological
sample, the sample processing procedures must be strictly followed, especially in
case of HbNO. It is also essential to set conditions for EPR spectra acquisition prop-
erly. Due to the difference in the relaxation rates between the distinct structural
subtypes of HbNO [50], the conditions under which the EPR spectra are taken are
of great importance.

The recorded EPR spectrum of HbNO sample is composed of at least three con-
tributing components. The process of spectral decomposition still uses experimentally
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Fig. 2.7 . The increase of
the “triplet signal” on the
EPR spectrum of
chemically pure nitrosyl
hemoglobin, exposed to
the increasing NO
concentration, in the
absence of allosteric
agents, and anaerobic
conditions. Continuous
wave EPR spectrum

(9.5 GHz) recorded at 77 K

5mT

prepared basis spectra [6, 12]. Their shapes cannot be reproduced in simulation with
satisfactory fit quality, required for reliable quantification. In fact, due to conforma-
tional heterogeneity of 6C-NO hemes, the actual number of spectrally distinct HONO
subtypes must be greater than three. In simulations each of the conformation must be
defined by the adequate set of magnetic tensors A and g. The number of required
parameters increases enormously due to the presence of two types, a- and f-chains,
and possible 5C or 6C heme coordination. Another difficulty arises from inhomoge-
neous broadenings occurring in the experimental spectrum. In simulation these irreg-
ular broadenings must be modelled mathematically, which is nontrivial. Even in case
of much simpler model compounds, the obtained simulated EPR spectra diverge from
experimental ones (see, e.g., ref. [14]). The successful attempts to fit CW EPR “pow-
der” spectrum of HbNO have not been reported yet. Even in case of much simpler,
monomeric myoglobin, it still becomes a challenge. Recently the successful recon-
struction of EPR spectrum for heme protein was obtained for 5C heme—NO com-
plexes of soluble guanylate cyclase [51]. In that case two components were identified,
corresponding to two conformations of the investigated complex.

Conclusions

The analysis of experimental HbNO EPR spectrum must take into account the
complex molecular composition of the protein determining its specific structure
and electronic surrounding of the NO-ligated heme. Signals recorded at room
temperatures exhibit a single and broad absorption with unresolved hyperfine
splittings. The informative signal, hallmarking the conformations present in the
sample, comes from the measurements at liquid nitrogen temperatures. The
experimental EPR settings must be carefully chosen, especially when it comes to
the microwave power. The recorded spectrum of the biological HbNO sample
exhibits a variety of features, which can be utilized to recognize and monitor
changes which take place in the investigated system. The application of EPR
technique in medical and biological research gives the unique possibility to
detect HbNO derivatives in complex biological tissues, without purification.
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A more detailed insight into molecular structural details of nitrosylated hemo-
globin must be supported by the advanced quantum mechanical calculations.
Such approach seems indispensable in search of biological consequences of
changeable and intricate interactions between hemoglobin and its paramagnetic
ligand—mnitric oxide.
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Use of Electron Spin Resonance and Spin
Trapping Technique in the Studies
of Tropical Parasitic Diseases

German Barriga-Gonzalez and Claudio Olea-Azar

3.1 Chagas Disease: An Example of Tropical
Parasitic Disease

Parasitic diseases represented a major health and economic problem mainly for
developing nations. Bearing in mind the development that has taken humanity dur-
ing the twentieth and twenty-first centuries, parasitic diseases are associated mainly
with ignorance and low educational and economic level. About 8 million people
worldwide, mostly in Latin America, are infected. About 25 million people are at
risk to be infected (WHO 2016) (Table 3.1) [1].

Chagas disease or American trypanosomiasis is a zoonosis caused by the flag-
ellate protozoan Trypanosoma cruzi, described for the first time in 1909 by Carlos
Chagas, in Minas Gerais, Brazil. It is a debilitating chronic disease that affects the
health, welfare, and productivity of a great number of human beings and repre-
sents a public health problem in Latin America. The infection occurs mainly by
the contact of the skin or mucous membranes of human beings or of other mam-
mals, with feces or urine of insects of the hemipteran subfamily Triatominae,
Trypanosoma cruzi.

T. cruzi is a unicellular parasite that alternates its life between two multicellular
hosts, one invertebrate, and one vertebrate, presenting a digenetic life cycle.
Depending on the general shape of the cells (spherical, pear-shaped, or elongated),
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Table 3.1 Countries affected Endemic countries | Non-endemic countries (but present)
by parasitic disease T. cruzi Chile United States
Argentina Canada
Uruguay Portugal
Paraguay Spain
Bolivia France
Peru Belgium
Brazil United Kingdom
Ecuador Netherlands
Colombia Denmark
Venezuela Norway
Guyana* Sweden
Suriname® Germany
French Guiana® Austria
Panama Italy
Costa Rica Greece
Nicaragua Switzerland
Honduras Japan
El Salvador Australia
Belize
Guatemala
Mexico

“No data available

the relative position between the core and the extranuclear kinetoplast DNA (located
in the mitochondria; this DNA represents a major proportion of the total DNA of the
cell because, depending on the species, it may contain from 10% to 20% of the total
DNA in the cell), the position in which the flagellum emerges from the parasite (cen-
tral or lateral), defines the following evolutionary forms for the trypanosomatids

(Fig. 3.1):

e Trypomastigote, the kinetoplast is located after the kernel, usually in the poste-

rior portion of the parasite. The flagellum exits the back end and bends forward
along the body of the parasite, forming an undulating membrane throughout the
parasite and emerge in a manner that is free in its front end.

Epimastigote, the kinetoplast is in the middle part of the body just in
front of the core. The flagellum emerges from the middle part of the para-
site and forms an undulating membrane smaller than the observed in the
trypomastigotes.

Promastigote, the kinetoplast has on the front and a flagellum free (may be pres-
ent or absent) without an undulating membrane.

Amastigote is more ball and has no free flagellum. The kinetoplast is a dark body
near the nucleus.
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Fig. 3.1 Evolutionary forms of trypanosomatids. Image from https://commons.wikimedia.org/
wiki/File: Trypanosomatid_Cellular_Forms.png

3.2 Transmission of T. cruzi

The main route of transmission of 7. cruzi among their hosts is the vectorial trans-
mission (through the vector) in which two cycles can be distinguished: wild and
domestic. The wild cycle or primitive cycle of 7. cruzi is essential, where the zoo-
notic protozoan circulates between vectors and wild reservoirs throughout most of
the American continent from millions of years ago. The primitive ecosystems of 7.
cruzi are very diverse, through the North American deserts, Andean highlands,
Amazonian forests, and Atlantic. Wild trypanosomiasis prefers closed or semi-open
environments, varying in the proportions of hosts to vectors, depending on several
factors such as climate, altitude, humidity, characteristic of flora and fauna, and
availability of food. In this context, it is found in all America, keeping the parasite
in mammals of medium and small size and the insect vectors. Among others, it pre-
vails in those ecosystems where the vectors can form its colonies such as palm trees,
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coconuts, trunks, stony ground, etc. This is a state of balance developed through a
long adaptation that translates into the low or no pathogenic action of the protozoan
on their natural hosts. The domestic transmission cycle of Chagas disease corre-
sponds to a situation that is much more recent in the historical context, defined by
anthroponotic factors (cycle, man-insect-man) and making the man one of the last
natural reservoirs of 7. cruzi. The expansion of Chagas disease is the product of an
erratic occupation and of a deprogrammed occupation of Latin America based on
three main elements:

e Deep actions on the natural environment as burning and cutting down on the
large tracts of forests, promoting the opening of natural spaces, and bringing to
artificial ecosystems the reservoirs and vectors of the parasite

e Providing the existence of ranches and households of poor quality as an excellent
shelter of the vectors

¢ Inducing the migration of peasants, conveyors of the infection, toward large cit-
ies and the existence of vectors with a high capacity to settle, a typical case of
Triatoma infestans

In the domestic transmission cycle, man stands out as the main reservoir of infec-
tion, which leads the parasite to urban areas and to new regions and non-endemic
countries. In addition to the vector path (which represents 80%—90% of transmis-
sion), there are various forms of secondary transmission, being the main transmis-
sion by blood transfusion, which corresponds to 5%—20% of the cases, and the
congenital path that corresponds to the range between the 0.5% and 8% of the cases.
The other routes of transmission are exceptional (accidental, organ transplantation,
other vectors, lactogenic, etc.) and do not represent a significant importance in
terms of public health. Transmission by blood transfusion is mainly due to the eco-
nomic difficulties present in Latin America, which has stimulated the migration to
urban areas in the past six decades. Currently, in most of the countries, cities have
60% of the population. The migration from rural to urban areas, while reducing the
number of people exposed to the vector infected, increases the probability of trans-
mission by blood transfusion. Insofar as they do not discard donor blood contami-
nated, there is the likelihood of transmitting the disease by this path, being the most
exposed individual poly-transfused, such as hemophiliacs and dialyzed. Fortunately,
only one party (12%—18%) of those receiving a transfusion with infected blood
contracts the disease. On the other hand, the infection by blood transfusion has
become a serious problem in the developed countries (where there is no vector
transmission) due to the tens of millions of Latin Americans who migrate to these
countries, being North America the main destination of Latin American
immigrants.

T. cruzi has different host-parasite relations, depending directly on the type of
host you are in. If your host is the insect, the 7. cruzi will behave and develop in a
way, while if your host is a mammal, their relationship changes like its cycle. These
relations are divided in two: insect-parasite and mammal-parasite. The insect-para-
site relationship is one in which the biological cycle of 7. cruzi starts when the insect
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ingests the blood of infected animals. To reach the stomach, trypomastigote shapes
are transformed to spheromastigotes and epimastigotes; sometimes the spheromas-
tigote shapes are added, giving the impression of multinucleate masses. Soon the
parasites migrate toward the intestine, where they are multiplied as epimastigote
forms (25 h after the infection). An essential stage of the interaction of 7. cruzi with
the invertebrate host is the adhesion of the epimastigote forms to the surface of the
epithelium of the midgut and later to the cuticular layer of the epithelium of the
rectal gland and the rectal pouch, which can be observed 8 days after infection. The
accession of the epimastigotes occurs by hydrophobic interactions with a layer of
wax that covers the cuticle [2—4]. In opposition, the mammal-parasite relationship
directly affects the man, and in it, the evolutionary cycle of 7. cruzi in the vertebrate
host begins when the epimastigote and trypomastigote forms are removed in the
feces and urine of the insect vector and are inoculated into the skin or mucous mem-
branes of the vertebrate. The forms of trypomastigotes can penetrate any type of cell
that you find at the site of inoculation, less in eosinophils and neutrophils. For its
part, the epimastigote forms are phagocytosed by cells with phagocytic capacity
that are in the area and are rapidly digested. After entering the host cell, the trypo-
mastigotes can be found in the interior of a vacuole, called parasitophorous vacuole.
After some time, it transforms to amastigote form, which is now free in the cyto-
plasm of the host cell. The process of binary cell division starts 35 h after the infec-
tion, which continues for several days depending on the strain of 7. cruzi and the
host cell. The generation time is approximately 14 h; after 5 days, approximately,
when the host cell contains around 500 amastigotes, an almost synchronized pro-
cess of transformation to the trypomastigote form starts, passing through an inter-
mediate state. When the trypomastigote shapes have a longer flagellum, an intense
movement begins that seems to be responsible for the breakdown of the host cell,
with the subsequent release of hundreds of trypomastigotes to intercellular space.
The available data suggest that all these forms are able to invade new cells at the
same site where they were released or exit to the bloodstream and distributed
throughout the body (Fig. 3.2) [5].

3.3  Chagas Disease: Clinical Manifestations

Chagas disease presents a series of clinical manifestations. The disease occurs ini-
tially with a high parasitemia (acute phase), which is limited by the immune
response of the host. In the acute stage, infected individuals pass through a period
without clinical symptoms called indeterminate phase or asymptomatic. The
patients in the chronic phase present subpatent levels of parasitemia, which largely
hinders the parasitological diagnosis. Approximately 70% of asymptomatic
patients remain so throughout their lives. However, 30% of the patients after
remaining asymptomatic for years develop slowly but progressively a cardiomy-
opathy. In addition to the cardiac alterations, one can observe a syndrome of dila-
tion of viscera, being the most frequent the dilation of the colon and/or esophagus,
caused by the development of megaesophagus or megacolon. The clinical
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Fig. 3.2 The cycle of Trypanosoma cruzi and its relationship with the host. Image modified from
https://www.cdc.gov/dpdx/trypanosomiasisAmerican/index.html

manifestations of the disease vary depending on the stage of the infection. The
acute phase may occur with or without symptoms. The symptoms can be varied.
For example, the Romana’s sign that manifests as unilateral or bilateral bi-palpe-
bral edema of a purple tone, painless and durable, accompanied by facial edema,
conjunctivitis, keratitis, and dacryocystitis. This sign is accompanied by preauricu-
lar lymphadenopathy uni- or bilateral [6—8]. Lymph more committed are usually
preauricular, parotid, sternocleidomastoid, and submaxillary [9, 10], in addition to
the systemic manifestations common to other diseases [1]. At this stage, the clini-
cal manifestations are more frequently observed in children, where the disease can
be fatal. Cases of mortality can be observed in the adults but with greater frequency
can go unnoticed or presented in a moderate way. In this phase, the trypomastigote
forms can be detected in the blood due to the high levels of parasitemia, which are
subsequently controlled by the immune response. This response does not eradicate
completely to the parasite, maintaining a subpatent parasitemia throughout the life
of the host. Once the acute stage begins, the infected individuals pass through a
period without clinical symptoms called indeterminate phase or asymptomatic.
Approximately 70% of infected patients remains so throughout its life, coexisting
with the parasite, without developing significant damage in their tissues. In the
absence of evidence of significant damage in cardiac and/or digestive tissue, the
seroreactivity to 7. cruzi is the only thing that differentiates clinically to an asymp-
tomatic patient from a normal individual. Of these patients, approximately 30% of
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Fig. 3.3 Structures of the current drugs available for the treatment of 7 cruzi. (a) Nifurtimox; (b)
benznidazole

them, after remaining asymptomatic for a time, develop the symptomatic phase or
chagasic cardiomyopathy. This phase is characterized by a slow evolution, usually
between 10 and 20 years, between the end of the acute phase and the establishment
of the heart damage. Those patients who are going to develop the cardiomyopathy
usually die of a heart failure, by severe arrhythmia or conduction disorders
advanced. The different tests that are performed to detect this disease are:

* Physical examination (This procedure let to recognize symptoms associated and
confirm the existence of heart failure in the chronic phase.)

e Peripheral blood smear (It shows the presence of trypanosome mobiles in the
acute phase.)

e Cultivation of blood (It shows the presence of 7. cruzi in the acute phase.)

e ELISA assay (It could detect past infection with 7. cruzi in the chronic phase.)

The treatment that is done involves the use of two drugs. For the acute phase, it
is recommended to use the benznidazole (Fig. 3.3b) that has proven to be effective;
treatment may also include the use of nifurtimox (Fig. 3.3a). There is not much use
in treating the chronic phase with antibiotics; should be addressed, in contrast, the
symptoms of heart and intestinal disease.

In the present, there is a wide diffusion of pharmaceutical products and/or cos-
metic that exalt the benefits of using antioxidant with many different purposes, such
as prevention or improvement to diseases, improvement in the quality of life, anti-
aging treatments, etc. Terms such as oxidative stress, free radicals, antioxidants,
reactive oxygen species, vitamins, etc. are used (with a greater or lesser degree of
accuracy) in the advertising of these products trying to explain.

34 Free Radicals

Free radicals are atoms or molecules in general of high reactivity that can damage
important biomolecules because of their short half-life. They can produce damage
to proteins and nucleic acids and cause inactivation of enzymes. Free radicals have
unpaired electrons either by gain or loss of these or by breaking of covalent bonds.
Due to these unpaired electrons, free radicals show paramagnetic properties.
Depending on the atom in which the unpaired electrons are located, these can be
classified as free radical centered on oxygen, nitrogen, carbon, etc.
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Oxidative stress is a state of the cell in which the intracellular oxide-reduction
homeostasis is altered, i.e., the balance between prooxidant and antioxidants. This
imbalance occurs because of an excessive production of reactive oxygen species
(ROS) and/or deficiency in the antioxidative mechanisms, leading to cell damage. In
analogy to the term oxidative stress, Hausladen and Stambler have called nitrosative
stress to excessive or deregulated formation of nitric oxide radical (NO") and reac-
tive species of nitrogen (RNS) arising from the same [11]. The main ROS are the
superoxide anion radical (O, ), hydrogen peroxide (H,0,), and hydroxyl radical
("OH). One of the main sources of ROS is the respiratory chain, where the following
transfers of electrons can occur:

0,—-0, 2;{HZO2 ;)(QZPOI);)Hzo (3.1)

Approximately 3% of the electrons from NADH is diverted toward the formation
of ROS by the incomplete reduction of oxygen. These species are able to oxidize
biological macromolecules such as proteins, lipids, and nucleic acids [12-14]. On
the other hand, these can react with divalent metals (free or attached to proteins) and
produce a Fenton reaction:

Fe?* +H,0, —> Fe** + OH+OH" (3.2)

In a similar way, these can also react with the prosthetic group of metalloproteins
containing iron through the reaction of Haber-Weiss:

20, +2H" - H,0, +0,
M® +0,” - M"~ Y+ 0,

Fenton M®-D + H,0, > *OH + OH™ + M®
Haber- _
Weiss 0,” +H,0, > 0, HOH+OH" (5

The hydroxyl radical can react with different macromolecules (proteins, lipids,
and nucleic acids, mainly), through the donation of an electron, through producing
other reactive species, and through unknown mechanisms and intermediaries. In
these cases, it is said to have intervened the hydroxyl radical, understanding as such
a free radical from univalent oxidation initiated by a Fenton-type reaction [15]. In
this type of reactions, the hydroxylation and the removal of hydrogen are the most
common modifications that suffer the organic substrate involved, generating other
organic free radicals such as the alcohoxile (RO"), peroxyl (ROO"), and sulfur-
containing radicals. There are two other ROS, with special features: the singlet oxy-
gen ('0,) and hypochlorite (in protonated and deprotonated form).

The main RNS are nitric oxide (NO") and peroxynitrite (ONOO~) considered as
one of the most potent biological oxidants [16]. RNS can damage and kill cells by
various mechanisms: inactivation of the various complexes of the respiratory chain
[17], damage to proteins and lipids [12, 14, 18, 19], inhibition of protein or DNA
synthesis [20, 21], and GSH or ATP depletion [22, 23]. While all living organisms
support a number of endogenous and exogenous factors of oxidative stress, at the
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same time, they have many systems of enzymatic and nonenzymatic antioxidant
defenses. There are enzymes that act specifically on certain reactive species [15].
Thus, the superoxide dismutase disproportionates (reaction through which two mol-
ecules that are equal are transformed into two other different molecules) O, to O,
and H,0,, the catalase transforms the H,0O, in O, and water, and the GSH peroxidase
catalyzes the reduction of peroxyl radicals (ROOH) to alcohols (ROH), taking
advantage of the reduction potential of the GSH [24].

The research focused on the study of free radical, in the last 30 years, has pro-
vided important evidence about the production of free radical species at a physio-
logical level and because of the actions of drugs in biological systems, including
parasitic diseases. Although different mechanisms of action of drugs with anti-par-
asitic action are known, most of the compounds studied, which showed the best
results as anti-parasitic drugs, are those that act through mechanisms of generation
of free radicals. The principal families studied as free radical-producing drugs are
mainly quinones, quinonimines, aminoquinolines, and nitro-heterocyclic com-
pounds [25].

3.5 Electron Spin Resonance Spectroscopy

The development of the magnetic spectroscopic techniques has allowed us to
develop extensively the electron spin resonance (ESR) spectroscopy. The direct
detection of free radicals by ESR is only possible if the free radicals are produced
in relatively high concentrations in the cavity of the ESR spectrometer by in situ
irradiation or by mixed by flows systems. Unfortunately, free radicals of greater
biological interest present very short half-life ranging from milliseconds to nano-
seconds, making it impossible to its correct characterization, and it is therefore very
difficult to study.

ESR is like nuclear magnetic resonance (NMR), being the main difference
between both techniques that ESR is based on the splitting of the electronic spin
states due to the action of an external magnetic field, while the nuclear magnetic
resonance studies the splitting of the nuclear spin states. In both techniques, the
sample is affected by a strong static external magnetic field, and in the case of ESR,
the radiation used to correspond to a microwave-frequency radiation (GHz). The
energy is absorbed by the sample if the frequency of the radiation corresponds to the
energy difference between two electronic states in it, and the transition will occur if
it complies with the appropriate selection rules. The division will occur when the
electron has a total angular momentum other than zero. In the case of the free elec-
tron, the angular momentum of spin can have two possible values of inverse values
which will generate two different states. In the absence of the external magnetic
field, the two states of spin degenerate. By applying an external magnetic field, the
degeneration “breaks,” resulting in two different energy states; this separation cor-
responds to the electronic Zeeman effect. A maximum absorption will occur when
the magnetic field “tunes” the two spin states so that their energy difference matches
the energy of the radiation [25].
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Once the measurement has been made, parameters are obtained that will allow
the identification of the radical species. The parameters obtained correspond to the
g values and the hyperfine interactions which provide information about the elec-
tron distribution within the molecule. Free radicals are generally found as interme-
diates during a reaction, and their identification will give information about the
reaction mechanism. Measurement of the variation of their concentration with time
will give kinetic data information [25].

3.6 SpinTrapping Technique

Spin trapping technique has emerged as an interesting tool to understand kinetics
and mechanisms of certain reactions [26—29], such as sonolysis [30], lipid peroxida-
tion [31, 32], Fenton-type reactions [23, 24], and enzymatic-type reactions in vivo/
in vitro [33-38]. The emergence of spin traps is based on the addition of free radi-
cals to compounds such as nitroso compounds (Fig. 3.4b) and nitrones (Fig. 3.4a)
[39-47]. The product of this reaction, a nitroxide-based persistent radical (widely
known as spin adduct) presents a half-life considerably higher than free radical
without trap (Fig. 3.4).

Nitrones are currently the most widely used compound for free radical trap
because they allow the characterization of free radicals of great biological interest
such as the superoxide anion radical (O, ~), hydroxyl radical ("OH), and several
other secondary radicals formed mainly in the reaction between the hydroxyl radi-
cal and various cellular targets. There are two structural groups of nitrones in which
the attention to the development of spin traps has focused, mainly the aromatic
compounds conjugated alkane-N-oxides that include the o-phenyl-N-tert-
butylnitrone (PBN) (Fig. 3.5b) and the A!-pyrroline-N-oxides compounds such as
5,5-dimethyl-1-pyrroline-N-oxide (DMPO) (Fig. 3.5a) [48, 49].

The family of nitroso compounds has ceased to be used as spin traps due in the
first instance that these compounds are subject to a series of chemical reactions,
producing mainly nitroxides, which in general do not have any relationship with the
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Fig.3.4 Spin trapping reaction showing the formation of spin adducts using nitrones as spin traps
(a) and nitroso compound (b)
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radical in the study [50]. A clear example of this fact corresponds to trap the super-
oxide anion radical using 3,5-dibromo-4-nitrosobenzenesulfonic acid (DBNBS)
(Fig. 3.6) [51].

It has been found that with the use of dimethyl sulfoxide (DMSO) as a solvent in
the reaction mixture, the obtained spectrum actually shows the hyperfine pattern of
sulfur trioxide anion radical from DMSO and not the superoxide anion radical
(O,"7) [52]. Secondly, the low stability of the spin adducts by trapping radicals cen-
tered on oxygen restricts the use of these compounds as free radical spin traps for
specific radical or at low temperatures [53]. The main advantages and disadvantages
of the nitroso compounds are summarized below [54]:

Advantages:

e The multiplicity of the hyperfine splitting pattern immediately delivers the num-
ber of hydrogens that are attached to the carbon in the trapped alkyl radical.

e Trapping of aryl radicals can be easily distinguished by the additional hyperfine
splitting pattern from protons due to the delocalization of electrons over aromatic
carbon atoms.

e Radicals, in which the electron is located on atoms with nuclear spin, show a
characteristic hyperfine splitting pattern.

e The magnitude of the hyperfine splitting of nitrogen (Ay) varies considerably
depending on the atoms that are attached.

e The values of g of the spin adducts vary with the type of atom that is attached to
the nitroxide function.

Disadvantages:

e Strong tendency to dimerize.
e Some spin adducts are unstable.

O ¢ \N+ CH,
\ /

Fig. 3.5 Structures of commonly used spin traps. (a) 2,2-Dimethyl-3,4-dihydro-2H-pyrrole-1-
oxide (DMPO), (b) N-(2-methyl-2-propanyl)-N-[(Z)-phenylmethylene]amine oxide (PBN)
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Fig. 3.6 Structure of nitroso compound 3,5-dibromo-4- B //S§o

nitrosobenzenesulfonic acid (DBNBS)
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e Photolysis in presence of oxygen or thermal decomposition leads to the forma-
tion of nitroxide radicals.

The following is a summary of the main advantages and disadvantages of nitrones
as free radicals spin traps [54]:
Advantages:

e Nitrones are stable compounds and as solids are not too sensitive to light, oxy-
gen, or water vapor.

¢ In inert solvents, photolysis produces an insignificant concentration of nitroxide
radicals.

e Spin adducts are very stable. This is due to a carbon atom that separates the
nitroxide moiety that has trapped the radical.

Disadvantages:

e Information about the nature and structure of the trapped radicals is difficult
to interpret from the obtained spectra of the spin adducts formed. Generally,
the spectrum always consists of a triplet of doublets due to the coupling
between the nitrogen and p-hydrogen atoms present in the structure of spin
adduct.

e Photolysis of these types of compounds, in some solvents, quickly produces radi-
cal from the solvent.

e Low selectivity as spin traps in some cases and low solubility in aqueous media.

Detection and characterization of the formed spin adducts are performed by elec-
tron spin resonance (ESR) spectroscopy. Unpaired electron interacts with local
magnetic fields from neighboring atoms with nuclear magnetic moments. Therefore,
the different nuclear magnetic fields will be added or subtracted from the external
magnetic field imposed as a fixed amount, depending on the quantization of its ori-
entation. This phenomenon causes the division of the absorption line. The magni-
tude of the division of the absorption line depends on the size of the nuclear magnetic
moment and the fraction of the electronic distribution of the atom. The variation of
the magnitude of the split or division of the absorption line from the nucleus whose
magnetic moment affects the unpaired electron results in an ESR spectrum com-
posed of multiple lines. These lines are important because they allow the character-
ization of the paramagnetic molecule. From a hyperfine pattern, it is possible to
calculate the hyperfine coupling constants whose values allow the discrimination of
the formed spin adduct [55, 56]. This feature is one of the main advantages of using
spin traps. Even small differences between free radicals can frequently cause sig-
nificant changes in the spectra and in the hyperfine coupling constants. An example
of this feature is observed in the hyperfine patterns of the DMPO spin trap when it
is used to trap superoxide anion radical (O, ~) and the hydroxyl radical ("OH),
allowing to distinguish, by simple visual inspection of the spectrum, the trapped
radical (Fig. 3.7) [57]. This aspect has a great relevance in the study of biological
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Fig. 3.7 (a) Superoxide radical anion spectrum (O, ). (b) Hydroxyl radical spectrum (*OH).
DMPO was used in both cases
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Fig. 3.8 (a) Superoxide radical anion spectrum (O, ~). (b) Hydroxyl radical spectrum ('OH).
PBN was used in both cases

processes where radical species are involved. However, these differences in the
hyperfine patterns and in the hyperfine coupling constants are not noticeable with
other nitrones. Example of this is the great difficulty of distinguishing between radi-
cals centered on oxygen when PBN is used. The hyperfine patterns and coupling
constants for superoxide anion radical and hydroxyl radical are very similar for
PBN, and it cannot be distinguished which radical has been trapped (Fig. 3.8).

3.7  Anti-parasitic Agents

As mentioned above, several anti-parasitic agents have shown to exert their
actions via free radical metabolism. In this sense, nitro and N-oxide com-
pounds have been used against trypanosomatids, anaerobic protozoa, and
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helminths. Antimalarial compounds such as primaquine, chloroquine, qing-
haosu, and quinines have shown to be active in vitro and in vivo against dif-
ferent parasites [58].

Currently, the only available drugs used for the treatment of Chagas disease are
nifurtimox (Nfx) and benznidazole (Fig. 3.3). It is believed that nitro-heterocyclic
compounds have important biological effects, especially in 7. cruzi, since they
would be involved in a redox cycling of these compounds and oxygen radical pro-
duction. In both processes, the nitro anion radicals formed to play a vital role [59—
62]. When Nfx is added to intact Trypanosoma cruzi cells, a characteristic ESR
signal appears corresponding to the nitro radical formed. It should be noted that the
causative agent of Chagas disease (American trypanosomiasis) is Trypanosoma
cruzi cells [63]. A series of experiments indicate that the major mode of action
against 7. cruzi corresponds to an intracellular reduction of Nfx followed by redox
cycling [64]. Numerous side effects occur when using these drugs. Some of these
side effects are fever, muscle weakness, abdominal or stomach pain, vomiting, etc.
preventing in some cases to continue with these drugs as treatments [65]. The mech-
anisms of these side effects are not fully understood, but it is believed that peroxyni-
trite formation from Nfx resulting from the interaction of nitric oxide radical and
superoxide anion radical generated during biotransformation of the Nfx could play
arole in the toxicity of Nfx [66].

Our research group reported a series of nitro compounds with the ability to gen-
erate nitro anion radicals, which was verified by ESR spectroscopy [67, 68]. Also,
our group has studied new analogs of Nfx (Fig. 3.9) [69]. The following ESR spec-
tra were obtained for these compounds (Fig. 3.10). These results indicated that at
least one of these compounds (compound 2) possesses similar or better activity than
that presented by Nfx and produced an oxygen redox cycling in 7. cruzi epimasti-
gotes. In a 7" cruzi incubation solution, the presence of the compound (2) showed an
increase in the oxygen uptake. This indicated that the anti-chagasic activity of this
compound was carried out by an oxidative stress mechanism.

Other studies focused on the bioreductive activation of megazol (Fig. 3.11)
through the use of the following conditions: ferredoxin-NADP* reductase (FNR),
rat liver microsome, and cell fractions of T. cruzi [70]. The detection was made
using ESR and the characterization through the use of computational simulations.
The presence of this radical was only detected under anaerobic conditions in the
presence of NADPH and FNR. No evidence was found in the formation of the
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Fig. 3.10 (a) Experimental spectrum of the radical anion of (1) (Fig. 3.9) in DMSO and simula-
tion of the same spectrum. (b) Experimental spectrum of the radical anion of (2) in DMSO and
simulation of the same spectrum (Fig. 3.9)



60 G. Barriga-Gonzélez and C. Olea-Azar

Fig.3.11 Structure of NH

2
megazol (|3Ha s—(
Fig. 3.'!2 Structure of OH
metronidazole

Fig.3.13 Structure of / \ N a R=Ethyl
5-nitrofuryl  T~HNCSNHR

. . O,N
thiosemicarbazone
derivatives as potential

o
drugs /@\/CHCHNNHCSNHRN ¢ R=Methyl
ON-"

d R=H

b R =Phenyl

megazol radical, the presence of rat liver microsome, and 7. cruzi cell fractions.
This would indicate that his bioreductive metabolism has no relation to a redox
process.

Other studies on megazol showed that it is highly active against several strains of
T. cruzi [71]. The interactions shown by Nfx, metronidazole (Fig. 3.12), and mega-
zol with different redox enzymes were compared. The results showed that these
compounds could be reduced by L-lactate cytochrome c reductase, adrenodoxin
reductase, and NADPH-cytochrome P-450 reductase. These reductions were related
to the reduction potentials of these pseudo-substrates. However, the enzyme respon-
sible for the reduction of megazol is unknown. On the other hand, the effect of
megazol in the presence of the enzymes lipoamide dehydrogenase of 7. cruzi and
trypanothione reductases was analyzed. It was found that megazol cannot inhibit
physiological reactions, but it turned out to be a weak substrate of both flavoen-
zymes. The monoelectronic reduction of megazol, Nfx, and metronidazole, by
NADPH-cytochrome P-450 reductase, rat liver, and trypanosome, was monitored
through ESR experiments. It was confirmed that megazol interferes with the oxygen
metabolism of the parasite such as Nfx and metronidazole, but its extra activity
compared to Nfx may be related to other properties not determined [71]. In addition,
it should be noted that these results are interesting since the serious side effects and
their carcinogenicity of the nitro compounds must be considered.

In other research, 5-nitrofuryl thiosemicarbazone derivatives (Fig. 3.13) were
used as potential drugs [72]. In vitro activity and the mechanism of action of these
compounds against 7. cruzi showed that they are capable of free radical production
when were incubated in the presence of mammalian liver microsomes. All studied
compounds showed an ESR spectrum in microsomal incubations after a brief induc-
tion period of 1-2 min. The theoretical rationalization for this biological behavior
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Fig.3.14 Structure of 1,2,5-oxadiazole N-oxide family studied as an antitrypanosomal drug
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Fig. 3.15 (a) Experimental spectrum of N-oxide derivate generated by the microsomal system
(Fig. 3.14a) and the corresponding computer simulation (bottom). (b) Experimental spectrum of
N-oxide derivate generated by the microsomal system (Fig. 3.14¢) and the corresponding computer
simulation of the same spectrum (bottom)

showed similar values of atomic charge on NO, nitrogen, confirming the results
obtained in the ESR experiments. Thus, studied compounds have similar electro-
chemical behavior, so they could act biologically in an initial redox pathway.

The N-oxide moiety from diverse compounds studied has shown to be responsi-
ble for the biological activity of a wide variety of families of drugs (with antitumor
or antibacterial activities) through the production of free radical species such as the
nitro pharmacophore of antitrypanosomal drugs [73, 74].

Other studies have reported the behavior of 1,2,5-oxadiazole N-oxide family
(Fig. 3.14) against epimastigote form of 7. cruzi to determine their antitrypano-
somal activities in vitro [75].

ESR assays showed the easy reduction of the N-oxide fragment. In addition,
these compounds possess within their skeleton the conjugation of an N-oxide frag-
ment and another semicarbazide fragment such as trypanothione, the substrate of
the trypanothione reductase enzyme. This substrate is used in the protection system
of trypanosomatids, against oxidative stress. The research group of Dr. Olea
described the formation of the free radical that is generated through the microsomal
reduction of these N-oxide compounds, using ESR spectroscopy (Fig. 3.15) [69].



62 G. Barriga-Gonzélez and C. Olea-Azar
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The same hyperfine patterns were obtained either by a biochemical generation or by
electrochemical reduction. In addition, the ESR spectra allowed to determine that
the reduction mechanism of these compounds includes the protonation of the
N-oxide fragment, also confirmed by cyclic voltammetry.

As seen, oxidative stress would possibly play a key role in several fatal endpoints
caused by other diseases, and it represents the most promising explanation for anti-
protozoal therapy. The detoxification of ROS could be a challenge for erythrocytes
infected with plasmodia. In this regard, it’s attention-grabbing to notice that a vari-
ety of medicine presently in clinical use exert their activities, a minimum of parts,
by increasing oxidative stress within the parasitized blood cell [76]. That’s the case
of antimalarial compound primaquine belonging to the pharmacological family of
8-aminoquinolines (Fig. 3.16a), because it is the sole tissue schizonticide presently
out there for free radical treatment of this protozoal infection. Its utility is compro-
mised by its toxicant effects on erythrocytes and so was one among the primary
agents recognized to produce oxidative stress [77, 78].

A controversy that still had to be settled corresponded to whether the pharmaco-
logical effects of antimalarial were due to the original compound or to some of its
metabolites. The presence of the radical derived from primaquine was detected
through ESR spectroscopy caused by protein oxidation catalyzed by horseradish
peroxidase-H,0O, or methaemoglobin-H,0,. A series of oxidations that occur to the
original product alter its composition through various rearrangements and addition
reactions. Despite these oxidations, the ESR parameters obtained were compared
with data reported in the literature. It was found that the parameters correspond to a
benzidine-type rearrangement. The occurrence of this benzidine-type radical is
mainly due to the presence of nucleophilic groups that cause condensation reactions
which accounts for the polymeric nature of the reaction products. A similar ESR
pattern was obtained by studying the protein oxidation of 6-hydroxyprimagine
(Fig. 3.16b) at pH 9.0. Computational simulations of the ESR spectra indicated that
the radicals contain two primaquine fragments. In vitro oxidation of this compound
leads to the formation of a stable radical intermediate in the presence of oxygen.
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This opens a new a new route to explore an alternative to analyze the effects of
primaquine.

Several mechanisms of action have been determined for the drugs used in anti-
malarial chemotherapy. Chloroquine compound (Fig. 3.16c¢) acts by inhibiting the
malarial heme detoxification (ferri-/ferroprotoporphyrin IX, FP), and its activity
increases when GSH levels are reduced. It was determined that the redox cycle of
the primaquine metabolites (Fig. 3.16a) exerts a tremendous oxidative stress; the
same thing happens when artemisinin was used (Fig. 3.17) (usually called gingha-
osu), which reacts with heme fragment forming cytotoxic radicals [79, 80].

In other studies was found another mechanism of action for primaquine and
has been characterized by ESR [81]. Erythrocytes from mice with or without the
malarial parasite Plasmodium berghei reduce the water-soluble spin probes, such
as 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) (Fig. 3.18a), 2,2,6,6-
tetramethylpiperidine-4-hydroxy-N-oxyl (TEMPOL) (Fig. 3.18b), and
2,2,6,6-tetramethylpiperidine-4-keto-N-oxyl (TEMPONE) (Fig. 3.18c) at similar
rates in the presence or absence of oxygen.

ESR spectrum for the lipid-soluble spin probe 5-doxylstearate (Fig. 3.19) showed
a stable incorporation into erythrocytes from mice without the infection. In the
assessment, parasitized red cells lessen this nitroxide probe, at a fee which increases

Fig.3.17 Structure of
artemisinin

Fig.3.18 The general

structure for the spin

probes TEMPO, TEMPOL, a R=H

and TEMPONE H,C CH b R=oH
¢ R=0

H,C CH,
HgC(H,C) 11I-;<CH2CHZCOOCH3

Fig.3.19 Spin probe
5-doxylstearate
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with the extent of parasitemia and inhibitors of electron transport chain such as
KCN and NaNj; growth the reduction.

This would assume then that nitroxide reduction occurs through the electron
transport chain in the parasite. Primaquine causes reduction for as well as in water-
soluble and lipid-soluble spin probes, demonstrating that this behavior is indepen-
dent of their potential to liberate H,O, from oxyhemoglobin. The increase of
NADPH increases the speed of the reduction of the nitroxide radicals. Chloroquine
has no such behavior.

Six hours prior to ESR measurements, parasitized mice treated with chloroquine
display less nitroxide decreasing capability than untreated mice. It is possible to
conclude that these antimalarial drugs have diametrically different behaviors.

Malaria parasites are more susceptible to oxidative stress than their host
erythrocytes in general terms. There is an exception founded in the parasite
Plasmodium falciparum (FCR-3). This parasite proved to be resistant to chloro-
quine. In vitro studies showed that it is susceptible when using an iron chelator
(1-[N-ethoxycarbonylmethylpyridoxylidenium]-2-[2'-pyridylJhydrazine =~ bro-
mide (code-named L2-9)) (Fig. 3.20) as a treatment. This allowed determining
that the presence of iron is necessary and not the presence of oxygen.
Spectrophotometric studies confirmed that an electron transfer process would
generate radical species, which were detected by ESR using spin traps. L2-9-
Fe(11) could generate radicals in the presence or absence of cells. In addition, it
was found that L2-9-Fe(111) produced radicals only in the presence of actively
metabolizing cells [76].

Another interesting group of molecules, quinones, are pigments located in differ-
ent plants and fungi, and some have been shown to be antitumor drugs [82]. They
are substrates for flavoenzymes and might go through mono- or bi-electron reduc-
tion, an important behavior in determining the cytotoxic and antitumor impact of
quinones [83-85].

Quinones shown through one-electron reduction generate semiquinone radicals,
which may reduce molecular oxygen to superoxide anion radical in a redox-cycle
process under aerobic environments. Some research investigated the possible role of
cytochrome P-450 in the one-electron reduction of quinoid compounds as well as in
the formation of reduced oxygen species. ESR spin trapping technique has been
used to detect the free radicals formed [86].
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Transient radical intermediaries of the semiquinone type were identified by
ESR spectroscopy and by the nonenzymatic reaction of menadione (Fig. 3.21a)
and 1,4-naphthoquinone [87]. It was found that the first compound causes the loss
of cellular thiols since it could react with ROS and by arylation of GSH and other
sulthydryl groups. This causes the formation of thiodione (Fig. 3.21b) [88]. The
compounds were subjected, in the presence of GSH, to form the corresponding
semiquinones. It was determined that at low concentrations of GSH only a reduc-
tion of the corresponding semiquinones (1,4-naphthoquinone) was detected [89].

Artemisinin (Fig. 3.17) (and derivatives) does not share structural structures
common to other known antimalarial drugs. This structural difference would imply
that its mechanism of action was different. Certain studies carried out showed or
revealed part of the mechanism of this compound. The results showed that the endo-
peroxide bridge plays an important role in the antimalarial properties of artemisinin
[90, 91]. The presence of a peroxide fragment implies that it is a source of ROS
which would generate oxygen-centered radicals such as hydroxyl and superoxide.
This fact would indicate that free radicals would be related to the mechanism of
action of artemisinin. This was corroborated during the decade of the 1980s [92].
Experimental evidence suggests that the most likely mechanism of action would
involve the heme-mediated breakdown of the endoperoxide bridge which will pro-
duce free radicals centered on carbon. The use of the 2-methyl-2-nitrosopropane
trap (MNP) (Fig. 3.22) provided evidence on the participation of free radicals in the
in vitro cleavage of artemisinin-like compounds [93, 94].

The behavior of the bacterium Mycobacterium leprae (responsible for leprosy) and
the parasite Leishmania donovani (responsible for visceral leishmaniasis (VL)) was
studied. It was determined that both pathogens persist in the human host staying in
mononuclear phagocytes. This comparison showed that the control of parasites comes
from the activation of macrophages with an expression of inducible nitric oxide syn-
thase (INOS), synthesis of nitric oxide, and extensive nitration of parasites. The
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Fig. 3.23 Structure for the paramagnetic complex with the capacity of intercalated DNA

nitration agent was identified as a peroxynitrite derivative. In vitro studies confirmed
that peroxynitrite is cytotoxic to parasites, while nitric oxide is cytostatic. This would
imply that the peroxynitrite would react with the carbon dioxide forming the carbon-
ate radical anion on the one hand and the formation of nitrogen dioxide. The joint
action of both compounds leads finally to the nitration of the parasite [95, 96].

Several research groups have studied the mechanism of action that involves free
radicals. Other research groups have focused on the design and synthesis of new
antiprotozoal agents. The synthesis and characterization of new compounds through
the coordination of antiprotozoal organic drugs have shown to have an important
biological activity [97]. These compounds interact with DNA and establish that one
of the possible mechanisms is the generation of free radicals [98].

Another example of synthesized compounds corresponds to the paramagnetic
organometallic complexes [Cu(dppz)(NO;)]NO; (Fig. 3.23d), [Cu(dppz),(NO;)]
NO; (Fig. 3.23c), [Cu(dpq)(NO3)]NO; (Fig. 3.23b), and [Cu(dpq),(NO;)]NO;
(Fig. 3.23a). It was determined that these organometal complexes possess anti-
parasitic activity through the DNA interchange mechanism [99].

The biological activity of these copper complexes was determined using ESR
spectroscopy and was evaluated in promastigotes of Leishmania braziliensis. These
compounds showed activity as leishmanicidal, especially the compound
[Cu(dppz),(NO;)INO; (Fig. 3.23c). In this case, the use of ESR was limited to
studying geometric changes of symmetry in the copper plane.
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Siavash Iravani and Ghazaleh Jamalipour Soofi

4.1 Introduction

In general, reactive oxygen species as free radicals (e.g., superoxide, hydrogen per-
oxide, hydroxyl radical, and singlet oxygen) contribute to the event of quite few
very important ailments by inflicting oxidative stress and might damage cellular
targets [1, 2]. Reactive oxygen species will initiate cellular tissue injury by approach
of modifying lipids, proteins, and deoxyribonucleic acid, which might considerably
subsume cell health and viability or induce a spread of cell responses via an era of
secondary reactive species, mainly to cell dying by necrosis or apoptosis. However,
entire signal for this association is frequently deficient, thanks to the fact of known
shortcomings with strategies accessible to examine oxidative stress status in vivo in
humans [3]. Oxidative stress is related to the pathogenesis of diabetes, cancer, obe-
sity, aging, neurodegenerative disorders, inflammation, hypertension, cardiovascu-
lar disease, apoptosis, heart failure, and cardiovascular ailments [4]. Oxidative
stress triggered by reactive oxygen species takes place when the formation of reac-
tive oxygen species exceeds the potential of the cell to detoxify these doubtlessly
injurious oxidants using endogenous antioxidant protection systems. But, wherever
associate degree excessive amount of reactive oxygen species is generated or pro-
tection mechanisms are impaired, oxidative stress resulting in events together with
lipid peroxidation [5, 6]. This matter is extremely illustration in countless patho-
logical conditions within the central nervous system (e.g., stroke) [7]. Oxidative
stress occurs when the formation of reactive oxygen species exceeds the capability
of the cell to detoxify these most likely injurious oxidants using endogenous anti-
oxidant defense systems. Conditions connected with oxidative stress include
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ischemia/reperfusion, hypercholesterolemia, diabetes, cardiovascular disease, and
hypertension [8—10]. The adhesion of circulating blood cells (leukocytes and plate-
lets) to vascular endothelium is an important factor in the pro-inflammatory and
prothrombogenic phenotype assumed by the vasculature in these and totally differ-
ent ailment states that are associated with oxidative stress. There are a lot of evi-
dences that hyperlink the blood cell-endothelial cell interactions in these prerequisites
to the additional appropriate production of reactive oxygen species [11].

Electron spin resonance (ESR) is one in all the foremost dependable and powerful
strategies for the detection of reactive oxygen species (in the structure of free radicals)
in biological tissues and cells. As an example, ESR-based technique in order to decide
the outcomes of reactions caused with the aid of reactive oxygen species in bio-
organic systems in vitro and in vivo with an emphasis on a rodent disease model has
been developed [12—-14]. Relating to in vitro ESR applications, spin trapping method
is well acknowledged as ESR spin adduct to discover reactive oxygen species, quan-
tifying spin concentration in experimental systems. Furthermore, for in vivo ESR
applications, nitroxyl radicals are very appropriate as exogenous spin probes to mea-
sure free radical distribution, oxygen concentration, and redox metabolism in biologi-
cal systems [15-18]. It was demonstrated that the blood-brain barrier (BBB)-permeable
molecule 3-methoxycarbonyl-2,2,5,5-tetramethyl-pyrrolidine-1-oxyl (MC-PROXYL)
is an appropriate spin probe for the study of free radical reactions induced by reactive
oxygen species in the brains of small animal models using in vivo ESR detection
technique. Quantitative ESR analysis using MC-PROXYL is useful for understanding
redox status under conditions of oxidative stress in the rodent brain [12—14]. Findings
from researches and literatures showed that oxidative stress played an indispensable
function in the vascular injury which took place in cardiovascular disease, hyperten-
sion, and stroke [19-21]. In this chapter, some necessary issues about the detection
and measurement of oxidative stress using ESR spectroscopy have been mentioned.

4.2 ESR Spectroscopy and Oxidative Stress

By using ESR, free radicals can be seen quickly and specifically, since it detects the
presence of unpaired electrons. However, ESR detects only fairly unreactive radi-
cals, thanks to the fact that reactive ones do not accumulate to sufficiently high
ranges to be measured. Therefore, spin traps or spin probes (agents that intercept
reactive radicals) can be used in order to react with reactive radicals to form stable
ones which can be detected via ESR spectroscopy. Relating to in vitro ESR applica-
tions, spin trapping technique could be a recognized approach for detection and
quantification of reactive oxygen species concentrations in experimental systems.
Moreover, vital developments in (-band and in vivo ESR methods have provided
helpful data on oxidative stress in biological structures [7, 20-26].

Recently, massive enhancements within the subject of ESR imaging have cur-
rently created it doable to examine the distribution and metabolism of free radicals,
and also the degree of tissue oxygenation, in vivo. ESR is beneficial for investiga-
tion of the redox status of living organisms, noninvasively. This method is especially
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helpful for distinctive in vivo spatial distribution of free radicals in animals. It was
demonstrated that the in vivo ESR/nitroxyl spin probe strategies may well be an
efficient tool to become aware of free radicals selectively and to monitor free radi-
cal reactions in vivo [27-29]. An in vivo ESR imaging system was developed with
high-quality ESR-computed tomography images or reconstructed three-dimensional
images by using MC-PROXYL in a rodent model [13]. Consequently, it was sug-
gested that ESR-computed tomography imaging could be a useful tool for monitor-
ing and detecting the areas of oxidative stress in the brains of rodent animal models
[13]. It needs to be mentioned that such a medical indicator of acute stroke gives
little information in relation to the prevention of stroke. In the near future, further
improvements in the instrumentation used for ESR imaging and in the improvement
of optimized nontoxic spin probes will make ESR one of the most novel diagnostic
tools for acute stroke or clinical predictors for prevention of stroke. Moreover, it
was indicated that ESR assessment can characterize the degree of oxidative stress
in the spontaneously hypertensive rat model of hypertension and the stroke-prone
spontaneously hypertensive rat model of stroke through ESR imaging system [14].

Ashton et al. [30] reported the utilization of ESR spectroscopy in conjunction
with the spin trapping technique, to determine directly and immediately the forma-
tion of radical species in the venous blood of healthful human volunteer’s pre- and
post-exhaustive aerobic exercise. Consequently, increased lipid peroxidation and
total antioxidant ability post-exercise were demonstrated. Moreover, free radical spe-
cies were measured by the usage of ESR spectroscopy in the coronary sinus blood of
sufferers undergoing elective cardioplegia and coronary angioplasty [31, 32].

Reactive oxygen species might be involved in the gastric ulcer formation induced
by indomethacin [33]. The noninvasive measurement of reactive oxygen species to
indomethacin-treated rats was done in order to assess the sites of reactive oxygen
species generation. By giving orally a membrane-permeable or impermeable probe,
the spectra were collected as a function of time by in vivo 300-MHz ESR spectros-
copy analysis. The ESR signal-decay rates of membrane-permeable probes,
hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) and 3-methoxycarbonyl-
2,2,5,5-tetramethyl-pyrrolidine-1-oxyl, in the gastric mucosal region were consid-
erably increased 1 h after indomethacin treatment, and they both caused the
protection of ulcer formation; however, membrane-impermeable probes, carboxy-
and trimethylammonium-TEMPO, which did not exhibit the improved signal decay,
had no result on ulcer formation. Findings suggested that the enhanced signal-decay
rates in the gastric ulcers observed by in vivo ESR are associated with protective
effects. The enhanced signal decay caused by reactive oxygen species generation in
the stomach, contributing to the ulcer formation induced by indomethacin, is addi-
tionally instructed to occur at the gastric mucus layer or the interface or the intracel-
lular compartment of epithelial cells. Overall, these results show the potentials of
noninvasive assessment of reactive oxygen species production and therefore the
sites of damage by in vivo ESR using nitroxyl probes directed to specific subcellular
regions [33].

Oxidative stress results in an advanced dysregulation of cell metabolism and cell-
cell homeostasis. It plays a very important role in the pathogenesis of insulin resistance
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and f-cell dysfunction. Increased oxidative stress in diabetic patients could contribute
to the pathogenesis of diabetic angiopathy (common complication of chronic diabetes).
These are the two most relevant mechanisms within the pathophysiology of type 2
diabetes and its vascular complications. Then, it would conjointly result in the death in
diabetic patients [4]. Sano et al. [34] used a method to work out ESR spectroscopy of
reactive oxygen species and free radicals in vivo, by the usage of the nitroxide deriva-
tive, carbamoyl-PROXYL, as a probe. Diabetes was induced in rats through strepto-
zotocin injection, and a number of other weeks later, the animals received
carbamoyl-PROXYL. ESR was measured at the upper abdominal level at a frequency
of 300 MHz. Consequently, the spin clearance rate was drastically greater within the
diabetic rats than in control rats. Moreover, the spin clearance rate in the diabetic rats
was once appreciably related with urinary malondialdehyde levels, which serve as a
marker for lipid peroxidation. It absolutely was verified that noninvasive in vivo ESR
measurement could in addition be helpful for evaluating oxidative stress in diabetes.

In vivo detection of a bioradical, generated from the metabolism of nitrosoben-
zene in live mice, was completed via using L-band ESR spectroscopy with a loop-
gap resonator. An extensive three-line ESR spectrum was detected in the buttocks or
stomach vicinity of a mouse after intramuscular or intraperitoneal injection of nitro-
sobenzene. It was suggested that one in all the primary doable targets of nitroso
compounds in vivo could in addition be regions of polyunsaturated fatty acid clus-
ters in fats or membranes [35].

4.3 ESR Spectroscopy and Antioxidant Properties of Drugs
or Food Factors

Reactive oxygen species scavengers could in addition reduce edema and tissue
harm in stroke. Therefore, the neuroprotective properties of anti-stroke agents
should be related with their antioxidant properties, indicating reactive oxygen spe-
cies scavenging endeavor [36, 37]. However, there is very little direct proof of their
antioxidant properties, particularly, thanks to an absence of methods for identifying
reactive oxygen species and for the evaluation of oxidative stress levels, in vivo
(e.g., in stroke animal model). Consequently, extra professional efforts are wanted
which used ESR techniques (both in vitro and in vivo) so as to represent antioxidant
properties of neuroprotective agents. Miyazaki et al. [12] recommended that in vivo
ESR strategy ought to be used clinically for the assessment and evaluation of anti-
oxidant results of novel medicine on oxidative stress-induced illnesses in animal
fashions such as stroke-prone spontaneously hypertensive rat.

4.4 Propofol

Antioxidant anesthetics like propofol (2,6-diisopropylphenol) has been related to
decrease intracranial pressure and cerebral swelling than volatile anesthesia in brain
tumor patients undergoing craniotomy. It directly inhibits lipid peroxidation by
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using the formation of reactive oxygen species. The getable neuroprotective impact
of propofol may additionally be mediated by its antioxidant properties, which are
established to play a role in apoptosis, ischemia-reperfusion injury, and inflamma-
tory-induced neuronal injury owing to the discount of lipid peroxidation via the
formation of reactive oxygen species [38, 39]. Antioxidant properties of propofol
and a vehicle such as medium-chain triglyceride/long-chain triglyceride using
in vitro ESR spin tapping approach have been reported. Propofol medium-chain
triglyceride/long-chain triglyceride reduced stroke-prone spontaneously hyperten-
sive rat-induced oxidative stress in the brain [40]. As a result, propofol mixed with
medical reagents may well be specifically helpful in adjusting levels of anesthesia
in cases of reactive oxygen species-induced brain disease. It can result in the down-
regulation of excessive oxidative stress, thanks to scavenging hydroxyl radical, as
tested via in vitro or in vivo ESR analysis.

4.5 Crocetin

Crocetin is an herbal apocarotenoid dicarboxylic acid (yellow compound used as
spice and natural food colorant) found within the stigmas of saffron (Crocus sativus
L.) and also the fruits of Gardenia jasminoides Ellis. The ESR spectroscopy method
was applied in order to analyze the reactive oxygen species scavenging effect of
food factors like crocetin and also the decay rate constant of MC-PROXYL within
the isolated brain of the stroke-prone spontaneously hypertensive rats [41]. As a
result, it absolutely was incontestable that crocetin to stroke-prone spontaneously
hypertensive rats was able to decrease reactive oxygen species-mediated oxidative
stress in the brain because of the influence of direct antioxidant [41].

4.6 f-Carotene

ESR spectroscopy coupled to the spin trapping technique was applied to analysis of
the effect of f-carotene (a chain-breaking antioxidant) and lutein on the radical
adducts of the spin-trap PBN (V-#-butyl-a-phenylnitrone) generated with the help of
the metal-ion breakdown of various tert-butyl hydroperoxide (t-BOOH) concentra-
tions in methylene chloride. Moreover, the antioxidant activity of vitamin E was
tested, for comparison with the carotenoids. Within the presence of a-tocopherol,
peroxyl and alkoxyl radicals had been quenched, and also the tocopheroxyl radical
was once detected [42].

4.7 ESR Spectroscopy and Reactive Oxygen Species
Induced via Nanomaterials

One of the vital troubles related to the manufacturing of reactive oxygen species precipi-
tated through nanomaterials is feasible health and environmental dangers related to
them. Nanomaterials will have an effect on cell function through the manufacturing of
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reactive oxygen species. Therefore, identification of reactive oxygen species for devel-
oping nanomaterials and grasp risks related to their use are very important. In other
words, qualitative and quantitative evaluations of reactive oxygen species produced on
the surfaces of nanomaterials are vital for assessment of their toxicity and toxic mecha-
nisms. In this regard, ESR techniques for the study of reactive oxygen species genera-
tion mediated through nanomaterials have quite a few benefits in contrast to different
ones [1]. However, it should be noted that the usage of ESR without first considering the
physicochemical properties of nanomaterials and proper conditions of the spin trapping
agent (e.g., incubation time) could in addition cause misinterpretation of the ensuing
data [43]. In one interesting study, ESR approach was developed to learn about the
potential of carbon nanostructures (such as carbon nanotubes and graphene oxide) to
generate hydroxyl radicals. Using 5,5,-dimethylpyrroline N-oxide as a spin trap,
hydroxyl radicals have been made by the usage of carbon nanotubes by using interaction
with hydrogen peroxide. This formation of hydroxyl radicals can also be brought on by
approach of the existence of carbonaceous and transition metallic impurities. In the
study of graphene oxide, functionalized graphene oxide modified with PEGylated poly-
L-lysine was found to catalyze the decomposition of hydrogen peroxide to shape
hydroxyl radicals. The hydroxyl radicals were captured through 5,5,-dimethylpyrroline
N-oxide and detected by using ESR [44, 45]. Furthermore, singlet oxygen can be pro-
duced with the aid of photoexcitation of metallic nanoparticles, thanks to their surface
plasmon resonance (SPR) properties. TEMP and 4-oxo-TEMP are two standard and
usual spin traps used for the detection of singlet oxygen in ESR [46, 47]. For example,
Yin et al. [48] investigated the formation of singlet oxygen from irradiated titanium
dioxide with the aid of the ESR trapping method using TEMP. They described that
ultraviolet A (UVA) irradiation of nano-sized titanium dioxides (TiO,) can set off con-
siderable cell damage, mediated by using lipid and protein peroxidation. Leonard et al.
[49] used ESR and spin trapping to identify short-lived free radical intermediates. As a
result, no significant differences in generation of -OH radical were reported. It was dem-
onstrated that silicon nanowires did not appear to be considerable generators of free
radicals. In another research, hydroxyl radical (the most important reactive oxygen spe-
cies generated by copper(i1) oxide nanoparticles) was determined by EPR measure-
ments. As a result, copper(i1) oxide nanoparticles generated considerably reactive
oxygen species and DNA damage in the presence of ascorbate [50]. Moreover, titanium
dioxide nanoparticles promote the formation of reactive oxygen species. ESR spectros-
copy has been used to evaluate titanium dioxide nanoparticle safety (e.g., ESR spin-
label oximetry and immune-spin trapping techniques). It is suggested that the
combination of spin trapping/labeling techniques offers a hopeful method for investigat-
ing the oxidative damage caused by these nanoparticles [51]. These techniques are
reviewed comprehensively by Li et al. [51].

4.8 Conclusion

In conclusion, ESR-based technique is appropriate and reliable for the recognition
of reactive oxygen species within the sort of free radicals in bio-organic tissues and
cells, and further, it can be used for willpower of the consequences of reactive
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oxygen species-mediated reactions in bio-organic investigations in vitro and in vivo.
Indeed, ESR approaches by the usage of spin trap or spin probe are going to be
effective and beneficial for assessment of redox status under conditions of oxidative
stress in the brain. In other words, in vitro or in vivo ESR methods and strategies
may function as a helpful basis for assessing oxidative stress prompted by reactive
oxygen species within the brain, and they might also provide beneficial data on
pathological traits in the development from hypertension to stroke. Moreover, ESR
can be used to check antioxidant consequences on oxidative stress within the brain.
It should be mentioned that more advances in the instrumentation used for ESR
imaging and the development of optimized nontoxic spin probes will make this
technology even further hopeful and favorable for unique clinical evaluation or non-
invasive identification of human stroke. Furthermore, in vitro or in vivo ESR assess-
ment may additionally be suitable for the measurement of antioxidant properties of
medications or food factors used for clinical therapy of human reactive oxygen
species-induced conditions. It seems that in the near future, by using ESR, it will be
feasible to find and enhance novel drugs or food elements with such antioxidant
properties for the prevention of stroke. In addition, ESR spectroscopy can be used
for qualitative and quantitative assessments of reactive oxygen species prompted by
nanomaterials, and it is important for consideration of toxicity and toxic mecha-
nisms regarding nanomaterials.
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Electron Spin Resonance Spectroscopy
Investigations on Radiosterilization
Feasibilities of Sulfadiazine,
Sulfamethoxydiazine

and Sulfaquinoxaline

Seyda Colak

5.1 Introduction

As a very sensitive method, Electron Spin Resonance (ESR) spectroscopy is pre-
ferred to be used for qualitative and quantitative detection of the investigated sam-
ples that contain free radicals or for the samples which have magnetic property. ESR
technique can also be used in the determination of the radiolytical intermediates that
can be produced in the gamma irradiated pharmaceuticals. Thus by ESR spectros-
copy, radiation sterilization feasibility of the drug/drug raw materials can be deter-
mined. Besides, ESR spectroscopy has high sensitivity and high precision, and the
sample investigated will not be damaged during the experiments [1-8].

For the sterilization process of pharmaceuticals, ionized radiation, such as
gamma rays, is preferred to be used especially for the heat-sensitive drug/drug raw
materials [9-14]. EN 552 and ISO 11137 publications recognize standard for radia-
tion sterilization [15, 16]. Radiation sterilization procedure has advantages such as
terminal sterilization because of its high penetration property and low cost, and it is
also accepted to be a relatively cold technique. But ionized radiation that is used in
sterilization process will not only sterilize the pharmaceuticals but also can create
different radical species in the irradiated drug/drug raw materials. Detail identifica-
tion of the radiolytic intermediates that can be produced during the irradiation pro-
cess of the samples should be done so that the radiosterilized drug and/or drug raw
materials can be used safely. ESR spectroscopy is a suitable technique to character-
ize these radical species induced in the drugs/drug raw materials upon irradiation.

Sulfa group antibacterial agents can treat urinary system infections, meningococ-
cal meningitis prophylaxis, ulcerative colitis, urinary tract infections and dysentery
agents and they are widely used both in pharmacy and veterinary medicine [17-19].
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In literature, radiation sterilization feasibility of “sulfanilamide”, “sulfafurazole”,
“sulfathiazole”, “sulfacetamide sodium”, “sulfamethazine” and “sulfamethoxa-
zole” by ESR spectroscopy has already been recorded [1, 17, 20-25]. In the present
study, detailed ESR experimental data and characterization of gamma irradiated
(5-50 kGy) “sulfadiazine”, “sulfamethoxydiazine” and “sulfaquinoxaline” will

be presented.

5.2 Materials and Methods

The sulfa group drug raw materials named sulfadiazine (hereafter SDZ), sulfame-
thoxydiazine (hereafter SMDZ) and sulfaquinoxaline (hereafter SQX) were pro-
vided from local drug providers, and the samples were stored at room temperature,
protected from light. No further purification procedure was performed. ®°Co gamma
cell with dose rate ~2.5 kGy/h was used for irradiations which was performed at
room temperature, at the Saraykoy Establishment of Turkish Atomic Energy Agency
in Ankara, Turkey. ESR investigations were performed on gamma irradiated SDZ,
SMDZ and SQX drug raw materials at 5 kGy, 10 kGy, 25 kGy and 50 kGy radiation
dose values. Sterilization radiation dose value is accepted to be 25 kGy, and the
other dose values were also studied so as to determine the dosimetric properties of
these investigated samples.

Varian 9”-EL X-band ESR spectrometer operating at about 9.5 GHz were used
for ESR measurements. The spectrometer was equipped with a TE,q rectangular
double cavity containing DPPH standard sample (g = 2.0036) in the rear resonator
which remained untouched throughout the experiments. A digital temperature con-
trol system (Bruker ER 4111-VT) was used in monitoring the sample temperature
inside the microwave cavity. Signal intensities were calculated from first derivative
spectra and compared with the signal of standard DPPH under the same spectrom-
eter operating conditions. The results were the average of five replicates for each
radiation dose.

ESR experimental conditions held were as follows: central field, 330 mT; sweep
width, 10 mT; microwave frequency, about 9.27 GHz; microwave power, | mW,
modulation frequency, 100 kHz; modulation amplitude, 0.1 mT; receiver gain,
1.25 x 10° to 8 x 10% sweep time, 240 s; time constant, 1 s; and temperature,
110-400 K.

5.3 Experimental Results and Discussion
5.3.1 General Features of SDZ, SMDZ and SQX

Sulfadiazine (SDZ) is an oral sulfonamide antibacterial agent. The chemical formula
of SDZ is C,oH,,N4O,S; its molecular weight is 250.3 g/mol and has a melting point
of 528 K. Sulfamethoxydiazine (SMDZ) sulfa group drug has a chemical formula of
C11H,N4O5S with a molecular mass of 280.3 g/mol. The melting point of SQX is
488 K, and it is not soluble in water but can be soluble slightly in ethanol. The
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Table 5.1 Molecular structures of (a) sulfonamides, (b) SDZ, (¢) SMDZ and (d) SQX
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Sulfamethoxydiazine (SMDZ) Sulfaquinoxaline (SQX)

molecular formula of sulfaquinoxaline (SQX) is C,4H,,N,O,S with a molecular mass
and melting point of 322.3 g/mol and 520 K, respectively. The molecular structures of
SDZ, SMDZ and SQX are presented in Table 5.1. They are synthetic bacteriostatic
antibiotics with a wide spectrum against most Gram-positive and many Gram-negative
organisms. The sulfonamides are widely distributed throughout all tissues [26].

5.3.2 General Features of the ESR Spectra of SDZ,
SMDZ and SQX

Unirradiated SDZ, SMDZ and SQX drug raw materials exhibited no ESR signal
where gamma irradiated SDZ, SMDZ and SQX drug raw materials showed simple
and unresolved ESR spectra with relatively low intensities (Fig. 5.1) which were
nearly hardly distinguishable from noise. This relatively low intensity of the reso-
nance lines recorded for the investigated sulfonamides, even for the samples irradi-
ated at high dose levels (50 kGy), indicated that SDZ, SMDZ and SQX drug raw
materials have probably radioresistive character. Radioresistive materials are
accepted to be good candidates for radiosterilization process. Low amount of radi-
cal species are created in radioresistive materials during their irradiation process.
The effect of radiation on radiosterilized drug/drug raw materials which are not
radiosensitive will be less, thus their active ingredient content will not be much
effected by radiation. But still toxicology tests should be held on the radiosterilized
drug/drug raw materials.

In the present study, it is observed from experimental data that increase in
absorbed dose at room temperature had only increased the ESR resonance line
intensities of the irradiated SDZ, SMDZ and SQX but did not create any pattern
change in their spectra. Irradiated SDZ represented three characteristic resonance
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Fig.5.1 (continued)

lines, and the spectral parameters associated with its central peak are found to be
g =2.0069 and AH,, = 4.7 G, respectively. Irradiated SMDZ represented an ESR
spectrum with four characteristic resonance lines, and the spectral parameters for its
central resonance line are found to be g =2.0057 and AH,, = 4.8 G. Irradiated SQX
has complex and unresolved two resonance lines where its spectral parameters for
its central peak are found to be g =2.0052 and AH,,, = 11.5 G. ESR spectra of SDZ,
SMDZ and SQX sulfa drug raw materials irradiated at 5 kGy and 50 kGy are
presented in Fig. 5.1.

5.3.3 Microwave Power Saturation Studies of SDZ,
SMDZ and SQX

Variations of the resonance peak heights of SDZ, SMDZ and SQX, measured with
respect to their base line, with applied microwave power were studied. One of the
aims of microwave saturation studies was to determine the optimum microwave
power value for the rest of the experiments where no saturation was observed in the
resonance lines of the samples. By this study, one can also identify qualitatively the
number of radical species that can be induced upon irradiation since the microwave
power saturation behaviours of different resonance lines related with different radi-
cal species are not expected to be same. By the microwave power saturation studies
of SDZ, SMDZ and SQX (Fig. 5.2), it was concluded that at least two radical
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species with different saturation characteristics were involved in the irradiated drug
raw materials. Theoretical growing function (Eq. 5.1) best fitting to experimental
microwave power saturation curves is presented in Fig. 5.2. ESR resonance lines of
the investigated 50 kGy gamma irradiated SDZ, SMDZ and SQX were observed to
be saturated at relatively high microwave power levels.

1:10(1—e*d“’) 5.1

5.3.4 Dose-Response Curves of SDZ, SMDZ and SQX

ESR spectroscopy can also give quantitative results about the amount of free radi-
cals induced upon irradiation so that a good dose estimation for the irradiated sam-
ples can be obtained. In ESR spectroscopy, radical concentration is proportional
with the area of the recorded ESR signal of the investigated samples, or if the line-
widths of the signals are not changing with applied dose, radical concentration will
also be proportional with the resonance line intensities of the recorded spectrum.
Theoretical mathematical function(s) best describing the experimental dose-
response curve of the irradiated samples should be determined for the good dose
estimation. Dosimetric potentials of SDZ, SMDZ and SQX sulfa group drug raw
materials are presented in Fig. 5.3.

The experimental dose-response data recorded for gamma irradiated SDZ,
SMDZ and SQX in the dose range of 5-50 kGy are fitted with using different
mathematical functions. The mathematical functions and the obtained parameters
by fitting process are presented in Table 5.2. It concluded from the findings given
in Table 5.2 that linear fitting best describes the experimental dose-response data
of irradiated SDZ and SMDZ, while exponential growth fitting best describes
experimental data of irradiated SQX, respectively. Although SDZ, SMDZ and
SQX did not indicate good dosimetric behaviours (Fig. 5.3), I resonance line for
SDZ (R* = 0.96), I, resonance line for SMDZ (R? = 0.99) and I, resonance line for
SQX (R? = 0.56) can be used in dosimetric studies of these related samples. It was
concluded that the discrimination of unirradiated and 5 kGy gamma irradiated
SDZ, SMDZ and SQX was possible even after a long storage time interval which
was at room conditions (room temperature and atmospheric pressure) and in dark.
This result can indicate that SDZ, SMDZ and SQX were relatively stable sulfa
drug raw materials.

G value is defined as the number of free radicals induced upon 100 eV of
absorbed energy, and this value gives important information about the dosimet-
ric feature of the investigated samples [27]. G value of 50 kGy gamma irradiated
SDZ, SMDZ and SQX drug raw materials is found to be ~0.1 which confirms
that SDZ, SMDZ and SQX are radioresistive materials when compared with G
value of solid alanine sample (G = 1). This result shows that only a small amount
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of radical species were trapped in the irradiated SDZ, SMDZ and SQX drug raw
materials during the irradiation process, and it is in agreement with the rela-
tively low ESR resonance line intensities recorded for the irradiated samples.
Thus radiosterilization method can be feasible in sterilization process of SDZ,
SMDZ and SQX.
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Fig. 5.3 Variations of peak heights with absorbed radiation dose. Dashed lines represent theoreti-
cal curves best fitting to experimental data
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Table 5.2 Theoretical functions and derived parameters best fitting to experimental dose-response
data of sulfa group drug raw materials. (a) SDZ, (b) SMDZ, (¢) SQX

Resonance Line ‘ Iy ‘ a

(a) SDZ: Lineer Fit [I = I+ a X D]

1 3.06 + 1.05 0.06 = 0.04
2 446+ 1.14 0.09 = 0.04
3 4.74 +0.23 0.07 £0.01
(b) SMDZ: Lineer Fit [ = I, + a x D]

1 1.70 £ 0.07 0.06 £ 0.01
2 3.94 +0.35 0.12 £ 0.05
4 2.43 +0.55 0.009 + 0.02
(c) SQX: Exponential Growth Fit [I = I,(I1 — e™)]

Resonance Line 1, d

1 7.89 = 1.70 0.11 £0.07
2 6.39 £ 0.61 0.22 +0.08

5.3.5 Variations of Peak Heights of SDZ, SMDZ and SQX
with Temperature

The variation of the 50 kGy gamma irradiated SDZ, SMDZ and SQX samples with
varying cavity temperature in the range of 290-400 K was studied, and the results
are presented in Fig. 5.4. As seen from the figures for a particular sample, the
responses of resonance line intensities of irradiated samples to temperature
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variations were not the same. As the temperature dependencies of the resonance
lines recorded for the irradiated samples are different from each other, this can be
thought also to be a confirmation that at least two radical species have been created
during irradiation process of the samples. From the recorded ESR studies held on
sulfonamides in literature [1, 17, 20-25], these fundamental radical species were

(0]
recorded to be molecular ionic fragment |:—§ :| and SO, ionic radical, by
O

simulation calculation studies. In the present study, the same radical types are also
believed to be responsible from the ESR spectra of irradiated SDZ, SMDZ and
SQX.

It was observed that by warming SDZ up to 335 K, resonance line /;, which was
believed to be related with SO,™ ionic radical, decayed faster than the resonance
lines of 1, and ;. Thus, SO, ionic radical can be accepted to be dominantly respon-
sible from the existence of resonance line /, for SDZ. For the temperature range of
335-385 K, all three resonance lines increased approximately with the same ratio,
indicating that some radicals have been also created in SDZ by heat treatment.
Above 385 K, continuous decreases in the resonance line intensities of SDZ were
observed, and above 390 K, relatively sharp decreases have occurred.

For temperature variation studies of SMDZ, only the resonance peak variations
of I, and 1,, which are strongly related with SO, ionic radical and molecular ionic

O
fragment [—é :| , respectively, are presented in the Fig. 5.4. As seen from the
O

figure, above 370 K, the dominant radical species for SMDZ was SO, ionic radical,
and the other resonance line has already been decayed at this related temperature.
This result also indicated that SO, ionic radical was relatively stable at high
temperatures.

From the experimental data of SQX, up to 290-335 K temperature range, the
height of the resonance lines has increased smoothly. This variation can be an indi-
cation of the production of similar radical species in SQX by heat treatment, and/or
it can be related to the water loss of the irradiated samples. After 335 K, the decay
rate of the resonance lines had increased, probably because of the increased recom-
bination rate of the radical species at high temperatures. The observed changes in
the intensities of all resonance lines were found to be irreversible at high tempera-
tures (290—400 K).

ESR studies at low temperature (7 = 110 K) were also studied for 50 kGy gamma
irradiated SDZ, SMZ and SQX drug raw materials. As expected, the ESR spectral
patterns of the samples were unchanged at low-temperature studies, but the intensi-
ties of the resonance lines recorded increased obeying Curie’s law.

5.3.6 Annealing Studies of SDZ, SMDZ and SQX

Decay mechanisms of the radical species depend strongly on the sample tempera-
tures (cavity temperature), and the decreases (decays) recorded of the resonance
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line intensities of the samples are expected to be irreversible. Besides, the decay
rates of the radicals become higher at high temperatures, probably because of the
high recombination chance of the induced free radicals. To get detail information
about decay mechanisms of SDZ, SMDZ and SQX and to obtain the decay activa-
tion energy of these samples, annealing studies were held for 50 kGy gamma irradi-
ated sulfa group drug raw materials at different annealing temperatures such as 323,
333,348,365, 378,393 and 413 K and for predetermined times up to 2 h. Resonance
line intensities recorded were normalized to the masses of the samples and to the
operating conditions used. Each spectrum of the annealed samples was recorded
5 min after the positioning sample in the microwave cavity after reaching their ther-
mal equilibrium.

At different annealing temperatures, variations of intensities related to central
resonance lines of 50 kGy gamma irradiated SDZ [/, = I, + I5], SMDZ [I,, = I, + L]
and SQX [/,, = I, + I,] are presented in Fig. 5.5. Theoretical parameters calculated
by fitting the experimental data of annealed SDZ, SMDZ and SQX to first-order
exponential decay (Eq. 5.2) are presented in Table 5.3. Theoretical findings are rep-
resented as dotted lines in the figure with their experimental counterparts which
correlate well in the studied annealing temperature range of 323-413 K.

Ie™ (5.2)

The decay activation energies of the induced radical species can be calculated
from the slopes of In(k)~!/T graphs, by using Arrhenius equation (Eq. 5.3). In this
equation, k is decay constant of the contributing radicals, E, is activation energy, R
is universal gas constant and T is temperature. Decay activation energies of the
induced radical species that were responsible from the existence of their central
resonance line were calculated to be 13.5 kcal/mol, 18.6 kcal/mol and 9.5 kcal/mol,
respectively, by using the results of annealing studies. From these findings, SMDZ
can be considered to be more stable when compared with SDZ and SQX.

k=Aexp[— If;j (5.3)

5.3.7 Stability Studies of SDZ, SMDZ and SQX
at Normal Conditions

Room temperature stability of the radical species induced in the irradiated drug/
drug raw material is also one of the important features to be determined. This type
of a study can give an idea about the shelf life of the drug/drug raw materials.
Therefore long-term stability studies for SDZ, SMDZ and SQX were held for the
samples stored at room conditions (room temperature and atmospheric pressure),
for 3 months. Stability features of the samples were found to be independent from
the irradiation dose; thus only the resonance line intensity decay data obtained for
the 50 kGy gamma irradiated samples were used to get these results. The results are
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Table 5.3 Decay constants obtained at different annealing temperature studies of the samples. (a)

SDZ, (b) SMDZ, (¢) SQX

Annealing temperature (K)

Resonance line /,, = [, + I3]

(a) SDZ
333 1,=0.95+0.05
k=0.0013 +0.0007
348 1,=0.98 £ 0.03
k =0.0024 + 0.0005
365 1,=0.99 = 0.04
k =0.0069 + 0.0009
393 1,=0.99 = 0.04
k=0.0189 +0.0019
413 1,=0.93 £0.09
k=0.0191 +0.0042
(b) SMDZ
Annealing temperature (K) Resonance line I,,, = [1, + 1,]
323 1,=0.96 £ 0.02
k=0.0001 +0.0001
365 1,=1.02+0.01
k=0.0039 + 0.0004
378 1,=0.99+0.03
k=0.0051 +0.0007
393 1,=0.79 £ 0.11
k=0.0181 + 0.0060
413 1,=0.97 £ 0.05
k=0.0170 + 0.0020
(c) SOX

Annealing temperature (K)

Resonance line 1, = [I; + I,]

323 1,=0.99 = 0.02

k=0.0004 = 0.0001
348 I,=0.93£0.03

k =0.0004 + 0.0003
365 1,=0.94 £ 0.02

k =0.0028 + 0.0005
393 1,=0.86 = 0.08

k =0.0096 + 0.0030
413 1,=0.91=0.04

k =0.0045 + 0.0008

presented in Fig. 5.6. A slight increase in the height of the resonance lines at the
beginning period of storage time was the common behaviour of the samples irradi-
ated at different doses and stored at room temperature. This likely originates from
the transformation of the radical species to each other. However, as it is seen from

Fig. 5.6, the extent of this transformation is relatively small.



5 Electron Spin Resonance Spectroscopy Investigations 97

a
15 4 = |1
° ® |2
° PE
—_ e ~Theo
5 N
s 2
> 10 o
2 a®
2 ‘=
< =
— = -
< -
E’ 5 o A
(2] [
= X.._%I.A a &
w = - =
0- a2 wm e
T T T T T
0 30 60 90 120
Storage Time (day)
SDhz
b
° = 1
e |2
~ ] o A 14
=) - Theo
&
z. ®
'a ¢*n
g 84 °
[=
% o5
=
_g., e e °
7] = @® . . Py
« LI - SN ) ST °
w 4 4 = T JaN Zl ....... ‘Z ATTA
B x = AN R = =
s =R
0 30 60 90
Storage Time (day)
SMDZ

Fig. 5.6 Decays of resonance line intensities of 50 kGy gamma irradiated samples which were
stored in normal conditions over a period of 90 days. (a) SDZ, (b) SMDZ, (¢) SQX



98

S. Colak

(1]

ESR Signal Intensity (a.u.)

Fig. 5.6 (continued)

8
= |1
- e |2
= Theo
)
0.
6 - =
o
°
° a ' 04
4 - o o
= . ~.ﬂ._- ‘o
°
2 |
0 30 60 90 120

Storage Time (day)

SQxX

Table 5.4 Theoretical parameters of long-term decay data of 50 kGy gamma irradiated samples.
(a) SDZ, (b) SMDZ, (¢) SQX

Resonance line

(a) SDZ
1 Iy=7.59+0.81
k=0.0465 + 0.0141
2 Io=12.87 £ 1.56
k=0.0481 + 0.0148
3 I,=10.77 + 1.31
k=0.0343 + 0.0103
(b) SMDZ
1 Iy=431+045
k =0.0045 = 0.0025
2 Io=9.39 + 1.08
k =0.0094 = 0.0035
4 I=721%0.61
k=0.0119 = 0.0029
(c) SOX
1 Io=6.51£047
k=0.0134 + 0.0031
2 Io=5.86£0.54

k=0.0054 + 0.0023

Decay data recorded for SDZ, SMDZ and SQX stored at normal conditions
for 3 months were found best fitting to first-order exponential decay function
(Eq. 5.2), and the theoretical parameters calculated by fitting procedure are sum-

marized in Table 5.4.
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5.3.8 Proposed Radical Species and Spectral Simulations

SO, is the most sensitive group to radiation in sulfa group drugs because of their
high electrophilic properties. So, radical species with unpaired electrons that are
localized on mostly S atoms are expected to be created during the gamma irradia-
tion of sulfa group antibacterial agents, as in the case of sulphur-containing com-
pounds [28-34]. These radical species do not exhibit hyperfine structure; instead
they have g tensor of orthorhombic symmetry with G value range of 2.0037-2.0059.
In the present study, G values determined for gamma irradiated SDZ, SMDZ and

(0]
SQX stay also in this range. The molecular ionic fragment [—g :| and SO,~
O

ionic radical are believed to be the responsible magnetic units from the ESR spectra
of irradiated SDZ, SMDZ and SQX drug raw materials. The unpaired electron in
SO, ionic radical occupies the antibonding 2b* orbital formed from p orbitals of
the S atom. These two radical species produced in irradiated powder sargples are

il
randomly oriented, and the motion of molecular ionic fragment _(.S). is

restricted in large extent because of the big group attached to it. That is why it gives
rise to powder ESR spectra with principal G values varying between g, = 2.0022—
2.0031, g,, = 2.0015-2.0098 and g.. = 2.0058-2.0066. But SO,™ ionic radical has a
higher motional freedom, it gives rise to a single resonance line with average spec-
troscopic G value in the region of 2.0037-2.0059 [30, 33].

G value of 0.1 was obtained for 50 kGy gamma irradiated solid SDZ, SMDZ and
SQX in this present study. This value is quite small when it is compared with the
results obtained for sulfonamide aqueous solutions (3.5-5.1) in literature, but it
stays in the range of the G values that were reported for solid sulfonamides (0.15—
0.6) [18, 19].This difference in G values is believed to originate from hydrated
electrons (e,,”) and hydroxyl radicals ("OH) produced in large amount as radiolyti-
cal intermediates in irradiated aqueous solutions of sulfonamides.

Conclusion

Experimental results derived for sulfa group antibacterial agents such as sulfa-
diazine (SDZ), sulfamethoxydiazine (SMDZ) and sulfaquinoxaline (SQX)
indicated that these samples can be considered to be radioresistive to gamma
radiation depending on their recorded low-intensity ESR spectra even for very
high absorbed irradiation dose (50 kGy—two times bigger than the accepted
sterilization dose) and the low G value (0.1) calculated. Therefore, SDZ, SMDZ
and SQX could be sterilized by gamma radiation up to a radiation dose of 50 kGy
without causing large extent of molecular damages creation during the irradia-
tion process. Although SDZ, SMDZ and SQX do not present good dosimetric
features, the detection and discrimination of unirradiated samples from irradi-
ated ones were possible even for 5 kGy gamma irradiated samples. Radical spe-
cies induced upon irradiation were found to decay faster at higher temperatures.
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This point could be a good possibility of decreasing the amount of induced radio-
lytical intermediates in radiosterilized samples. It was concluded that gamma
radiation produced relatively low amount of radiolytic intermediates in the SDZ,
SMDZ and SQX sulfa group drug raw materials and ESR spectroscopy could be
used as an appropriate technique in monitoring their radiosterilization
properties.
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Free Radicals and Polymerization 6
of Resinous Materials Used in Dentistry

Bruno Luiz Santana Vicentin and Eduardo Di Mauro

6.1 Introduction

A composite is generally defined as a material composed of two or more distinct
phases. Dental composites consist of a polymerizable resin base containing a
ceramic filler that does not interfere on the polymerization reaction. Most dental
polymers are based on acrylic resins made up of monomethacrylate, dimethacrylate,
or trimethacrylate monomers. The most common restorative materials are based on
the bisphenol A-bis(glycidyl methacrylate) (Bis-GMA), which copolymerizes with
triethylene glycol dimethacrylate (TEGDMA). Also the dimethacrylate monomers
bisphenol A-dimethacrylate (Bis-EMA) and a urethane dimethacrylate (UDMA)
are commonly used [1].

Photopolymerizable composite resins are the best substitutes for restoring the
lost part of a tooth, both esthetically and practically, because a substitute with simi-
lar properties to the human tooth still does not exist. These composite resins polym-
erize by the absorption of blue visible light which activates the photoinitiator
camphorquinone (CQ) from the ground state to an excited state where it reacts with
a hydrogen donor and produces an initiating free radical (FR). Thus the excited
molecule interacts with other molecules to form FRs capable of starting the radical
polymerization by rapid addition of monomers to the chain [1, 2].
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Besides composite resins used to restore the lost part of the tooth, acrylic resin
cements are used to retain intraradicular post for the purpose of assisting the reten-
tion of the restoration material. In general, dental resin cements are dual cured to
ensure polymerization at deepest points of the restoration where radiation cannot
excite CQ, such that photo-cure and self-cure happen simultaneously and indepen-
dently [1, 3]. Self-curing cements are two-component filled systems based on
dimethacrylate monomers with an organic peroxide, usually benzoyl peroxide
(BPO). To promote the decomposition of BPO at oral temperature, cold-cure acrylic
resins need another chemical, usually an aromatic tertiary amine, to carry out the
redox initiation, together with BPO in a short period of time [1, 3].

Intraradicular posts manufactured from a composite of glass fibers and epoxy
resin are often used in the treatment of teeth for the purpose of assisting the reten-
tion of the restoration material. The fiberglass post became popular in dental prac-
tice because of its physical properties, which are very similar to dentin, for its
adhesion to root dentin and its esthetic qualities, which differ considerably from the
cast metal post. The retention of the fiberglass post with resin material directly
depends on the degree of conversion of the cement selected. Thus, translucent fiber-
glass posts were developed for the purpose of transmitting light and improving
cement polymerization throughout the length of the root canal. The efficiency of
light transmission by the post, and hence the improvement in the degree of resin
cement conversion, is directly proportional to the post diameter [4, 5].

However, these resins do not polymerize completely, and this causes problems
that can compromise the restoration. Numerous factors affect polymerization,
including chemical composition, polymerization conditions, light intensity, and dis-
tance from the device to the resin, which can compromise the restoration and cause
problems, such as contraction, poor mechanical strength, color change, and infiltra-
tion. In order to avoid these problems and improve the mechanical properties of the
restoration, a clearer understanding of the polymerization process is important.

A polymerization reaction encompasses three stages: initiation, propagation, and
termination. In the initiation stage, the reaction is started by generating free radicals,
and these radicals react with first monomer. In the propagation stage, successive
reactions with monomers occur until the reaction is terminated, typically by combi-
nation of monomers or disproportionation. Consider R* being a primary radical
(generated by a redox reaction or blue visible light irradiation) and M the monomer
molecule.

The general reaction mechanism for the free radical polymerization with termi-
nation by combination of monomer is as follows [1]:

Initiation:

k;
R +M —>RM; 6.1)

Propagation:

k

RM’ + M —>RM; 6.2)
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k

RM’, + M —RM’ (6.3)
k,
RM' + M_>RM"_, 64)
Termination:
kf
RM’ +RM’, >RM, . R 6.5)

In these reactions, k;, k,, and k, denote the reaction rate constants of the initiation,
propagation, and termination stages, respectively.

Since these FRs generated are paramagnetic species, electron magnetic reso-
nance (EMR) spectroscopy is a reliable technique for identifying and quantifying
the concentration of FRs in the sample without any changes in the material compo-
sition. In this way, it is possible to identify the free radicals generated by each initia-
tion mode either to resin composites or to resin cements. In addition, the degree of
conversion of monomers into polymer is related to the amount of FRs generated
during the initiation step of the polymerization reaction.

This chapter is divided into three parts: (1) multifrequency EMR for identifica-
tion of radicals, (2) real-time polymerization monitoring by EMR, and (3) influence
of the translucent fiberglass post on the depth of polymerization in a root canal.

6.2  Multifrequency EMR for Identification of Free Radicals
6.2.1 Free Radicals in a Photo-Cured Resin Composite

For more than 40 years, EMR spectroscopy has been used to detect, characterize,
and monitor the evolution of free radical concentration in dental resins. This spec-
troscopic technique has been used to study the behavior of the methacrylate radical
generated during photopolymerization of dental restoration resins in numerous
situations, including irradiation at different wavelengths, required polymerization
time as a function of resin composition or sample thickness, resin hardness as a
function of the relative number of radicals, conversion degree, analysis of polym-
erization initiator agents, real-time study of polymerization kinetics, variations in
the monomer matrix and influence on the chemical reaction, the effect of the satu-
ration time, evaluation of the behavior of free radicals versus mechanical proper-
ties, the relation between the free radicals generated and polymerization depth in
resin with different colors, and translucence. Some research has been conducted to
elucidate the well-known, though not fully interpreted, nine-line EMR spectrum
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obtained in X-band for the radicals of methacrylate monomers. Some authors have
attributed this spectrum to only one radical specimen. It is currently accepted that
this spectrum is due to at least two different free radical types, which are assumed
to occur simultaneously in the samples under study. Some authors assumed that the
EMR spectrum is formed by the sum “5 + 4” lines; however, the intensities of the
lines obtained using this model are different from those in the dental resin spec-
trum. Truffier-Boutry et al. [6] have assumed that the spectrum is generated from
two methacrylate radicals in the solid state (Fig. 6.1), the “propagating” radical
(RI) and the allylic radical (RIII). In addition, the methacrylate radical (RII) is
probably not observed in the EMR spectrum because it reacts rapidly or the quan-
tity generated is too small to detect, such that the resulting EMR spectrum is
formed by the superposition of “9 + 5 lines.

Samples of the commercial resin Z100 (3 M ESPE, Campinas, SP, Brazil), in A2
color indicated for dental enamel, were used in the EMR experiments. It is com-
posed essentially of a dimethacrylate monomer mixture of Bis-GMA and TEGDMA,
initiator agents (camphorquinone and amine), and charge particles of zirconium and
silica (ZrO,/Si0,) (manufacturer’s specifications). The light source used for photo-
polymerization was a LED (Ultra Blue, Dabi Atlante, Ribeirdo Preto, SP, Brazil)
with an intensity 492 mW/cm? for 40 s.

The EMR spectra in X-band (~9 GHz) were obtained in a JEOL (JES-PE-3X)
spectrometer at room temperature, and the microwave power (I mW), modulation
amplitude (0.40 mT), and modulation frequency (100 kHz) were set to avoid sig-
nal saturation and were maintained constant. A JEOL standard sample MgO:Mn?>*
was used as intensity standard and g marker. The samples were placed in a
2 x 2 mm silicon mold and 40 s of irradiation [1-6]. The EMR spectra in Q-band
were obtained with a VARIAN (E-109) spectrometer, with rectangular cavity,
microwave power 0.5 mW, and modulation amplitude 0.40 mT. A MgO:Cr** was
used as intensity standard and g marker, where g = 1.9797. The samples were
placed in a 1 x 1 mm silicon mold and irradiated for 40 s. The EMR spectra in
W-band were obtained in a Bruker (Elexsys E 680) spectrometer with TerraFlex
probe, with sample dimensions of less than 1 mm. The data treatment was
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performed with the Origin (OriginLab) software, and simulations were achieved
using the WinEPR (Bruker) software.

The free radicals produce an EMR signal with hyperfine splitting, and the result-
ing spectrum shows an intense signal that remains detectable up to 3 months after
the polymerization process began, depending on the storage environment and rela-
tive concentration generated.

The EMR spectrum was simulated based on the model proposed by Truffier-
Boutry et al. [6]. Radical I is the “propagating” methacrylate radical (CH,—C*-CH;)
that shows a weak nine-line signal, while the other simulated radical, RIII (CH,—
C*-CH,), has a strong five-line signal arising from a stable radical, called an allylic
radical (Fig. 6.1) [1].

The EMR spectrum of polymethacrylate radicals consists of the superposition of
nine-line (RI) and five-line (RIII) sets resulting in a “nine-line spectrum” with peaks
of alternating intensities, because the hyperfine interaction of the five-line set is
about twofold greater than that of the nine-line set and the first line of both sets are
virtually coincident (Fig. 6.2). Thus, the proposed model is a “9+5 line spectrum,”
and not a “5+4 line spectrum.”

Regarding the spectrum simulation, Lorentzian and Gaussian shapes were both
considered, with different proportions, because these two line shapes are commonly
observed in EMR.

The spin Hamiltonian for radicals I and III can be represented as

H, = gBHS+| AIS+BIS+BIS |, (6.6)

for radical I, and

Hy, = gBHS+[AIS+BIS], (6.7)

for radical III, where gBHS is the Zeeman effect and AIS, BIS, and B'IS are the
hyperfine interactions of first and second orders, respectively. The hyperfine struc-
ture with nine lines was interpreted and simulated in terms of an unpaired electron
interaction, with three equivalent protons of the CH; group and two non-equivalent
protons of the CH, group for radical I, and the interaction of radical III with two
CH, groups, the radical generated during hydrogen abstraction of the monomer by
an amine radical [1-3].

Figure 6.3a shows the EMR simulated spectrum for the radical I with this model,
and Fig. 6.3b shows the simulated spectrum for radical III. The sum of these two
spectrum gives the nine-line EMR spectrum shown in Fig. 6.3c, which is superim-
posed with the experiment.

In order to obtain additional information concerning the radicals that participate
in the polymerization process, measurements were performed in other EMR bands,
aimed at improving the spectrum resolution due to the use of higher frequencies.
The same model was tested using the Q- and W-bands, due to their sensitivity, in
order to detect other radical species; non-detection can occur when the radical is
produced in very small amounts or in the case of species possessing very similar g



108 B.L.S. Vicentin and E. Di Mauro
—
Unpaired electron
<>
Radical | AR NEAN CH, group
1 2 1
1 1 3 3 3 3 1 1
B
> /N Ay A
v \\ ANV ANIR ,’l AN _ 2 CH2 group
1 2 4 6 6 6 4 2 1 -
UnpaiJed electron
Radical Il
1 1 ——  CH, group
1 2 1 L
. . N A ——  CH,group
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Fig. 6.3 Radical I (a) and radical III (b) EMR spectra simulations of the composite resin in
X-band. (¢) The superposition of simulated “RI + RIII"” and experimental spectra

factors. Figure 6.4a, b shows the simulated spectra for radicals I and III in Q-band
and Fig. 6.4c the superposition of simulated RI + RIII with experiment. Again the
Hamiltonians and model proposed agree with experiment, as well as in W-band
(Fig. 6.5). Since no changes in the spectrum formation were verified, the hypothesis
of two radicals was considered valid [2].

The parameters obtained for the simulation in X-band for radical I, with S = 1/2
and I = 1/2, were g = 2.0051 and A/gP = 2.17 mT for three equivalent 1/2 spin pro-
tons belonging to the CH; group, B/gp = 1.40 mT for a non-equivalent proton
belonging to the CH, group, and B’/gf = 0.85 mT for a second non-equivalent pro-
ton belonging to the CH, group. For radical III, the parameters used were g = 2.0051
and A/gp =2.17 mT for two equivalent 1/2 spin protons belonging to the CH, group
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Fig. 6.4 Radical I (a) and radical III (b) EMR spectra simulations of the composite resin in
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and B/gp = 2.17 mT for two equivalent 1/2 spin protons belonging to the second
CH, group [2].

The parameters for the simulation in Q-band with 1/2 spin for radical I were
ACH3x/gp = 2.32 mT, ACH;y/gP = 2.32 mT, and ACH;z/gp = 2.33 mT for three
protons of the CH; group; BCH,x/gf = 1.30 mT, BCH,y/gp = 2.00 mT, and BCH,z/
gp = 1.60 mT for one proton of the CH, group; B'1CH,x/gf = 0.95 mT, B"1CH,y/
2B = 0.75 mT, and B"1CH,z/gp = 0.93 mT for 1 s proton of the CH, group; and
gx = 2.0015, gy = 2.0023, gz = 2.0023, L/G = 0.5, Ix = Iy = 0.59 mT, and
1z =0.60 mT. For radical III, ACH,xyz/gP = 2.34 mT and BCH,xyz/gp =2.34 mT are
two CH, groups with four equivalent protons, gxyz = 2.0020, 1x =1y = 0.55 mT, and
Iz=0.61 mT.

The parameters for the simulation in W-band with 1/2 spin for radical I were
ACH3x/gp = 2.46 mT, ACH;y/gP = 2.48 mT, and ACH;z/gp = 2.50 mT for three
protons of the CH; group; BCH,x/gf = 1.30 mT, BCH,y/gp = 1.40 mT, and BCH,z/
gp = 1.45 mT for one proton of the CH, group; B’1CH,x/gf = 0.95 mT, B"1CH,y/
gp = 0.97, and B'1CHyz/gf = 0.90 mT for 1 s proton of the CH, group; and
gx = 2.00069, gy = 2.0028, gz = 2.0023, L/G = 0.5, Ix = ly = 0.59 mT, and
1z =0.65 mT. For radical III, ACH,xyz/gP = 2.34 mT and BCH,xyz/gp =2.34 mT are
two CH, groups with four equivalent protons, gxyz = 2.0020, 1x =1y = 0.55 mT, and
Iz=0.61 mT.

Analysis of the figures revealed that improvement in the EMR spectrum resolu-
tion is observed when a higher microwave frequency is used, due to the fact that the
free radicals present in the resin are submitted to a more intense magnetic field,
which permits the observation of a larger portion of the resonance lines of each radi-
cal. The majority the transitions observed in W-band occur in the region of super-
posed energy levels, hindering clearer identification of the same in X- and Q-bands.
The advantage of measuring at higher frequencies is the improved resolution, which
should assist in differentiating the paramagnetic species.

In relation to some little differences between experiments and simulations, it is
important to remember that we simulate considering the macromolecular system
with the unpaired electron interacting only with the closer vicinity, and the
Hamiltonian is an approximation for this system in vacuum or water environment.
The proper polymerization of the sample can also influence in the result. Considering
the number of peaks, line shape, and other parameters, the simulations are in good
agreement with experiment [2].

6.2.2 Free Radicals in a Dual-Cured Resin Cement

Samples of resins were dual-cured with cement from AllCem (FGM, Joinville,
Brazil) in the color shade Al were examined by X-, Q-, and W-band EMR. The
initial compounds are two pastes separated in a dual-body syringe which are mixed
in a self-mixing nozzle that accompanies the kit. The polymerization reaction begins
upon mixing the base paste with the catalyst in the nozzle, and it can be accelerated
by blue light irradiation. In all experiments, the initial paste and catalyst were mixed
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in a 1:1 weight ratio. The particular resin cement was chosen for this study because
it has the same composition and showed similar properties and quality compared to
others used worldwide for the purpose of translucent fiberglass post cementation.
The irradiation of the cement with the blue visible light was produced by a LED
(Ultra Blue, Dabi Atlante, Ribeirdo Preto, Brazil) with a potency of 492 mW/cm?.
The resin cement samples were separated into two major groups: irradiated for 40 s
and not irradiated. Multifrequency EMR spectroscopy aims at improving the spec-
troscopic information from the use of different field strengths [3].

The X-band (~9 GHz) EMR spectra were obtained with a JEOL JES-PE-3X
spectrometer at room temperature using 1 mW microwave power, 0.40 mT modula-
tion amplitude, and 100 kHZ modulation frequency to avoid signal saturation. The
samples were placed in a 2 x 2 mm Teflon mold. The Q-band EMR spectra were
obtained with a Bruker ER-5106 QT spectrometer at 0.5 mW microwave power and
0.40 mT modulation amplitude. The samples were placed in a 1 x 1 mm Teflon
mold. The W-band EMR spectra were obtained with a Bruker Elexsys E 680 spec-
trometer fitted with a TerraFlex probe, with sample dimensions of less than 1 mm.
All experiments were carried out at room temperature. The data treatment was per-
formed with OriginLab software, and simulations were achieved using the WinEPR
(Bruker) software [3].

In addition to the self-cure, the dual-cure resin cement has the photo-cure initia-
tors added to its composition. The photoinitiation mechanism by the camphorqui-
none reaction with a tertiary amine is well described by Truffier-Boutry et al. [6] for
the composite resin and was analyzed in previous section. As the EMR spectrum
does not depend on the inorganic charges and the self-cure takes place indepen-
dently of the photo-cure, the model proposed by Truffier-Boutry et al. [6] is appli-
cable to this case, such that the free radicals responsible for the continuity of the
polymerization initiated by photo-cure are the propagating (CH;—C*—~CH,) and the
allylic (CH,—C*-CH,) radicals.

In the self-cure process, the BPO is degraded releasing two primary radicals
and an inert product [3]. Figure 6.6 represents the BPO degradation by interaction
with the tertiary amine 4(N,N-dimethylamino)phenethyl alcohol (DMPOH) [3].
The primary free radicals generated in the self-cure are the N-methylene radical
(named PRI) and the benzoyloxy radical (named PRII), while the inert product is
benzoic acid [3]. Subsequently PRI and PRII react with monomers leading to the
induction step and then to the propagation step, where the active monomer reacts
with another monomer molecules. The PRI reacts with monomers by breaking the
double bonding or by hydrogen abstraction (Figs. 6.7 and 6.8). The reaction

: o) o)
HO Wk 2 Ho CH
L+ O — N y+ H
CH, o CH,
DMPOH BPO

PRI PRII

Fig. 6.6 The degradation process of BPO generating two primary radicals, PRI (N-methylene
radical) and PRII (benzoyloxy radical), and one inert product
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HO f”zﬂ H3G HO S\, O CH,
ENAGL e e A
CH, + M O—CHg CH HC O
PRI MMA monomer Rl

Fig. 6.7 The reaction of PRI with a MMA monomer generating the propagating radical (RI)

H,C o]
HO Hy O\ N 4 Ho CHy o’
A D O,
CH, +  HC O—CHjg \CHB + H,C /O
HaC
PRI MMA monomer Inert product RIl

Fig. 6.8 Reaction of PRI with a MMA monomer by hydrogen abstraction generating an inert
product and an allylic radical (RII)

0]
o He o /CHS
3 SN
o O\ 2 ) ( ©)\o G
+ H,C 0O—CH, Oko
He
PRIl MMA monomer RIll

Fig. 6.9 The reaction of PRII with a MMA monomer generating the propagating radical (RIII)

CH,
o] o] iy o
HC. O
+ H,C O—CH, > + /O
H,C

PRIl MMA monomer Inert product RIl

Fig. 6.10 Reaction of PRII with a MMA monomer by hydrogen abstraction generating an inert
product and an allylic radical (RII)

generates two different radicals, the propagating radical (RI) and the allylic radi-
cal (RII), which can be detected by EMR spectroscopy. Figures 6.9 and 6.10 rep-
resent the reaction of the PRIl with methacrylate monomer generating two
different radicals, RIII and RII.

For mobile radicals, the radical structures RI, RII, and RIII are assumed. It is pos-
sible to see that the unpaired electrons in RI and RIII have the same neighborhood
(CH3—C*—CH,), while RII has the CH,—C*—CH, structure for the closest neighbors.
These radicals are the same as the free radicals discussed by Truffier-Boutry et al. [6]
to be responsible for the photopolymerization of a composite resin.
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6.2.2.1 Multifrequency EMR Experiment

As the polymerization reaction occurs independent of each initiation protocol and the
closest neighbors of the unpaired electrons are the same as those found in the compos-
ite resin shown by Fontes et al. [2], it is to be expected that the X-band EMR spectrum
of the resin cement has nine lines. Figures 6.11 and 6.12a, b show the X-, Q-, and
W-band EMR spectra, respectively, of the photo-cured and the self-cured sample.

X-band EPR spectra

Photo-cured sample

self-cured sample

Amplitude [arb.u.]

: T : T : :
335 340 345 350 355
Magnetic field [mT]

Fig. 6.11 X-band EPR spectra for the photo-cured and the self-cured samples of the dual-cure
resin cement AllCem

a Q-band EPR specrtra b w-band EPR spectra
Photo-cured sample Photo-cured sample|

Self-cured sample Self-cured sample|

Amplitude [arb.u.]
Amplitude [arb.u.]

1200 1205 1210 1215 1220 1225 3340 3345 3350 3355 3360 3365
Magnetic field [mT] Magnetic field [mT]

Fig. 6.12 EPR spectra for the photo-cured and the self-cured samples of the dual-cure resin
cement AllCem in (a) Q-band and (b) W-band
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No significant differences between photo-cure and self-cure are noticed, and
the spectra agrees with the one obtained in previous section for the photopolymer-
izable dental resin. It is possible to conclude that for the dual-cured resin cement,
there are two paramagnetic species forming the EMR spectrum, RI (CH;—C*-
CH,) and RII (CH,—C*-CH,), which are the same radical species formed in the
polymerization of the photo-cured composite resin. The radical species are simul-
taneously present in the sample and occur independently of the polymerization
protocol [3].

6.3  Real-Time Polymerization Monitoring in Dental
Composite by EMR

In this section, we demonstrate how electron magnetic resonance can be associated
with nuclear magnetic resonance (NMR) to study the kinetics of polymerization.
Again, the material chosen for the study is the commercial dual-cure resin cement
AllCem (FGM).

The NMR-MOUSE (nuclear magnetic resonance mobile universal surface
explorer) is a stray-field NMR device suitable to detect the monomer concentration
and changes in molecular mobility nondestructively in real time [1]. The NMR-
MOUSE can be used to acquire depth profiles locally into the object by varying the
distance between the NMR-MOUSE and the object [1].

The concentration of FRs was determined by X-band EMR spectroscopy in real
time during the reaction and correlated with the decay curve of mobile monomers
obtained by the nuclear magnetic resonance mobile universal surface explorer
(NMR-MOUSE). As the EPR signal intensity is proportional to the amount of para-
magnetic species in the sample, the second integral of the spectrum gives the num-
ber of FRs at the time of measurement. This is a reliable method for determining the
amount of radical species in any sample. The EPR experiment does not give infor-
mation about layers and positions in the sample as does the NMR-MOUSE. The
EPR spectrum is always correspondent to the overall mass of the sample inside the
resonant cavity [1].

Therefore, while by the time-resolved NMR we can accompany the conversion
of monomers into polymers during the reaction, we can probe by EMR the concen-
tration of FRs responsible for the polymerization in the same period [1].

6.3.1 Kinetics of Polymerization of the Self-Cure

Table 6.1 presents the reaction mechanisms for the self-cure.
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Table 6.1 Reaction Initiation:
mechanism for the

self-polymerization . koo
First step: A+1—>A"+1" +inert product

krl
Second step: I'+M—>RM,

kLZ
A+ M—>RM;

K,
Propagation: RM, + M ->RM_ |

Termination by combination or disproportionation™:

kl
RM+RM, —»D,, /D,+D,

ntm

klv
Radical trapping: RM, >RM,,

Ky
) ) o I"'+RM, > D,
Primary radical termination: .
»
A"+RM; > D,

k/A
Chain transfer to amine: RM, +A—>D, +A"
k[
Inhibition: P +ZA—D,

kl
Benzoyl peroxide side reaction: I”+71—1I" +inert product

“In these equations n =~ m

Based on the general kinetics mechanism presented for the self-cure of resin
cement, rate equations for all the reacting species can be written as follows [1]:
Initiators:

Wy pagen [ o ©8)
AT ATk, [rae ©9)

Primary initiator radicals:

At [ R 0

—¥=—fzkd[1][A]+k,~z[A*}[M]w[A*}[RM*M[RM*][Al (©10

Double bonds:

_¥:k”[RM*][M]+k“ [I*J[M]+ki2 [A*J[M] (6.12)
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Active macroradicals:

-d[lz—ltw] =k, [M][1" ]k, [M][ A" ]2k, [RM T 4, [Z][RM" ]
+k,[RM" |+k, [A][RM" | +k, ([1 J+[a ])[RM*] (6.13)
Trapped radicals:
d[RM* l, )
——=k [RM"] (6.14)
Inhibitor:
% =—k,[Z][RM"] (6.15)

In these equations [RMJ = ZRM; and k, is the radical trapping rate constant,

which is assumed to be depende'ﬁ:t1 on the fractional free volume of the mixture (V;)

1
,VVV( 4

dimensionless activation volume which governs the rate at which radical trapping
increases as a function of fractional free volume. This set of differential ordinary
equations can be numerically integrated with the Gear’s method to give the time
dependence of all reacting species.

During the initial stage of polymerization, where the effect of diffusion-controlled
phenomena on the reaction rates is negligible and the steady-state approximation
for macroradicals holds, the rate of polymerization (R,) is given by [1]

according to k, =k, with ky the pre-exponential factor, and y, is the

b
(fi+1) i
R =k, [kd S [M]([1][A])>. (6.16)
where k, is the initiator decomposition rate constant; k, and k, represent the propaga-
tion and termination rate constant, respectively; and f; and f, denote the efficiency
factors.

6.3.2 Kinetics of Polymerization of the Photo-Cure

The initiator (/) is activated by light irradiation either to a singlet (lifetime in the
nanosecond range) or a triplet state (with a lifetime of 50 ms) [1]. Triplet-activated
CQ molecules (I:'iplet) may react with the accelerator molecules (A) and fm two
radicals [1], I* and R*. I* shows little reactivity, and the polymerization rate is deter-
mined by accelerator radical R* reacting with the first monomer M. In the propaga-
tion stage, the macromolecular chains are formed by successive reaction with
monomers. The reaction is terminated typically by combination and/or dispropor-

tionation (Table 6.2) [1].
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Table 6.2 Reaction
mechanisms for the
photo-cure

Initiation: I +hv — I

triplet

I'  +A—>I"+R

triplet

k:
R"+M—->RM"

k"
Propagation: RM, +M, >RM,

n+l

Termination by combination or disproportionation™:
k,

RM’ +RM’, —>D, . /D,+D,

“In these equations n ~ m

In these reactions, k;, k,, and k, denote the reaction rate constant of the initiation,
propagation, and termination steps, and D,, , , stands for the “dead” polymer formed
containing m + n monomer units.

The following classical analytical equations are developed for photo-cure kinet-
ics for linear-chain systems [1]. If ¢ denotes the extinction coefficient assuming an
infinite reservoir of accelerator molecules, I, the intensity of light absorbed in the
surface, a the initiation efficiency, and d the length of the light path in the sample,
the rate of production of primary radicals from the photo-sensitizer (Rpz) may be
expressed by [1]

R,, = kI tae™. (6.17)

The rate of production of primary radicals can be re-expressed via the following
equation:

Ry = Bk; [A] [I:ﬁplet]’ (6.18)

where £ is the fraction of exciplex “molecules” forming FR. Assuming that the rates
of production and consumption of initiator radicals rapidly become equal (steady-
state assumption), then R is equal to the rate of initiation R;, meaning Rpr = R; [1].
Approximating the rate of the bimolecular propagation reaction to be independent
of the chain length, the propagation rate R,may be expressed by

R, =k,[M][RM" ], (6.19)

where [M] is the monomer concentration and [RM*] the concentration of growing
chains. The reaction rate for termination by combination and/or disproportionation
is written as

R =2k [RM" ] (6.20)

In these reactions, k;, k,, k,, and k, denote the reaction rate constant of the initia-
tion, rate constant of formation of exciplex from the bimolecular reaction between
amine and CQ, and reaction rate of the propagation and termination steps. Assuming
a steady state, initiation and termination reaction rates are identical (R; = R,). Then
the steady-state propagation rate of radical polymerization is given by
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d[M]_ kloe ™ .
-~ _kp[ L J Ji[M]. 6.21)

t

This leads to the time-dependent monomer concentration, [M](7),

e Vi
[M](r)=[M], eig[?] , (6.22)

with the initial time ¢, [M], the initial monomer concentration, and
2

[kiloaeq)d Jm ’ T
T, = kp - the characteristic time constant for the photo-cure [1].
t

The self-cure reaction starts as soon as the two components are mixed. The paste-
paste self-cure composite has a storage problem, as the BPO mixed with the dimeth-
acrylate monomer is sensitive to heat decomposition. Therefore, inhibitors are
added to suppress the polymerization of monomers and prevent premature polym-
erization. In the case of self-cure composites, inhibitors also provide clinical work-
ing time (referred to as the inhibition period, or more commonly, the induction
period) to the professional for manipulating materials. When the two pastes of the
composite are mixed, the radicals formed by the reaction of the BPO and amine are
unable to react with the monomers due to the action of inhibitors and oxygen during
the induction period. Thus, inhibitors produce an inert product and completely stop
polymerization until the inhibitors are consumed, after which polymerization pro-
ceeds at the same rate as if the inhibitor was absent [1]. Meanwhile, the material can
be light cured at any time during the chemical (self-)polymerization period. When
the resin cement is irradiated, the production rate of primary radical is very high, so
that the concentration of inhibitor decreases in a very short time, which explains the
rapid decrease in amplitude of the NMR-MOUSE signal in Fig. 6.13a.

It was empirically obtained an expression for the changes in the mobile mono-
mers concentration in the self-cure reaction. During the inhibition time, it is assumed
the rate of production of FRs to be identical to the rate of consumption of radicals
by the inhibitors, because according to Fig. 6.13, there are no changes in the con-
centration of mobile monomer during the first minutes. Thereafter, the monomer
concentration decays in an exponential way. Considering the rate of self-
polymerization in Eq. (6.16), we postulate this rate to be time-dependent [1]:

—d[d[;l] = (Ky. )31 [M], (6.23)
(i+£))"

t
give the time-dependent monomer concentration,

12 y
1n whic = —_— . I'his expression can be integrated to
in which Kyc =k, | k, == ([1][A])* . Thi i be i d

1o VA
[M](r)=[Mm], ST (6.24)
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Fig. 6.13 Echo sums as function of time and depth corresponding to the distance to the sensor
(a) for the photo-cured sample and (b) for the self-cured sample

with the initial time 7, the average time for stopping the inhibition, [M], the initial
monomer concentration, and Tee = ( K. )723 the characteristic time constant of the
self-cure reaction [1].

The entire curing process of a dual-cure resin without light irradiation is divided
into three stages: the necessary working time for the dentistry professional, the con-
version of monomers (curing time), and the cured sample (Fig. 6.14a). The EPR
signal intensity for the self-cured sample first increases slowly during the time inter-
val in which the monomers concentration is stable because of the presence of inhibi-
tors to prevent premature reactions. In addition, oxygen trapped in the sample pans
can act as an inhibitor [1]. Then the intensity rapidly decays once the concentration
of inhibitors is zero. At this point the FRs can react with monomers and start the
polymerization reaction. The EPR signal remains zero during the curing time of the
resin cement because they are generated in the same rate that are consumed, as
assumed in the solution for the rate equations. High initial initiator concentrations
are used in commercial polymerizations in order to achieve fully cured products in
short reaction times [1]. As the concentration of initiators is too large, FRs continue
to be generated even after the monomers are converted into polymers (Fig. 6.14b),
so the EPR signal intensity still grows after the curing time.

For the photo-cured sample, the amount of paramagnetic species detected in
EPR spectroscopy grows up during the irradiation time and decreases after stopping
irradiation (Fig. 6.15). The concentration of FRs rapidly increases up to a maximum
value depending on the concentration of initiators, concentration of monomers, and
other factors [1]. When irradiation is terminated, the concentration of FRs decreases
exponentially due to the consumption of FRs when converting monomers to poly-
mers [1]. The polymerization that occurs after irradiation is slow because the poly-
meric chain has low mobility in the matrix after irradiation. Figure 6.16 represents
the proposed model.

The remaining FRs in a polymerized matrix have been widely studied [1]. During
radical polymerization, a gel effect occurs [1], increasing the concentration of FRs
which cannot terminate due to their reduced mobility in the matrix. In addition, a
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Fig.6.14 (a) EPR spectra of the self-cured sample obtained every 10 s. (b) Intensity of the EPR
spectra of the self-cured sample obtained every 10 s in a time interval of 10 min
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Fig. 6.15 Intensity of the EPR spectra of the photo-cured sample
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Fig.6.16 Correlation between theory and experiment for the dual-cured resin cement

vitrification of the matrix occurs, and FRs and remaining double bonds are
“quenched” in the organic matrix. Although FRs are present in the sample, the
mobility of macromolecules is now in short range.

These results with real-time EPR spectroscopy can be related to the study with
the NMR-MOUSE to confirm that the reduction in the concentration of mobile
monomers traps FRs in the sample [1], and the model.

6.4 Influence of a Translucent Fiberglass Post on the Depth
of Cure in a Root Canal

In this section, we show how EMR spectroscopy is a suitable tool to determine in an
indirect way the degree of conversion of monomers into polymers. For this, we use
a translucent fiberglass post cemented in a simulated root canal and measure the
concentration of FRs in different depths of the post. As the degree of conversion
directly depends on the concentration of free radicals generated during the initiation
step, this study shows how the translucent fiberglass post effectively transmits the
light from the curing device trough the root canal [6].

6.4.1 Influence of the Irradiation Mode and Depth of Cure
in Double-Shaped Post

In this present experiment, the relative concentration of free radicals from the dual-
cure resin cement, AllCem (FGM, Joinville, SC, Brazil; Table 6.1), of shade A1 was
evaluated by electron paramagnetic resonance (EPR) at different restoration points,
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after cementation of a prefabricated translucent fiberglass post White Post DC num-
ber 1 in a simulated root canal. These materials have properties and qualities that are
very similar to others used worldwide. This methodology provides data and base-
ment to understand the influence of a translucent fiberglass post on the degree of
conversion of dual-cure resin cement.

The experiment is divided into three major groups: irradiated for 40 s (G1), not
irradiated (G2), and irradiated for 40 s with the cementing line sealed (G3). In all
groups, the post was cemented and then sectioned in three parts (cervical, middle,
and apical thirds). By means of the relative concentration of free radicals, it is pos-
sible to study two variables: the influence of sealing the cementing line in the curing
of the resin cement and the influence of the fiberglass post in the polymerization of
resin cement at different depths (depth of cure of translucent fiberglass post).

After the post cementation for groups 1 and 3, the resin cement was photopoly-
merized for 40 s using a light-emitting diode (LED) (Radii Plus — SDI®, Sdo Paulo,
SP) with 1500 mW/cm? potency and in contact with the exposed fiberglass post
(2 mm). In G3, the junction between the post and silicone interface was sealed prior
to light curing to block light in this region. The resin cement was not photopolymer-
ized after post cementation in G2.

After 10 min from the resin cement mixture, all specimens were removed from
the silicone, and the 2 mm section of the fiberglass post that extended from the
specimens was sectioned using a double-sided fine-grained diamond disc
(Microdont, Socorro, SP, Brasil) at low speed. This sectioning left 18 mm of the
post that was cemented, which was divided into three equal parts (6 mm each): the
cervical third (closest to the silicon external surface), middle third, and apical third
(furthest from the silicon external surface). A 2 mm sample from each third was
obtained to study the relative concentration of free radicals: cervical third (CT),
middle third (MT), and apical third (AT) (Fig. 6.17).

0mm

2mm

6 mm
]CT

8 mm

12 mm
}MT

14 mm

translucent fiberglass post and the thirds selected for the

Fig.6.17 Schematic representation of the double-shaped 18 mm:|
AT
experiment 20 mm
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Fig. 6.18 The superposition of X-band EPR spectra for CT, MT, and AT of G1 with the manga-
nese standard

Figure 6.18 shows the superposition of EPR spectra for CT, MT, and AT of G1
and illustrates how the comparison can be done. As CT showed the most intense
EPR signal amplitude and thus the greatest concentration of free radicals for all
experimental groups, it was taken as the reference point to study the variation on the
relative concentration of free radicals between the samples in the group, so that the
data presentation is relative to CT (taken as 100%) in each group. The first line in
the EPR spectrum (Fig. 6.18) is the superposition of the third line of the MgO:Mn?*
standard (called Mn3) with the first line of the free radical (called R1), and the last
line in the spectrum is the superposition of the fourth line of the standard (Mn,) with
the ninth line of the free radical (R9). The EPR signal intensity of free radicals for
all groups was normalized with the line intensity of the third line of the MgO:Mn?*
standard to compare variances in the intensity of the free radical signal (central line)
because the superposition is very small and does not change final intensity. As the
replicates showed the same results, we used the samples with best signal to noise
ratio for data treatment.

EPR spectra in X-band (~9 GHz) were obtained using a JEOL (JES-PE-3X)
spectrometer at room temperature, and the microwave power (1 mW), modula-
tion amplitude (20 Gauss), and modulation frequency (100 kHz) were set to
avoid signal saturation. A JEOL standard sample MgO:Mn?** was used as an
intensity standard and g marker to determine the relative concentration of free
radicals. The 2 mm samples from each third of fiberglass posts were inserted into
quartz tubes with a 3 mm inner diameter and were analyzed 10 min (T0) and 24 h
(T1) after cement mixing. In the time interval from TO to T1, the samples were
stored in aluminum envelopes to remove any influence of external radiation. The
data obtained were processed using Origin 8 (OriginLab) and EasySpin (MatLab)
software to process the EPR spectra. The estimated error in determining the
intensity peak is +6%.
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The EPR spectrum in Fig. 6.18 shows nine-line characteristic of hyperfine inter-
actions. It is concluded that the paramagnetic species in the sample are the “propa-
gating” and “allylic” radicals shown by Fontes et al. [2], which generated during the
irradiation of the sample. These radicals are present in the sample even 1 month
after the irradiation because of the vitrification phenomenon, although in much less
concentration. The reaction kinetics of dental materials is dependent on the initial
concentration of monomers and initiators, as well as the light intensity and depth of
cure and temperature. This supports the analysis in two different days and light
intensity in this study.

6.4.1.1 The Influence of Irradiation Protocol

In relation to the amount of free radicals generated using different initiation meth-
ods, the present resin cement displayed a dependence of this quantity with the sam-
ple irradiation protocols (Table 6.3).

The chemical cure occurs regardless of the physical cure, a fact verified by the
EPR spectrum for the generated free radicals.

In relation to the different irradiation protocols, G1 showed the strongest EPR
spectrum signal at TO and for the CT, with a value of 100%+6%, with all other
samples being compared with this result. The concentration of free radicals for G2
at the CT was equivalent to 53%=+6% from G1 and 87% =+ 6% from G3. Regarding
the samples from the middle and apical thirds for all groups, the variation in the
intensity of the EPR spectrum was not significant, indicating that the radiation did
not influence the free radical formation in the depth correspondent to G1 and G3.
Comparatively to G1, the EPR spectrum intensity reduction was 47%=+6% for CT in
G2 and 13%+6% in G3 (Table 6.4).

Table 6.3 Experimental groups and material evaluated

Group | Sample Treatment Factor to be assessed
Gl Three translucent | Three sections of Irradiated (40 s) | FR concentration of
fiberglass posts the cervical third the cement AllCem
White Post DC Three sections of (FGM) 10 min (TO)
(FGM), number 1 | the middle third and 24 h (T1) after the
Three sections of cement mixture
the apical third
G2 Three translucent | Three sections of Not irradiated
fiberglass posts the cervical third
White Post DC Three sections of
(FGM), number 1 | the middle third
Three sections of
the apical third
G3 Three translucent | Three sections of Irradiated (40 s)
fiberglass posts the cervical third with the
White Post DC Three sections of cementing line
(FGM), number 1 | the middle third sealed
Three sections of
the apical third
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Table 6.4 Relative concentration of free radicals in the samples 10 min after mixing base paste
and catalyst

Sample
Group CT MT AT
Gl 100 = 6% No varies No varies
G2 53 £ 6% No varies No varies
G3 87 + 6% No varies No varies

The decrease observed in the relative concentration of free radicals for CT in G2
(Table 6.4) was significant when compared to G1 and G3, because the cement
polymerization in G2 was exclusively chemical. When compared to G1, the
observed decrease for CT in G3 might have occurred due to the use of a barrier at
the post-silicon interface, which limited the passage of the curing light to only
through the post.

Comparing G1 and G3 for CT, the light emitted may have been absorbed and
transmitted by the cement located at the post-silicon interface, indicating that seal-
ing the cementing line can diminish the initial amount of generated free radicals
affecting the conversion degree of monomers to polymer.

It is possible to notice that the translucence and light conduction capability
of the post is significant only in the first 8 mm of restoration, once the irradia-
tion protocol did not interfere in the amount of generated free radicals for MT
and AT.

6.4.1.2 Depth of Cure of the Translucent Fiberglass Post

The influence that chemical and physical polymerization exerts on the conversion
degree of the resin cement can also be observed when evaluating the free radical
concentration for samples obtained from the cervical, middle, and apical sections in
G1, G2, and G3 and individually at TO and T1 (Figs. 6.19 and 6.20).

At TO (Fig. 6.19), the free radical concentration decreased for MT (12—14 mm)
and AT (18-20 mm) in relation to CT (6—8 mm) in G1 and G3. In G1, the initial free
radical relative concentration is greater than in G3 because the radiation emitted by
the curing light is transmitted by the post and the post-silicon interface. This fact
contributes to the facilitation of the polymerization of the resin cement; conse-
quently, a faster conversion degree in G1 was observed (Fig. 6.19), considering that
the reaction was already started and a portion of the generated free radicals in G1
was already reacted at the time of observation. In turn, G2 did not show decreasing
for CT, MT, and AT, because the cement polymerization in all sections was exclu-
sively chemical.

When analyzing points where the light incidence is relevant 10 min after mixing
base paste and catalyst (CT, Table 6.4), it is possible to notice that the light can
duplicate the concentration of free radicals at these points. Analyzing Fig. 6.19 it is
possible to see that the concentration of free radicals decreased about 50% from CT
to AT, for G1 and G3, such that it is possible to conclude that the light does not reach
the deepest points of the restoration.
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Twenty four hours after cementation (Fig. 6.20), G1 showed greater decrease in
relative concentration of free radicals with depth compared to G3, opposite behavior
shown in Fig. 6.19. It occurs because in TO greater amount of free radicals are gen-
erated in G1 than that in G3, which affects the conversion degree. The greater the
amount of free radicals generated, the greater is the conversion degree. The decay
rate of concentration of initiators depends on the initial concentration of initiators.

The irradiation time, radiation power, and distance from the curing device to the
irradiated region directly influence the conversion degree and, consequently, the
mechanical properties of a cement and in the bond strength of the fiberglass post to
the radicular dentin. Other variables that can influence the amount of generated free
radicals and the conversion degree are the post diameter, arrangement of the fibers,
composition, translucence degree, and the cementation line thickness. In the present
experiment, the power and time were kept constant, 1500 mW/cm? and 40 s, respec-
tively, as well as the distance from the curing device to the cemented post. However,
based on the present results, a reduction of the luminous intensity with increasing
depth of a simulated root canal was observed.

6.4.2 Influence of Geometrical Configuration of the Post

on the Depth of Cure

This experiment aimed to evaluate the relative concentration of FRs in samples
from the dual-cure resin cement AllCem (FGM, Joinville, SC, Brazil) of shade Al
by electron paramagnetic resonance (EPR) at different restoration points after
cementation of a prefabricated translucent fiberglass post White Post DC no. 1 in a
simulated root canal (Table 6.5). The post was sectioned to obtain cylindrical and
conical samples in order to study the influence of the geometrical configuration of

Table 6.5 Experimental groups and material evaluated

Group Sample Curing protocol Factor assessed
Gl Three cylindrical Three sections of Cement light cured Relative
translucent the cervical quarter | for 40 s concentration of
fiberglass posts, Three sections of FR of the
White Post DC the middle quarter cement AllCem
(FGM), no. 1 Three sections of (FGM) at two
(CIP-1) the deep quarter moments in
Three sections of time: TlO min
the apical quarter after mixing the
G2 Three conical Three sections of Cement light cured ,Crzlzim and
. after
translucent the cervical quarter | for40 s
fiberglass posts, Three sections of
White Post DC the middle quarter
(FGM), no. 1 Three sections of
(CnP-1) the deep quarter
Three sections of
the apical quarter
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the translucent fiberglass post in the generation of free radicals, which are known to
be responsible for the polymerization of the resin cement. Here cervical means the
post part closest to the light source and apical the farthest part [5].

After post cementation, the resin cement was photopolymerized for 40 s using
a light-emitting diode (LED) (Radii Plus — SDI®, Sdo Paulo, SP) with a potency
of 1500 mW/cm? and in contact with the exposed CIP-1 and CnP-1. Ten minutes
after mixing the resin cement, the set CIP-1/CnP-1 and the AllCem cement was
removed from the silicone. With a double-sided fine-grained diamond disc
(Microdont, Socorro, SP, Brazil) at low speed, the portion of the posts that
remained outside following cementation were sectioned, leaving 8 mm corre-
sponding to the cemented part. This part was sectioned every 2 mm to obtain the
samples, cervical quarter (CQ, post portion closest to the polymerization device),
middle quarter (MQ), deep quarter (DQ), and apical quarter (AQ), with the sam-
ples from CIP-1 allocated to group 1 (G1) and samples from Cn-1 allocated to
group 2 (G2) (Fig. 6.20). All samples were obtained in the same conditions of
light, temperature, and oxygen.

Figure 6.22a shows EPR spectrum of the dual-cured resin cement due to the
superposition of radical I and radical III, and Fig. 6.21b shows the superposition of
EPR spectra with MgO:Mn?** standard for cervical, medium, deep, and apical quar-
ters of the conical configuration and illustrates how the comparison can be done.
The first line in the EPR spectrum (Fig. 6.22b) is the superposition of the third line
of the MgO:Mn?* standard with the first line of the resin cement free radical, and the
last line in the spectrum is the superposition of the fourth line of the standard with
the last line of the free radical. The EPR signal amplitude of free radicals for all
groups was normalized with the line intensity of the third line of the MgO:Mn>*
standard to compare variances in the intensity of the free radical signal (central
line). As cervical quarter showed the most intense EPR signal amplitude and thus
the greatest concentration of free radicals, it was taken as the reference point to
study the variation on the relative concentration of free radicals between the sam-
ples into the group, so that the data presentation is relative to cervical quarter in each
group (taken as 100%).

The EPR spectra in X-band (~9 GHz) were obtained in a JEOL (JES-PE-3X)
spectrometer at room temperature, and the microwave power (1 mW), modulation

CIP-1 CnP-1
1.5 mm 1} 1.5 mm ¢
......... 1.5 mMm seccccccee ceeeeaann 1.5 mMmeeceeccccee
CcQ C
3.5 MM scccccccce 3.5 MMmecccccccece Q
MQ M
8.0 mm 5.5 MM cecececene 8.0 mm 5.5 MM eeeseecncs @
DQ DQ
7.5 mMm eccccccces 7.5 Mmeeeccccece
AQ AQ
9.5 mm ccecccccee 0.5 MM eeeccccece

Fig. 6.21 Schematic representation of samples from CIP-1 (G1) and CnP-1 (G2)
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configuration at T10 min

amplitude (0.40 mT), and modulation frequency (100 kHz) were set to avoid signal
saturation and were maintained constant. A JEOL standard sample MgO:Mn*" was
used as an intensity standard and g marker. The 2 mm samples were inserted into
the EPR tube (3 mm inner diameter) and investigated immediately after 40 s of
irradiation. As the EPR signal intensity is proportional to the amount of paramag-
netic species in the sample and this quantity is directly related to the light incidence
in the sample, it is possible to use the MgO:Mn2+ as the intensity standard and
evaluate differences in the FR concentration for different sections of the post. Each
sample was analyzed 10 min (T10 min) and 24 h (T24 h) after mixing the cement.
The samples were always carefully handled with tweezers stored in aluminum
packets to ensure no influence could be attributed to external light and prevent
external contamination.
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The best signal to noise ratio among the three replicate EPR spectra obtained for
each sample in each experimental group was used for data treatment due to accor-
dance between replicates (Fig. 6.22).

In Fig. 6.22, the first line is the third line of the MgO:Mn** standard superim-
posed on the first FR line, and the last line is the fourth resonance line of the stan-
dard superimposed on the ninth FR line. The nine lines in the EPR spectrum are
typical of methacrylate radicals. The EPR signal intensity for all groups was nor-
malized with the MgO:Mn?* third line intensity. In addition, the EPR signal inten-
sity of the samples in G2 was normalized with respect to the amount of the cement
mass, since the resin cement volume is not the same for all samples in this group;
because the fiberglass post is conical, a reduction in diameter occurs in the cervical
to apical direction. This type of normalization is not required in G1.

For data treatment, it was assumed that the relative FR concentration of the cervi-
cal sample (CQ) for G1 and G2 was 100%, because these samples are the first sur-
face and showed the most intense EPR signal and thus the greatest relative FR
concentration. The FR concentration for all the other samples in the group was
obtained relative to the CQ (Tables 6.6 and 6.7).

Different decay rates were observed in the relative concentrations of FR when
comparing the two geometrical configurations (Table 6.6). The G1 MQ showed no
variation in the relative concentration of FR with respect to the CQ at T10 min. This
indicates that no significant decrease in the light transmission through the cylindri-
cal post occurred that affected the FR concentration at depths up to 5.5 mm. In the
DQ, the FR concentration was 84% and in the AQ 70%, clearly indicating that the
effectiveness of the light transmission through the post decayed, such that the FR
concentration decreased 16% at 6—8 mm in depth and 30% at 8—10 mm. This differ-
ence can be explained by the increase in the distance of the DQ and AQ in relation
to the radiation source, even when using 1.500 mW/cm? of power. In G2, a decrease
in the FR concentration was verified for all samples compared with the CQ; the MQ,
DQ, and AQ decreased 11, 41, and 72% in relative FR concentration, respectively.
The distance between the LED device and the samples analyzed was a significant
factor influencing the decay in FR concentration in both G1 and G2. However, for

Table 6.6 Relative FR concentration at T10 min

Group |CQ(1.5-3.5mm) |MQ (3.5-5.5mm) |DQ(5.5-7.5mm) |AQ (7.5-9.5 mm)
Gl 100% = 6% 100% = 6% 84% + 6% 70% + 6%
G2 100% = 6% 89% + 6% 59% + 6% 28% + 6%

Table 6.7 Relative FR concentration at T24 h

Group |CQ(1.5-3.5mm) |MQ (3.5-5.5mm) |DQ (5.5-7.5mm) |AQ (7.5-9.5 mm)
Gl 100% + 6% 94% + 6% 98% + 6% 91% + 6%
G2 100% + 6% 83% + 6% 40% + 6% 14% + 6%

This table presents the relative FR concentrations of the samples analyzed 24 h (T24 h) after mix-

ing the base paste and catalyst
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Fig. 6.23 Comparison of the decrease in the relative concentration of free radicals for G1 and
G2 in T10 min

G2, the geometrical configuration also influenced light transmission through the
post, and thus the relative amount of FR observed in the samples tested was lower
(Fig. 6.23).

In our research, it is evident that the shape of the translucent fiberglass post influ-
enced the transmission capacity of the light emitted from the LED device and thus
the FR concentration in the dual-cured resin cement, both at T10 min and T24 h.

The diameter of CIP-1 was constant throughout the post length, as well as the
amount of epoxy resin and fiberglass. However, in CnP-1, the diameter ranges from
1.6 to 1.25 mm from the cervical to the apical extremities. Considering the variation
in FR concentration between G1 and G2 samples, the importance of the diameter of
the post in light transmission was confirmed.

In his research, the results showed that the larger the post diameter, the better the
results of polymerization of the composite resin at greater canal depth. Regarding
the actual effectiveness of transmission of the light emitted by the LED device and
its influence on the degree of conversion of FR in resin cement throughout the length
of the cemented post, Shadman et al. observed that a translucent quartz fiber post
permitted a greater degree of conversion in dual-cured resin cement compared with
an opaque post. The authors suggested that this result could be related to the differ-
ence in refractive index between glass fiber and epoxy resin in the post. When the
light passes through the fiber, it crosses the resin-fiber interface at a higher angle of
incidence, which allows reflection to other fibers, resulting in an increase in total
light transmittance.

The behavior of light rays emitted by the LED device through interfaces with
different refractive indexes could explain the results observed in G1 (Table 6.7),
where the DQ showed a higher relative FR concentration compared with the MQ.
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A portion of the radiation may have been transmitted through the fiberglass and
epoxy resin, while another part may have been absorbed by the mass of the resin
cement. The light may also have been directly transmitted by cement located at the
post-matrix interface. However, this occurs at low intensity, since the greater part of
the light undergoes scattering and absorption when passing from the external envi-
ronment to the cement mass. Due to changes in the geometrical configuration of
CnP-1, the effectiveness of light transmission from the post to the cement is reduced
because of the difference in refractive indices.

In relation to the post configuration for CIP-1, at T10 min, no difference was
observed between the CQ and MQ. When analyzed at T24 h, the relative FR con-
centration in the MQ decreased 11% compared with the CQ.

Table 6.7 presents the relative FR concentrations for samples analyzed 24 h
(T24 h) after mixing the base paste and catalyst. Compared with the CQ, G1 showed
conformity between the relative FR concentrations, such that the MQ, DQ, and AQ
showed 94, 98, and 91%, respectively. A larger decrease in the relative FR concen-
trations was observed for G2 as the depth increased. In this group, the relative FR
concentrations were 83, 40, and 14% for the MQ, PQ, and AQ, respectively. During
irradiation, the concentration of FR rapidly increases up to a maximum value,
depending on the concentration of initiators, depth of cure, and other factors. When
irradiation is terminated, the concentration of FR decreases exponentially to zero
due to the consumption of FRs when converting monomers to polymers. At depths
where the maximum amount of generated FRs is considerably smaller, the EPR
spectra obtained 24 h after irradiation shows a relative concentration of FR that is
lower than in those samples with a significantly greater concentration of FR.
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Recent Issues in X-Band ESR Tooth 7
Enamel Dosimetry

Shin Toyoda

7.1 Introduction

Tooth enamel, consisting of small crystals of hydroxyapatite, is an excellent material
for ESR (electron spin resonance or EPR, electron paramagnetic resonance) dosime-
try. It is possible to obtain individual retrospective radiation doses given to humans by
ESR tooth enamel dosimetry when extracted teeth are provided by patients. There are
many studies investigating retrospective doses received by populations as a result of
radiation accidents as recently summarized [1, 2]. Determination of the retrospective
doses given by radiation accidents is especially important in epidemiological studies.
After many efforts of past researchers, the method of ESR tooth enamel dosimetry is
now at a matured stage where its technique has been established for humans. An ISO
(International Standard Organization) standard on general aspects was published [3]
and one for ex vivo human tooth enamel dosimetry is now in preparation. However,
there are still important challenges in technical issues, especially in the low-dose
range and for teeth of mammals. The present chapter will summarize such recent
issues in X-band ESR tooth enamel dosimetry mainly on technical aspects.

7.2  Principle of ESR Dosimetry

Ionizing radiation creates radicals with unpaired electrons in materials. Many of
those radicals are unstable and vanish in a short time; however, in some materials,
radicals can be stable enough to survive several days to years. In tooth enamel, radi-
cals created by radiation, the main component of which was identified as CO,™ [4],
are stable enough to be used to date fossils of several hundred thousand years old [5].
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The intensity of the dosimetric signal is proportional to the given dose in the
range of dosimetric applications. The additive dose method was used to determine
the given doses at the early stage of the research (e.g., [6]). In this protocol, the
sample will be divided into several aliquots and irradiated to different doses with
one aliquot left unirradiated. They are then measured by ESR to obtain the intensi-
ties of the dosimetric signal which increase linearly with the added dose as shown
in Fig. 7.1a. A line is fitted to the points by the least square method, and the line is
then extrapolated to the zero ordinate to obtain the retrospective dose as the negative
intercept at the dose axis. Alternatively, when the sample amount is not enough to
have several aliquots, ESR measurement and gamma ray irradiation can be repeated
with the same aliquot, but this is time consuming. Recently, the calibration line
method has often been applied to obtain the retrospective radiation doses, the prin-
ciple of which is shown in Fig. 7.1b. A set of calibration samples are prepared with
doses typically up to 1 or 1.5 Gy. Assuming that the dose response of the sample of
interest is the same as this set of calibration samples, the dose is obtained as the one
corresponding to the signal intensity on the calibration line. As the sensitivity of the
signal (the slope of the dose response) is quite uniform in permanent teeth within
10% [7], the calibration method has the advantage that one tooth is enough for
determining the dose and that the sample is preserved without any disturbance
(without irradiation) if the required precision is about 10%. This precision, however,
is usually not attained below 1 Gy.
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Fig. 7.1 (a) The additive dose method. The retrospective dose is the negative value of the inter-
cept at the dose axis which is obtained by extrapolating the regression line to the zero ordinate. (b)
The calibration method. The dose is obtained as the one corresponding to the ESR intensity on the
calibration line
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7.3  History of ESR Dosimetry

While the first attempt to use tooth enamel for ESR dosimetry was made nearly
50 years ago [8], the first practical successful application to accidental retrospective
radiation dosimetry was to atomic bomb survivors [6]. With improvements to the
method, ESR tooth enamel dosimetry has been applied to various cases of radiation
accidents such as workers in Mayak (a reprocessing plant of nuclear fuels in former
Soviet Union) [9], residents in the reaches of Techa River contaminated by the
radioactive wastes of the above plant [10], residents around Chernobyl Nuclear
Power Plants [11-14], residents around the Semipalatinsk Nuclear Test Site where
the former Soviet Union conducted 467 nuclear explosion tests [15], and victims of
JCO accidents in 1999 where nuclear chain reactions occurred in a factory making
nuclear fuels [16].

International comparison studies have been conducted already five times in order
to test technical improvements and to find the issues and problems with this tech-
nique as discussed later in this chapter. The technique has been publicly recognized
so that international organizations published technical documents [17] and an ISO
standard [3].

7.4  Protocols of ESR Tooth Enamel Dosimetry
7.4.1 Extraction of Tooth Enamel

A human tooth is composed of enamel at its surface and dentin inside. The enamel
is made of 96% inorganic material, mostly hydroxyapatite, 3% organic material,
and 1% water. Dentin includes only 70% inorganic material, and the rest is organic
material and water [17]. As enamel contains a higher concentration of hydroxyapa-
tite crystals, it has a high sensitivity of the dosimetric signal to a given dose. In order
to avoid overlaps of interfering organic signal as much as possible, extracting
enamel by removing dentin is essentially important in preparing the sample for
retrospective dosimetry.

Usually, after cutting out the root, the crown part is cut in half to obtain buccal
and lingual halves. This is to check the contribution from dental X-rays which
should be effective only in buccal side as the X-rays are not as penetrating as gamma
rays. Possible contributions of solar UV would also be checked in the case of front
teeth where UV creates a signal identical to dosimetric signal [18]. Nakamura et al.
[19] claimed that front teeth show higher doses due to exposure to UV from
sunlight.

Chemical and mechanical techniques are used to extract enamel by removing
dentin. In the mechanical method, dental drills are used to remove white dentin
mechanically leaving gray transparent enamel (e.g., [15]). It is necessary to be care-
ful not to generate much frictional heat with this method. Another chemical method
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employs sodium or potassium hydroxide solution. Typically 20% alkaline solution
is used at 60 °C with an ultrasonic bath for 24 h [17, 20]. It is possible to combine
these two.

After rinsing and drying, the enamel sample is crushed into fragments of about
1 mm [15] or to a powder of about 200 pm [20] to avoid variation of the signal dur-
ing ESR measurement due to orientation. The c-axis of the hydroxyapatite crystals
in enamel is not random but vertical to the tooth surface. When the fragments are
too rough, the signal shape varies by changing the orientation of the sample tube in
the cavity, which leads to variation in estimating the signal intensity. The mechani-
cally induced signal, however, being similar with the dosimetric signal, is generated
when the sample is crushed too much.

7.4.2 ESR Measurements

Currently, most dosimetric work is done with continuous microwave (CW) X-band
spectrometers at room temperature. The best measurement conditions are reported,
as a microwave power of 2 mW, with modulation amplitude of 0.2 to 0.3 mT [21]
for JEOL spectrometers. For Bruker machines, the best microwave power may be
different, depending on the cavity type (standard, TMS, spherical, etc.) [22]. It is
recommended to set the scan range to 10 mT (+5 mT) to include the third and fourth
Mn lines at the left and right ends of the spectrum where available. The author has
the time constant of 0.03 s, with the accumulation of scans at least 40 times depend-
ing on the signal intensity. The accumulation should be large for small signal inten-
sity where large amplitude has to be chosen. The measurement is repeated at least
three times, where the sample tube is removed from the cavity and is shaken before
it is returned to the cavity.

7.4.3 Separation of Dosimetric Signal

The dosimetric signal is overlapped by an interfering native signal (sometimes called
interfering organic radical signal), as typically shown in Fig. 7.2a. The dosimetric
signal due to CO,™ is most probably generated from carbonate ions included in
hydroxyapatite as impurities. As shown in Fig. 7.2b, this dosimetric signal has axial
g factors of g, =2.0025 and g; = 1.997 [23], and the symmetric native signal has a g
factor of 2.0046 [1]. According to Fattibene and Callens [1], this axial CO,™ is actu-
ally orthorhombic but approximately axial as 2 g factors are very close to each other
where Rossi and Poupeau [24] reported g factors of 2.0030, 2.0018, and 1.9977.
Ikeya [23] proposed that the signal is axial as the radical is rotating around y-axis.
The dosimetric signal due to CO,™ has a radiation dose response that can be used
for dosimetry, while the native signal also has some dose response, but it is not as
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Fig. 7.2 (a) A typical ESR spectrum observed in tooth enamel, irradiated to 9 Gy. (b) The spec-
trum is composed of mainly two components: (A) axial CO,™ (dosimetric) signal and (B) sym-
metric organic radical. See text for details

such to be used for dose determination. Tooth enamel is known also to be useful to
date fossils [23]. For dating, the contribution of the organic signal is negligible as
the received dose is high; therefore, usually, the peak to peak signal height in the
first derivative spectrum is taken as the signal intensity. Separation of the dosimetic
signal from interfering native signal, however, is essentially important for dosimetry
below several grays as the peak to peak height has a contribution from the overlap-
ping native signal, resulting in overestimation of the dose. Several methods have
been proposed for this separation since the early times of the research. A method
was proposed to estimate the contribution of the native signal to the field position to
be taken as the peak to peak signal height [25] while utilizing the property that the
organic radical signal saturates at lower microwave power, a method to subtract the
native signal between the two spectra with different microwave powers [26].

The author proposed a numerical method to find the best contribution param-
eters by the least square method with two model spectra of dosimetric and the
native signals [27]. Recently, there are two main numerical computer programs
available for this purpose, which are called Dosimetry [28] and New ER [29]. In
these programs, hypothetical Lorentzian functions are used to fit the observed
spectra. The main two curves are for the axial dosimetric signal and for isotropic
organic signal. An additional unknown broad but small curve is also included to
have better fitting of the observed spectra. An example of fitting curves is shown
in Fig. 7.3, which are from New ER. The figure shows that the program works
well. Toyoda et al. [30] compared the function of the programs and found that
New ER is more resistant for unknown disturbances which are sometimes unavoid-
able in actual samples.
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Fig. 7.3 An example of signal separation by New ER for a spectrum observed in tooth enamel
with an estimated dose of 252 mGy

7.5 Applications

There have been many application studies to obtain accidental retrospective doses
in human teeth by ESR dosimetry as already listed in previous section. The readers
interested in such applications should refer to respective papers.

One example is shown here on the Semipalatinsk Nuclear Test Site (SNTS) [31].
Since 1949, the former Soviet Union conducted 467 nuclear tests for 40 years at
SNTS, which has an area of about 18,500 km? of field in the reaches of the Irtish
River. Not only the area of SNTS but also villages near the test site were contami-
nated by radioactive fallout generated by tests conducted in air.

Tooth samples were collected at Dolon village, one of those villages, from the
residents staying the village since the time of the nuclear tests. The retrospective
doses were obtained as shown in Fig. 7.4 as a function of enamel formation year
where enamel of teeth is formed at certain ages depending on the position as listed
in the literature [17]. While the maximum obtained dose was 450 mGy, the doses for
the teeth formed after the nuclear tests were less than 100 mGy, indicating that resi-
dents were probably exposed to radiation due to contamination at the time of the
tests but not much after. The average dose was determined to be 160 mGy, which is
consistent with the dose of 300-400 mGy for exposed bricks obtained by the lumi-
nescence method after correcting for the duration of the time that people stay out-
side and inside of houses. The value is also consistent with numerical simulation of
contaminated dust fall [31].
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Fig. 7.4 The retrospective radiation doses obtained by ESR tooth enamel dosimetry in teeth pro-
vided by residents of Dolon village [31]

7.6 Intercomparisons and ISO Standards

Intercomparisons are important to demonstrate that the technique has been matured
so that laboratories in different countries obtain consistent results in estimating the
retrospective doses. Five intercomparison projects have been planned and
conducted, and the results have already been published [11, 12, 32-37]. Except for
the most recent comparison, blind tests were performed, i.e., the doses obtained in
participating laboratories were compared. An example of a result obtained in the
third intercomparison is shown in Fig. 7.5 for the case of an actual received dose of
176 mGy [36]. The results have improved from the second intercomparison; how-
ever, there was still 20% variation among the participating laboratories for the sam-
ple irradiated to 704 mGy. While in the first three intercomparisons, the samples
were “test” samples; actual samples were used in the fourth intercomparison to
check the consistency of the results, instead of correctness. It was shown that it is
essentially important to use an appropriate numerical computer program because
the results were improved by using the New ER program instead of individual pro-
grams [34].

In the most recent intercomparison (the authors claimed that it was the fourth
because this was the fourth organized by the same leading group), the participants
were asked to measure a series of samples that the organizers had provided. The
quality of the measurements was evaluated by the same separation program and the
same statistical procedure to obtain the detection limit and the critical doses. The
measurement parameters that correlate with the limit and the minimum detection
level were investigated but were not clearly found.
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Fig. 7.5 An example of the results obtained in the third intercomparison for a dose of 176 mGy
[36]

Based on such developments, an ISO standard was published entitled Minimum
criteria for electron paramagnetic resonance (EPR) spectroscopy for retrospective
dosimetry of ionizing radiation — Part 1: General principles in 2013 on the general
aspects of EPR (ESR) biodosimetry [3]. Currently, another standard for ex vivo
tooth enamel dosimetry is being prepared. Once it is published, by following the
standard, anyone will be able to work on ESR biodosimetry.

7.7 Issues
7.7.1 Detection Limit

The detection limit of the method is one of the most important parameters in order
to judge whether the obtained dose values are meaningful or not for the specific
applications. There are few papers which discussed the detection limit. The first one
was by Romanyukha et al. [38] claiming it to be 29 mGy. Fattibene et al. [32] cal-
culated the doses for the detection limit (DL) defined according to [UPAC [39] for
the results of measurements made in the participating laboratories in the most recent
intercomparison. As described above, for this intercomparison, the participants
were asked to measure the series of samples that the organizers provided and to
report the dosimetric signal intensities. The mean of the DL was 205 mGy, where
the DL values range from 56 to 649 mGy. The difference should depend on the
measurement conditions, the technique of the operator, the ability of the spectrom-
eter, and the numerical procedure that defines the dosimetric signal intensities, but
not on the sample. However, at the time of the actual measurements, sample
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characteristics are individually different, and the DL depends also on the quality of
the set of the standard samples each laboratory has. These factors should be further
investigated.

7.7.2 Background Doses

In order to obtain the accidental doses, the background doses have to be subtracted
from the value obtained by the measurement. Usually this subtraction is done by
estimating the background dose by multiplying the environmental dose rate with the
duration of years since the enamel was formed. However, the validity of this way
has not yet been experimentally confirmed. There are several papers to investigate
the background doses which should vary country to country and region to region
(e.g., [40]).

Toyoda et al. [53] examined the doses obtained for 53 extracted teeth and showed
the correlation with the ages although quite large variations were observed as shown
in Fig. 7.6. Surprisingly, without any accidental dose, a maximum dose of 250 mGy
was obtained in Japanese residents in contrast to the results obtained by Rodzi et al.
[40] where the maximum obtained dose was below 100 mGy in Malaysia. It is
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Fig. 7.6 The results of estimated doses of Japanese residents as a function of the age of the
donors [53]
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possible that it is related to some medical doses, and the work showed that the real-
ity is such without control of record of medical doses. Next, the work should be to
investigate background doses with control of medical doses and dental X-ray doses
as a function of age, and then natural radiation doses. In the actual retrospective
dosimetry in the case of radiation accidents, it is necessary to subtract these back-
ground doses. There would be two issues in this aspect. The first would be if the
medical doses and X-ray doses in the record are consistent with the measured doses.
The second is the variation of the natural doses from country to country and/or from
region to region. It is also possible that, in some circumstances, such medical and
dental records may not be available, and then typical or averaged such dose estima-
tions would also be necessary.

7.7.3 Standard Samples

It is essential for a laboratory to have a series of standard samples to apply a calibra-
tion protocol to obtain a dose. As the dose range of interest is usually up to several
hundred mGy, a set of standard samples of 5 to 10 aliquots should be irradiated up
to 1 to 1.5 Gy. As one aliquot is about 100 mg, 1 g of tooth enamel is necessary;
therefore, usually, enamel powders from several teeth of minimal dosimetric signal
intensity are pooled to prepare a set of standard samples. This pooling would also
have the effect of averaging the sensitivity variation of the individual samples which
is reported to be about 10% for permanent teeth [7].

Although this set of standard samples, which has been prepared in each labora-
tory, is essentially important, I would like to point out that their quality has never
been tested. Our preliminary study (unpublished) indicates there is some variation
in dose responses in standard samples which were independently prepared as shown
in Fig. 7.7. On the other hand, as the calibration is just a matter of spin numbers in
the samples, it might be better just to define a universal standard other than tooth
enamel which has some stable ESR signal of known spin numbers.

7.7.4 X-Rays and Low Energy Gamma

It is well known that X-rays produce up to nine times as much dosimetric signal
intensity as gamma rays (e.g., [41]) as shown in Fig. 7.8. It is due to the absorption
edges of the photoelectric interaction for hydroxyapatite with elements of atomic
number higher than water. The absorbed dose we are interested in is that to
humans, therefore, which are almost equivalent to water. The absorbed dose is
higher for X-rays of photons whose energy is lower than gamma rays, i.e., the
absorbed dose to hydroxyapatite is higher than that to water for a similar radiation
exposure denoted in C/kg. When the absorbed dose from X-rays is determined
with tooth enamel, the obtained dose is to teeth but not the absorbed dose to
humans. The correct value to humans by the same X-rays should be much lower.
When dental X-ray doses are subtracted, this X-ray efficiency has to be
considered.
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calculated for actual X-ray spectrum [41]
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In most cases of accidental exposure, the photons are usually gamma rays but not
X-rays; therefore, this is not the case. However, in an actual situation, gamma rays
can be scattered, and due to Compton scattering, the energies of some of the photons
can be as low as X-rays. In such cases, this efficiency difference may need to be
considered as preliminary done by Hoshi et al. [42].

7.7.5 Neutron Dose

Hydroxyapatite is insensitive to neutron exposure, while it was found that dentin is
sensitive to neutrons due to the n—p reactions occurring in organic substances in
dentin [43]. As dentin contains hydroxyapatite, it is also sensitive to radiation and
can be used for dosimetry where the sensitivity is much lower than enamel and
therefore detection limit is much higher. Trompier et al. [43] pointed out that it is
possible to obtain both gamma and neutron doses when the doses obtained for
enamel and dentin are combined in a radiation field including both neutron and
gamma rays (mixed field). However, in an actual case of an accident, the obtained
doses were not inconsistent with the previously estimated doses but not determined
as expected according to our preliminary study on the JCO accident (unpublished).

7.7.6 ESR Dosimetry with Deciduous and Animal Teeth

While ESR tooth enamel dosimetry has an advantage that individual accumulated
radiation doses are obtained, it is a disadvantage that one has to extract a tooth for
analysis. Deciduous teeth should be an alternative to such a disadvantage as they
naturally fall at certain ages between 5 and 7 years old. The characteristics of the
signals in deciduous teeth were investigated [44, 45] and it was found that the sen-
sitivity is about the same as the permanent teeth, while the individual variation is
larger, as shown in Fig. 7.9. Also the same numerical computer program for separa-
tion of the signals can be used as for permanent teeth, although the organic signal
has a wider and more varied signal width.

Animal teeth are also alternatives although the obtained dose are not directly
equal to those of humans but an indication of the environmental doses. Teeth of
mice, cows, deer, and so on have been investigated so far [46—48]. They can be used
for high doses greater than several Gy but were found not to be as sensitive as
human teeth.

7.7.7 InVivo Tooth Enamel Dosimetry
Measurement of teeth without extraction should also be an alternative to the above

disadvantage. The idea was already proposed, and preliminary design for an instru-
ment was made quite a long time ago with detection of ESR using microwave
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Fig. 7.9 Individual sensitivity to dose of the dosimetric signal in deciduous teeth and permanent
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leaking from a slit on an X-band microwave cavity [49]. The instrument system for
actual practical measurements was recently developed [50, 51]. As X-band micro-
waves are absorbed by water, L-band ESR was adopted for this instrument which
was designed for screening of exposed people. The authors claimed that currently
the instrument is able to distinguish whether the person received a dose more than
2 Gy or less than the value. For screening purposes, this would be practical as a
potential patient needs to go to the hospital for some treatment when he/she has
received more than 2 Gy, while with a dose below 2 Gy, no serious symptoms will
be tentatively observed.

7.7.8 Q-Band

Measuring ESR at higher microwave frequencies (K- and Q-band, etc.) has advan-
tages in having higher sensitivity and higher resolution of the spectra. It is a draw-
back that the cavity (resonator) volume is smaller; hence, the sample mass to be
measured is smaller than that for X-band. If the sample mass for the measurement
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is around 100 mg as used in the usual dosimetry studies with X-band, a higher fre-
quency would not have much advantage in sensitivity where typical sample mass
for Q-band is about 10 mg. However, higher resolution may possibly contribute in
separating dosimetric signal from interfering organic signal, as such a trial has been
done with Q-band [52]. Samples with smaller mass will have advantages for mea-
suring smaller doses because the sensitivity is higher in higher frequencies.

7.8 Summary

ESR (EPR) tooth enamel dosimetry is now recognized as a reliable tool for indi-
vidual retrospective radiation dosimetry. It is based on the principle that a dosimet-
ric signal due to CO,™ in hydroxyapatite is created by ionizing radiation where the
intensity is proportional to the retrospective dose. Separation of enamel from dentin
is essentially important in preparation of the samples for measurement. Using a
computer program to separate dosimetric signal from interfering native signal is
important as well. The calibration method has been recently used in the practical
dosimetry studies; therefore, having a series of good standard samples is important.
To find the detection limit is one of the important current issues where the statistical
standard definition of “detection limit” should be followed. Accumulation of data
on background doses, which are to be subtracted in order to obtain accidental doses,
should also be an issue which would vary from country to country and/or region to
region. As for a new direction of research, dosimetry with deciduous teeth has an
advantage in that collection may be easier as they naturally fall out. The doses given
to the teeth of other mammals would give information on the environmental doses
although they are not direct indications of the doses to humans. L-band in vivo and
Q-band measurements are also future important studies.
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Dermatological Applications of EPR: 8
Skin-Deep or In-Depth?

Martyna Krzykawska-Serda, Dominika Michalczyk-Wetula,
and Przemystaw M. Ptonka

8.1 Introduction: Specificity of Skin and Its Appendages
as Materials for EPR Measurements

Electron paramagnetic resonance (EPR; called also electron spin resonance—ESR)
is a physical phenomenon and a base for sophisticated techniques of EPR spectros-
copy and imaging. In this chapter we focus on the specificity of this technique when
applied to dermatology. As its main potential target reader is probably familiar with
the physical phenomenon, we would like to pay most of the attention to the biologi-
cal and medical specificity of the problem. The detailed or simplified description of
the physical phenomenon can be found in the wide spectrum of handbooks and
reviews, including [1-3] along with the present book. EPR enjoys recently a grow-
ing popularity among physicians-scientists, more and more journals publish reviews,
and experimental papers concerning applications of EPR to their specific fields
[4-9]. Consequently, we would concentrate on the most recent achievements, inven-
tions, and discoveries devoted to the specific field of dermatology and skin as a
specific organ for EPR measurements. A wide collection of respective problems
enjoying a slightly longer period of “seasoning” will be found in the available
reviews.

As an object of EPR measurement, skin is a special organ. It is almost impossible
to put the whole organism to the resonant cavity, so as to carry out the in vivo EPR
investigations of skin in foto. Being the most outer layer of the body, skin will also
be difficult to access with an endoscope or endoscope-associated research equip-
ment (e.g., an endoscope-coupled surface coil [10]), not to mention the putative
problems in executing an EPR imaging (EPRI) experiment [11]. Nevertheless, the
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branch of “dermatologic EPR” does develop. This is due both to the possibilities to
overcome the difficulties brought about by the organ and (and in the first place)
because of the importance and preciousness of the information obtained by
EPR. Moreover, a number of papers using EPR to solve dermatologic problems
using ex vivo or in vitro experimental systems prove that the important data can also
be gathered indirectly [4].

EPR is a unique research technique (one may say directly—a biological
research technique) which delivers qualitative and quantitative information on
particular paramagnetic centers (free radicals, metal ions, molecular oxygen,
nitric oxide, etc.) on different levels of organization of the system, starting from
submolecular, ending up on the level of the whole organ. This feature is under-
lined by many researchers [4, 12—14]. On all the available levels of observation,
the main information delivered by EPR concerns unpaired electrons (i.e., of
uncompensated spin), and the flow of unpaired electrons via the living system is
one of the most important phenomena which make the system actually “alive.”
This flow may be modified by various factors of their local environment and
concern the ongoing metabolic processes (irradiation, hydration, oxygenation,
temperature, mechanical stress, etc.) determining the functions of the skin, the
set of which is substantial. The information concerns also the surrounding tis-
sues (actually—the subcutaneous tissue) and skin appendages. Moreover, it
concerns normal, physiological, and pathological conditions, including devel-
opment of skin tumors. Actually, as the barrier between the inner of the organ-
ism and the external world on the one hand, and the junction of the inner of the
organism with the external environment on the other hand, the skin (including
their EPR-measureable features) conveys information about the condition of the
whole organism and on the reaction of the organism as a whole [15, 16].
Sometimes the reaction is not proper, what used to be called “a disease.” All
these observations strongly justify and explain the interest of dermatologists in
EPR and make the skin a special challenge for EPR measurements.

8.2 Skin as the Largest Organ of the Organism

A detailed characterization of skin as the object for EPR measurement is indispens-
able to gain the view of problems and possibilities of dermatologically oriented
EPR spectroscopy. Skin is the largest organ in human body; without subcutaneous
tissue its weight reaches 7% of the total body weight of adult humans, almost three
times as much as the weight of the liver [17, 18]. It is a layered organ, which deter-
mines the primary technique of EPR measurements applicable for skin—applica-
tion of surface coils. The penetrability of microwaves, besides the wavelength, will
strongly depend on the thickness and hydratation of particular layers, and this will
create the main axis of further description of the organ. The penetration depth
strongly depends on microwave frequency (the higher frequency of microwaves, the
worst the penetration), e.g., from 1.05 mm at 20 GHz to 0.78 mm at 38 GHz for
human skin in vivo [19, 20]. See also Fig. 8.1.
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Fig. 8.1 Simplified scheme of human skin showing its structure and experimental EPR accessi-
bility of various types of paramagnetic centers: metHb, HbNO, methemoglobin, and nitrosyl
hemoglobin. Phenomena and parameters important for EPR measurements are also displayed
[19-25]

It is worth noticing that the total thickness of skin varies according to function
and region of the body. On the eyelids, the skin is only 0.5 mm thick, whereas it can
be 3—4 mm thick on the soles of the feet [26]. The trunk skin is on average 1-2 mm
thick [27].

Its structure includes tissues of epithelial, connective, vascular, muscular, and
nervous origin in three main layers: the epidermis of ectodermal origin, the base-
ment membrane which is a form of extracellular matrix composed of proteins cre-
ated by cooperation of epithelial and mesenchymal skin cells [28-32], and the
(primarily) mesodermal dermis. The neural crest also makes an important contri-
bution to the skin, namely, in the form of the pigment cells—melanocytes [17, 33].

Epidermis is the outer part of skin renewing itself continuously and quite fast,
namely, within a month. The structure of epidermis is formed by several layers,
i.e., from bottom to top: stratum germinativum or basale, stratum spinosum, stra-
tum granulosum, stratum lucidum, and stratum corneum (SC) [34]. The skin is the
only organ besides the lungs that is directly exposed to atmospheric oxygen. This
automatically determines one of the main topics of EPR application in skin
research—oxygen penetration, oxygenation, and oxygen consumption [21, 35, 36].
The epidermis has no vasculature, but oxygen is consumed in all layers of epider-
mis apart from SC [37]. Cells in the deepest layers of epidermis are oxygenated
almost exclusively by the atmospheric oxygen and only to a far lesser degree by
blood capillaries extending to the outer layers of the dermis [21, 38]. The atmo-
spheric oxygen can penetrate the upper skin layers down to the depth of 0.25—
0.40 mm so that the whole epidermis and the upper corium can be supplied with
the atmospheric oxygen [21] (Fig. 8.1). Additionally, the tissue permeability for
oxygen is strongly dependent upon the water content (influencing also the EPR
signal of, e.g., spin labels [39]) and significantly changes during drying, humidifi-
cation, or sweating of the skin, but the changes resulting from skin aging do not
affect transepidermal oxygen uptake [21].
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There are three main pools of cells in the epidermis, namely, keratinocytes,
melanocytes, and the Langerhans cells [17]. Epithelial keratinocytes originate
from the stem cells residing in the basal layer [40-42]. The differentiating pro-
genitors undergo finally the so-called cornification, which may be qualified as a
type of terminal differentiation and of a programmed cellular death at the same
time [43]. They undergo deep morphological and biochemical differentiation,
i.e., massive production and deposition of keratin, diminution of other organ-
elles, dehydration, and shape remodeling, which inevitably results in cell death.
All these changes take place while moving up the strata to SC where they undergo
exfoliation [17, 34, 42].

The melanocytes specifically interact with keratinocytes creating the so-called
epidermal melanin unit [44] responsible for constitutive color of skin and the reac-
tions to the exposition on the sunlight. The melanin transfer is most probably exe-
cuted by keratinocyte phagocytosis of tips of melanocytic dendrites. It has been
demonstrated that similar transfer takes place between “secondary” keratinocytes
[45, 46].

Epidermis and dermis are separated by a thin sheet of proteins, e.g., collagen III,
1V, and VII, fibrillin, or laminin, called the basement membrane [28-31, 47]. The
main function of the basement membrane is to connect the epithelium to the dermis.
It plays the crucial role in remodeling and repairing processes [48]. The layer is also
important from the dermatological point of view as crossed by pre-melanocytes and
is also necessary to penetrate backward in the process of melanoma metastasizing
[49]. This junction is undulated in section: the ridges of the epidermis, known as the
so-called rete ridges, project into the dermis [33, 47, 48].

The dermis is a supportive, compressible, and elastic tissue structurally divided
into two layers: the papillary region—the superficial area adjacent to the epider-
mis—and a deep, thicker area known as the reticular region. The dermis is mainly
constituted of a matrix of loose connective tissue composed of fibrous proteins (col-
lagen, elastin, reticulin) embedded in an amorphous ground substance making an
environment for a few types of cells: fibroblasts supplemented with dermal dendro-
cytes and mast cells [17, 34].

The dermal layer of skin contains nerve endings which are responsible for the
sense of touch and heat and blood vessels that provide nourishment and waste
removal from the dermal cells as well as from the stratum basale of the epidermis.
The dermal vasculature is arranged in two tiers that are parallel to the skin surface:
the superficial plexus between the papillary and the upper reticular dermis and the
deep plexus in the lower reticular dermis (Fig. 8.1). Both are connected by perpen-
dicularly orientated communicating vessels. Arcades of capillaries loop upward into
the papillae from the subpapillary plexus [37]. The dermis undergoes a continuous
turnover, regulated by mechanisms controlling the synthesis and degradation of its
protein components [17].

The hypodermis lies below the dermis and is not any part of the skin, but it
attaches the skin to the underlying tissue and supplies it with blood vessels and
nerves. It also supports skin functions [17].
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The integral constituents of the skin are the skin adnexa, i.e., skin-associated and
skin-derived structures: hair follicles, arrector pili (Latin musculi arrectores pilo-
rum), sebaceous glands, sweat glands, and nails. They are located in dermis and
hypodermis [50]. The skin, hair, nails, and the associated glands form the integu-
mentary system which enwraps the body [51].

The vital functions of skin as an integumentary system (many of them being
potentially accessible with EPR spectroscopy and imaging techniques) are primar-
ily related to isolate the inner of the organism and to protect it against environment
factor but also to provide a contact with the environment [15, 52]. The skin protects
the underlying tissues from bacteria, viruses, and fungi invasion and provides a bar-
rier against most chemicals and from a mechanical injury. Skin is also involved in
thermoregulation through convection, conduction, radiation, and evaporation. It
functions as a sophisticated organ of sense (pressure, pain, temperature, touch) and
of endocrine action: the skin synthesizes vitamin D and produces POMC and other
hormones [17, 50-56].

Special roles in these functions are played by the skin appendages. They are
important in such functions as sensation, contractility, lubrication, thermoregula-
tion, and removal of water. Hairs are important in sensation, heat loss, filtering air
for breathing, and protection; “arrector pili” (smooth muscles) pulls hairs straight;
sebaceous glands secrete sebum onto hair shafts, which oils the hair; sweat glands
secrete sweat; and nails have a protective function [50].

The hair (the hair shaft) is a dead product of keratinocytes and melanocytes
present in the hair follicle—a sophisticated ecto-mesodermal mini-organ con-
taining various types of cells and histologically differentiated layers. The pres-
ence of the hair follicle in the skin must be multiplied by the number of hairs,
including also hair follicles which for various reasons do not contain hair
shafts [57].

In mice and rats, the whole skin except naked parts is devoid of epidermal
melanocytes, and only the hair follicles contain functional melanocytes pro-
ducing melanin and responding for pigmentation of the hair shaft [58].
Moreover, this process takes place only in anagen III-VI [58, 59]. Anagen is a
stage of the hair cycle, i.e., the continuous turnover and remodeling of hair fol-
licles, which may either produce hair shafts (anagen [60]) or remain in an
apparently resting phase (telogen [61]). The short period of transformation
from anagen to telogen is called catagen (involution of the hair follicle [62]),
and recently a separate phase of hair shaft shedding (exogen [63]) and not an
obligatory phase of kenogen—"“empty” hair follicle [64] (devoid of any hair
shafts)—has been described [65].

As a part of skin surface is visible for other people, intact, healthy skin is essen-
tial for patient well-being, and every abnormality is a source of malaise, psychical
complexes, and problems in social contacts. The same concerns scalp hair [66].
Understanding the normal structure and function of the skin is therefore a prerequi-
site to understand and manage skin disorders such as psoriasis and decubitus ulcers,
alopecia areata, and side effects of cancer chemotherapy [67-69]. Because of skin
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size, importance, and tight interconnection with functioning of the inner organs of
the body, the knowledge concerning its structure and function is essential to clini-
cians and researchers. It also provides a large field of research and diagnostics with
EPR spectroscopy.

8.3 Paramagnetic Species for EPR Measurements in the Skin

The skin, a normal, living organ, will contain in general the same types of para-
magnetic centers as other organs of the body. However, the skin is histologically
diversified, so various layers and appendages differ in details and in the type of
information conveyed by EPR spectroscopy. In Table 8.1 we have shortly charac-
terized the skin by its “paramagnetomic profile” (see also Fig. 8.1 and
“Paramagnetomics”—a Chap. 9 in this book). From the medical point of view,
the most important are free radicals produced due to oxidative stress, which
occurs as an effect of skin irradiation or inflammation. The paramagnetic metal
ions are usually blood-borne and may create complexes or react with skin-free
radicals.

8.4 Specific Processes for EPR Measurements in the Skin

Paramagnetic centers are mainly short-living, transient species, usually intermedi-
ates of important processes of life (primarily—oxidative respiration and photosyn-
thesis) or products of irradiation and participants of any other processes leading to
oxidative stress. EPR spectroscopy is a unique technique which is able to identify
these species, to follow the processes, and to register their dynamics. As for exoge-
nous paramagnetic probes (spin probes and spin labels), they are often introduced to
the organ to follow other processes which may affect the EPR spectra. Some short-
living species may prolong their lifetime by making a stable product (spin adduct)
with exo- or endogenous spin traps present in the organ (Fig. 8.1). Table 8.2 gathers
the most important, recent applications of these EPR techniques (spin labeling and
spin-trapping) to follow skin-related biochemical and biophysical processes.

8.4.1 Free Radicals and Redox Processes

It is good to highlight that aging, effects of action of some cosmetic products
(e.g., sunscreens), and toxicity of drugs in the skin can be are directly related to
skin oxidative stress. The oxidative stress and the related population of free radi-
cals can be successfully investigated by EPR. It is worth mentioning that in bio-
logical samples, free radicals are usually not present in concentrations sufficient to
give a strong EPR signal. Moreover, the free radical’s lifetime is very short, and the
reactivity is very fast, which makes a direct measurement challenging. Consequently,
the spin probes of a big range of selectivity and sensitivity must be applied in the
skin EPR spectroscopy for measurements of oxidative stress (Table 8.2). Generally,
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three different approaches can be used to detect free radicals in the skin: (a) detec-
tion of unstable radicals in a sample at low temperature; (b) spin trapping, e.g., by
DMPO; and (c) spin labeling, e.g., with perdeuterated tert-dibutyl nitroxide
(DTBN).

An alternative to EPR is application of fluorescent dye, e.g., dichlorofluorescin
diacetate (DCFDA, DCFH-DA) which allows one to use flow cytometry or confocal
microscopy for time- and spatially resolved detection of reactive oxygen species
[116, 129, 130]. Unfortunately, this method has a very low specificity and cannot
provide any detailed information about the character of oxidative stress, except of
its estimated intensity.

EPR is a useful approach to provide information about UV protection abilities
of some drugs. For example, Kawai et al. [131] studied if an antioxidant admin-
istered orally or intravenously can penetrate down to epidermis and suppress the
anthralin-derived radical generation in the skin epidermis, measured by EPR at
X-band [131]. Application of EPR provides the evidence that UVA is responsible
for the occurrence of ca. 90% of free radicals in the illuminated skin [124].
Additionally, EPR spectroscopy is a convenient technique to measure nanoparti-
cle-induced intracellular free radicals [104, 105]. Very valuable results were pro-
vided by Meinke et al. [113], who showed that the antioxidant status differs
between in vivo and ex vivo skin samples probably due to oxygen effect [113].
Skin samples were also studied for free radical formation under ex vivo condi-
tions due to infrared irradiation (e.g., to determine free radical formation and
protective f-carotene effect) and solar illumination [114, 116, 118]. Some
researchers also compare the human and mouse skin samples after UV irradia-
tion [119].

Skin beautification effect can also be related to free radicals formed and affected
by drugs. This effect was successfully studied with an E-109 spectrometer (Varian)
[132]. EPR investigation of the skin revealed that different antioxidants protect each
other and build an antioxidative network [106].

Nitric oxide spin-trapping technique was successfully used to study nonenzy-
matic nitric oxide generation in human skin in vitro and in vivo and proved that blue
light irradiation significantly increases the intradermal level of free NO [78].

Free radicals can also be measured as a quantifiable index of a radiobiological
effect (e.g., after X-ray irradiation), for example, melanin-derived radicals in the tail
skin of a living intact mouse were directly detected in a noninvasive way (TE-mode
EPR cavity, 9.45 GHz) [133].

To measure skin ascorbate- and thiol-dependent antioxidant activity in vitro and
in vivo, the quantitative TEMPO radical scavenging can be studied by EPR tech-
nique. As described by Fuchs and co-workers [111], cell exposure to the glutathione
synthetase inhibitor buthionine-sulfoximine depleted intracellular glutathione and
inhibited nitroxide reduction, while exposure to dehydroascorbate or glutathione
monoethylester increased intracellular ascorbate or glutathione concentration and
stimulated nitroxide reduction [111].
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EPR spectroscopy allows for a noninvasive in vivo measurement of the radical
scavenging capacity in human skin [106]. The application of TEMPO on the human
skin allows to perform a noninvasive EPR measurement of the effect of vitamin C
intake (100 and 180 mg daily, 4 weeks) by patients to confirm significant increase
in the radical scavenging capacity (a significant increase by 22% the capacity of
radical scavenging) [107].

The influence of green tea beverages on radical scavenging capacity in skin was
also investigated by EPR and TEMPO as a spin probe, and it was confirmed that
three cups of freshly prepared green tea can enhance the radical scavenging capacity
of human skin [108]. A similar in vivo L-band (ca. 1 GHz) EPR methodology was
applied in double-blind placebo-controlled human study which revealed the effect
of an orally administered natural supplement, which had shown a slow but signifi-
cant and effective uptake of carotenoids in the skin [109].

8.4.2 Transport and Diffusion

The skin itself is an important target for drug delivery; additionally skin can be a
very promising “gate” to systemic delivery of pharmaceuticals, with reduced toxic-
ity. As EPR makes it able to determine some properties of the local environment of
paramagnetic centers, such as hydration and polarity, transport and diffusion of cos-
meceutics through and in the skin barrier improving the general condition of skin
become an important field for skin-related EPR applications [134-136]. To study
skin penetration enhancement of some new drug carriers, the spin probe (e.g., PCA)
can be used as a cargo, whereupon the probe localization will be investigated by
EPR [117]. The penetration of nanoparticles into the skin has also been investigated
with EPR with the results remaining in agreement with tests using lipophilic fluo-
rescent dyes [115, 137].

The stratum corneum isolated, for example, from pig ear skin has been used to
mimic the surface interaction of drugs. Application of several fatty acid spin labels
(e.g., 5- and 16-DS spin labels) to monitor the membrane fluidity changes at differ-
ent depths of the membranes, according to the lipid component of SC, helped at
developing of a topical treatment [138, 139].

8.4.3 Oxygen Consumption and Respiration

Oxygen plays a crucial role in majority of biological processes. In the context of
skin study, the most interesting seems the engagement of oxygen in wound healing.
This multistep process is related to hypoxia episodes and requires new vessels for-
mation (angiogenesis). The different kinetics of wound healing in a diabetic mice
model can be studied noninvasively with EPR spectrometers (the implantation of
solid spin probe is not affecting the tissue in the long run) [87].
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The India ink application as an oxygen-sensitive spin probe turns out a promis-
ing technique to monitor skin tissue oxygenation during diabetes in patients. As
described by Williams et al. [82], a long-time series of oximetry measurements of
the subcutaneous tissue on dorsal and planar foot surfaces have been made in nine
volunteers, the longest set of measurements being carried out successfully for as
long as over 5 years [82]. This methodology can be used to investigate other skin
diseases like psoriasis, vitiligo, etc.

Additionally, more work should be done to elaborate the most useful probes and
carriers to measure skin oxygen supply. Some researchers have recently suggested
the char of the Bubinga tree (Bubinga, Kevazingo, etc., a group of closely related
African trees Guibourtia spp.) as the most sensitive EPR oximetry probe in the
group of carbon-based markers [36].

Another promising and relatively new access to skin oximetry is pulse EPR imag-
ing with OX063, which has been executed in vivo. Triarylmethyl radical (OX063d24,
also known as OX071) is extracellular in its distribution and is rapidly cleared from
the body through renal excretion with a half-life of ca. 5 min. By using pulse sequences
that image the longitudinal relaxation rate, R, (R, = 1/T}, where T is the longitudinal
relaxation time), self-relaxation of the trityl spin probe is reduced to well within the
1 Torr uncertainties of our image voxel pO, values [140]. This method has absolute
accuracy in oxygen measurement and supremacy over other methods because of a
small confounding effect of environmental parameters other than O, [127]. During the
described above R, pulse EPR experiment, the highly heterogeneous skin oxygen-
ation is well detectable and sometimes can be even misinterpreted as a noise [128].

8.4.4 Melanization

The main place for melanin synthesis in human and laboratory animals is skin
(Fig. 8.1) [141, 142], while its most intriguing physical feature is stable and extremely
strong paramagnetism [143] resulting from the presence of semiquinones (eumela-
nins) and semiquinonimines (pheomelanins) in its amorphous structure [144].
Melanins reveal also other interesting properties like absorbance of light, metals che-
lation, redox potential, and free radical scavenging [145]. No wonder that EPR spec-
troscopy and more recently imaging have become the primary method in melanin
research [146]. The pigment may be produced in the epithelial melanocytes where it
is responsible for skin color [141] and phototype, in hair follicles where it responds
for coloration of hair coat [147], and in melanoma tumors or pigmented nevi, where it
affects the neoplastic transformation, progression, and metastasizing, as well as resis-
tance to therapies [148]. As the dry, keratinized hair shafts are a perfect material for
EPR measurement, the papers concerning EPR-based hair research creates a distinct
group of dermatological studies [4]. Moreover, because of different structure of para-
magnetic centers detectable in eumelanin and pheomelanin, and different parameters
of EPR spectra, there is a possibility to carry out parallel quantitative and qualitative
measurements [147, 149], which constitutes a separate group of the EPR papers.
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8.5 Specific Biological Phenomena and Pathologies
to Follow in the Skin with EPR

The most important practical aspects of medically oriented EPR spectroscopy and
imaging concern identification and monitoring of some skin diseases, and the pro-
cess of treatment, which primarily concerns local delivery and release of drugs.
Here we shortly characterize the recent important and interesting applications of
EPR in this field, in the context of a general skin physiology.

One of the most “traditional” applications of EPR to medicine is ionizing radia-
tion dosimetry [91]. Hair, finger, and toe nails are convenient natural “dosimeters”
because of the simplicity of handling (although, perhaps, not of interpreting radia-
tion-induced EPR signals) and because of keratin—a good trap for radiation-
induced radicals [150]. Moreover, information on partial doses of radiation are this
way obtainable from various parts of the organism, depending on the place of col-
lection of hair or nails. This field is still developing and improving the methodology
[151, 152].

The skin is not only the biggest organ, but also it possesses a substantial surface
which gives the opportunity to topically administer drugs. SC effectively prevents
the ingress of xenobiotics into the body due to epidermal cell cohesion, keratiniza-
tion, dehydration, lipid composition, and general organization [53, 153, 154]. The
topical administration of drugs is possible but differs in effectiveness, depending on
their molecular size and chemical and physical properties [155-157]. It is, however,
a tempting opportunity to treat inflammatory skin diseases, and it provides many
advantages over the oral or intravenous applications, e.g., preventing the initial pass
effect with reduced systemic side effects [158], pain minimization, and a more local
targeting of the affected skin with a possible controlled release of the drug [159,
160]. In recent years, the dermatological focus has shifted more and more toward
nano-sized carrier systems, as they are able to permeate the SC barrier in an “intel-
ligent” way (i.e., selectively and properly targeting the place of action accordingly
to the variable microenvironment) [161-163].

In the broad spectrum of skin pathologies, one can distinguish a few types of skin
tumors. The most common types are actinic keratosis, basal cell carcinoma (most
common), squamous cell carcinoma, and melanoma. The last one is very interesting
from the EPR perspective because it originates from melanocytes and very often is
loaded with melanin (amelanotic melanomas are also known in clinic). Melanoma
is known for thousands of years and intensively investigated for more than half of
the century [164], but still a lot is unknown about the relation of melanin concentra-
tion and tumor progression and metastasis [165, 166]. Besides the in vivo and in situ
attempts to image melanin distribution, there are still qualitative and quantitative
EPR studies executed in vitro and in model systems [167, 168].

The UV exposition is one of the most important risk factors for melanoma; this
is why the oxidative stress investigation after skin illumination is a relevant and hot
EPR application. The special place in this field belongs to newly tested ointments
scavenging free radicals and screening the skin from UV [169]. Additionally,
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melanin quality, concentration, and distribution can be studied. The EPR signal
from melanin appears to be a good indicator for melanoma development [170, 171].
It was demonstrated that EPR imaging can provide accurate information about the
melanotic melanoma dimension (including tumor border, shape, fragmentation,
fractal dimension) and the presence of metal ions inside the tumor [74, 172, 173].
Furthermore, Cesareo et al. [174] postulate that EPR signal may represent a reliable
marker for melanoma diagnosis in human histological sections (based on the com-
parison between human melanomas and nevi) [174]. For a long time, melanin has
been attempted to be used as an endogenous paramagnetic contrast agent for mela-
noma EPR imaging [175], and this has finally been achieved recently [176-178]. A
progress in melanization or de-melanization in parallel to the development of the
tumor may be this way followed in situ. Moreover, changes in the spectrum may
deliver information not only on the amount and distribution of melanin due to a
potential drug (e.g., curcumin or ligands for peroxisome-proliferator-activated
receptors—PPARs [168, 179]) but also on other parameters affecting the EPR sig-
nal (e.g., oxygen content [180]). This may be of help when designing radiation dose
and geometry of application in melanoma radiotherapy [181]. Finally, the ratio
between eumelanin and pheomelanin can be studied [174]. This parameter may
affect prognosis, but more importantly, it may be correlated with other parameters
of tumor growth. One should recall here attempts to correlate melanization with
biomechanical properties of tumor cells (plasticity) and with biological properties
(metastasizing), which opens up a new field in melanoma research [165]. But EPR
may deliver a possibility to monitor the progress of release of even other paramag-
netic molecules important for tumor development, like nitric oxide (NO) [80].

A separate group of papers concerns hair as easy to measure indicators of mela-
nogenesis. In this context, a new EPR-based technique of determination of eumela-
nin/pheomelanin content in regard to the g-factor must be mentioned [72]. The EPR
hair studies show the importance of hair melanization as a parameter related to the
condition of skin and the whole organism. It turns out that in some murine models,
melanin is collected in visceral organs, in particular in the spleen [182—-184]. It con-
cerns not only the black C57BL/6 mice where this phenomenon has been described
[185] but also wild (agouti) phenotypes [183]. The extradermal transfer of melanin
from skin and hair follicles to the visceral organs including humans is an intriguing
and still not fully understood phenomenon, studied now for half a century [99]. It
concerns even such an important and notorious impairment of pigmentation [186]
as chemotherapy-induced alopecia [62, 184]. Another intriguing study has been car-
ried out using transgenic mice revealing knockout of gene encoding the melanocor-
tin MCI1 receptor and overexpression of a HGF/SF transcription factor, which
performed a sophisticated analysis of the intensity of the melanin EPR signals of
hair and skin samples, and their evolution parallel to the postnatal development of
skin [73]. This paper concerned an important animal model for melanoma research,
resembling in some aspects human melanoma. One must also mention an EPR
study on amphibian skin, in which for the first time pheomelanogenesis was
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demonstrated in this group of lower tetrapod vertebrates [70]. This study supports
the view of a more primitive and evolutionary primordial character of pheomelanin
and pheomelanogenesis over eumelanogenesis, a long-disputed controversion.
Finally, a study determining the severity of human hair photodamage due to sun
exposition [187] and EPR studies on telgen should be noted [65]. An exhaustive
table review of older EPR hair studies is published in [4].

Psoriasis is an autoimmune disease the etiology of which has genetic basis and
can be triggered by environmental factors. It is estimated that psoriasis affects 2-4%
of the Western world population. Nails, skin appendages, are affected by the dis-
ease, too, which may be followed with EPR [122] and which is important also from
the therapeutic point of view in the context of drug delivery across the nail plate
barrier [188]. The role of nitric oxide was also investigated in psoriatic conditions
with EPR, and conclusion was made that NO-containing creams would contribute
to a partial recovery of disturbed functions and remission of the disease [79].
Nakagawa et al., during his study of skin surface of psoriasis by EPR imaging, con-
cluded in 2016 that this technique can be used to detect and identify the location of
abnormality of the SC states [123]. In general, this field will be important for medi-
cal EPR development in the future, determining other important functions of skin,
affected by the disease, as water penetration and hydration of SC, presently reserved
for NMR investigations [189]. While it is commonly considered as a dermatologic
pathology, psoriasis affects the organism in-depth [190, 191]. EPR can be here help-
ful for evaluating conditions of not only skin, but also other parts of the organism,
e.g., fluidity of erythrocyte membranes [192—-194].

Another important disease affecting the whole organism including skin is diabe-
tes. Diabetic conditions are the primary reason for many pathologies including a
typically dermatologic complication—problems with wound healing. It was found
that EPR can help at monitoring oxygenation in a noninvasive way in the skin of
diabetic mouse models [87]. Interestingly, the effectiveness of treatment of burnt
skin can be also investigated with EPR (X-band, Radiopan, Poland), as shown by
Olczyk et al. [195].

There are many other “exotic” applications of EPR to study skin diseases or
to study rare skin pathologies and diseases. An interesting medical application of
EPR spectroscopy is usage of hair to determine iron deficiency and anemia.
Petukhov and co-workers proposed in 2013 usage of a Radiopan EPR spectrom-
eter and diethyldithiocarbamate (DETC) as an in vitro trap to measure NO activ-
ity in such a biological substrate as hair. It was found that the intensity of
NO-radical complex signal in the spectrogram depends on the Fe level (again,
not only in the analyzed substrate but also in the whole organism) [196]. EPR
evaluation of ROS in skin samples from patients with diffuse cutaneous systemic
sclerosis suggests that ROS may play an important role in the pathogenesis of fibro-
sis in scleroderma [125]. Finally, it is worth reminding that EPR was used to moni-
tor the progress of reduction of carcinogenic chromium (VI) on the skin surface
[197].



170 M. Krzykawska-Serda et al.

8.6 Specific Newest Experimental Approaches
in Dermatologically Oriented EPR

Development of new concepts and techniques is a conditio sine qua non for medi-
cally oriented EPR to maintain its position as a research and diagnostic method in
clinics and laboratories. The present subchapter is focused mainly on summarizing
the recent achievements, so as not to recapitulate the contents of the already-
existing reviews but to make a prognosis about the directions of the future of
dermatological EPR.

Recently we may observe a particular acceleration of several aspects of EPR spec-
troscopy and imaging, as applied to dermatology. We may notice in particular devel-
opment of nanocarriers delivering both spin labels and the investigated substances
(drugs and cosmeceutics [105, 115, 132, 198-202]), including new-type lipid vesicu-
lar carriers—niosomes (nonionic surfactant vesicles [203]). One can observe a wide
application of multifrequency EPR spectroscopy [204] and a support of EPR with
other refined research and numeric methods [205], such as artificial neural networks
[206], confocal microscopies [207], NMR [173, 208, 209], mass spectrometry [210],
differential scanning calorimetry [211], atomic force microscopy [165], and others.
To overcome the problems with EPR measurement of big, flat surfaces, new types of
resonators have been constructed especially for skin research [212-215]. The field of
building new resonators and equipment includes also new-type double surface coils
for parallel, two-channel acquisition for 3D EPRI [216].

When writing on nanocarriers, it is obligatory to note a new concept of nano- and
micro-bubbles as carriers for gases [217, 218]. This approach enables for usage of
various gases and for modulation of both pro- and antioxidative activity of the local
tissue environment. The redox state of the tissue [218] and its oxygenation [219]
may be monitored with EPR [220].

One of the possible applications of EPR is investigation of pharmacokinetic
properties of spin-labeled compounds in the skin. It can be a noninvasive technique
to study not only skin penetration and stability of compounds but also to study the
mechanism of, e.g., free radical generation. The main disadvantage is related to the
possibility that nitroxides change the physicochemical properties of the labeled
compounds [6]. Another important caveat was introduced by Meinke et al. [113]
who compared in vivo and ex vivo detection of free radicals in skin with EPR and
PCA as a spin probe. The results revealed distinct differences in the ROS formation
and the antioxidant potential (the experiments ex vivo revealed a smaller ROS con-
centration in the tissue due to oxygen effect) which must be considered during
experiments and data interpretation [113].

Another interesting application of EPR is radiation dose reconstruction based on
teeth as presented by Demidenko [221]. This illustrates ongoing development of
EPR-based dosimetry of ionizing and UV radiation [91].

Skin imaging with EPR is not the newest experimental approach but a very
promising direction for the future (especially under in vivo conditions) [222].
The surface coil turns out a perfect tool to image skin, for instance, to compare
the effectiveness of sunscreens in the same biological conditions in vivo.
Additionally, imaging of pathologies like human melanoma or psoriasis can
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shed new light on the illness classification and therapy optimization [74, 123].
Finally, as it was already mentioned earlier, the application of EPRI for skin
research can be related to pharmacokinetics, penetration, and biodistribution
study on some paramagnetic or paramagnetic-labeled drugs and beauty
products.

Recent years have brought some entirely new concepts in medically oriented
EPR. One of them concerns quantitative determination of various kinds of melanins
in a pigment [72]. There are two complementary and independent methods of esti-
mation of eumelanin/pheomelanin ratio, which may be important, for example, in
determination of prognosis in melanoma treatment [223, 224] or just in estimation
of probability of melanoma development [225]. One of them is based on the ratio of
specific products of pigment degradation, followed by their quantitative HPLC sep-
aration (the “PTCA/AHP” method, colloquially the “Ito” method [175, 226]), and
the other one—on the proportion of constituents of hyperfine splitting features of
the pigment EPR spectrum [227, 228]—as pheomelanin revealing the splitting,
while eumelanin giving a pure singlet line. As the pheomelanin-like paramagnetic
centers are of semiquinonimine character, their unpaired electron is localized par-
tially on the sulfur atom of the benzotiazin subunit [144, 229]. The presence of a
relatively heavy nucleus (i.e., of a considerable positive charge) in the neighborhood
of the unpaired electron causes a low-magnetic-field shift of the EPR signal, result-
ing from an increase in the g-value [72, 230], which is a phenomenon independent
on the mechanism of hyperfine splitting (resulting from the magnetic interactions of
the unpaired electron with the nucleus). As a consequence, the researchers have
been presented with a new, independent method of estimation of eumelanin/phe-
omelanin ratio based on the measurement of the g-value, more precisely: a g.,, (a
resultant of a population of eumelanotic and pheomelanotic paramagnetic centers of
various g values and various proportions) or g,,, value (obtained from a CW X-band
measurements) [72, 227].

An important methodological achievement and a good conclusion for this chap-
ter is establishing the RSF—Radical Status Factor [231]—which is defined as a
ratio of the number of free radicals in untreated skin to the number of the same area
of irradiated skin. It was obtained for pig skin and the UV-IR spectrum of radiation.
The RSF makes it able to characterize both a given form of radiation and a given
photoprotector (or photosensibilizator)—an ointment, sunscreen, UV filter, etc.
This characteristic is a product of the generated oxidative stress, and with some
modification it might be calculated directly from parameters of EPR spectra or upon
use of spin-trapping techniques, and applied to consider additional sources of free
radicals, like melanin. This shows the potential of EPR as applied to prevention and
treatment of skin pathologies.

8.7 Conclusions: Skin-Deep or In-Depth?

The main object of interest in dermatologically oriented EPR spectroscopy and
imaging is oxidative stress induced by irradiation, intoxication, or inflammation;
drug, cosmeceutics, and toxin penetration and delivery, including nanocarrier
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delivery systems; and melanin, including melanoma. There are obviously more
applications, but in general, the field seems quite narrow and niche. But in the
common society, especially in the world of culture and art, the adjective “niche”
is often associated with the notion of the so-called high culture. Translating this
association to the language of science, it means that a niche application not only
is not marginal, and not only may be “mainstream” (because a stream can cer-
tainly be narrow), but it may concern the most essential aspects of a discipline, of
the biggest impact on its development and cognitive capacities. The processes
investigated by EPR seem, indeed, to reveal this kind of importance (see
“Paramagnetomics”—Chap. 9 in this book). Regarding the most important func-
tions of skin and its cells [4, 15], one must conclude that they are important not
only for the skin itself, and not only for the beauty itself, looking from the cosme-
ceutical point of view, but also—indirectly or directly—for the organism as a
whole [52]. And on the other hand, many processes taking place in the organism as
a whole, and some of them being of a pathological character, may manifest them-
selves in the skin or on the skin. From the content (including the paramagnetic
content) of skin melanin, hair, and nails, some aspects of the past of the organism
may be read. The oxidative stress and products of inflammation and photoreactivity,
including hormones (vitamin D), interleukins, etc., may spread over the whole
organisms. Melanoma [148, 224, 232], suspected of being induced by UV, is a
deadly threat for the organism. There are numerous other examples of such systemic
effects or reasons of what happens in the skin and which may be followed by
EPR. The summary chapter is a good opportunity to recapitulate examples of such
“in-depth” looks: the most spectacular hair, nail, and skin EPR dosimetry of body
irradiation [91, 133], splenic melanosis as a manifestation of normal [182] or
chemotherapy-impaired skin/hair pigmentation [184], systemic manifestation of
psoriasis [79, 122, 123, 194], skin manifestation of diabetes [132], iron content in
hair as a reflex of Fe level in the body [196], or a very interesting hypothesis of the
development of the Vogt-Koyanagi-Harada syndrome-related aseptic meningitis in
vitiligo patients due to the impairment of leptomeningeal melanocytes [102]. The
conclusions drawn from such studies must be of a general character. The amount,
quality, and importance of information conveyed by EPR are invaluable and
concern the organism as a whole, besides the processes taking place in the skin in
situ. They all happen literally within the depth of the skin, but many of them are
of the systemic, in-depth character. A continual development of the EPR techniques
serves for their better understanding and for the better understanding of the con-
nection between what is skin-deep and in-depth in dermatologically oriented
EPR.
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Przemystaw M. Ptonka

9.1 Introduction: The Position of EPR Spectroscopy
in Life Sciences

EPR (ESR) spectroscopy is a refined research method deeply rooted in physics,
while its field of application in biology and biomedical research is wide. For the
purpose of the present chapter, I prefer the name “electron paramagnetic resonance’
(EPR) [1], although presently both are equivalently recommended by the
International EPR (ESR) Society. So far, EPR spectroscopy and imaging have been
traditionally attributed to physics and physicists. Its theory and practice are tradi-
tionally considered as a branch of physics, quantum physics, solid-state physics,
etc. The position of an EPR spectroscopist in the so-called “life science domain” is
exotic, and the spectroscopist himself/herself is considered by biologists as a
stranger or alien. In this chapter, I would like to convince the readers that there is a
clearly defined place of the EPR spectroscopy in biology and the subject of its inter-
est is a part of life sciences, which can also find its reflex in medicine. This is
because of the particular status of the species containing unpaired electron and the
processes which they determine, processes crucial for the phenomenon of life. I
postulate, in the age of systems biology, in the age of establishing new branches of
biology crosswise the traditional genetics, biochemistry etc., to establish a new
“-omics” and to determine its position among other “-omics”.
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9.2  Definition of Life is Biophysical

The phenomenon of life belongs to the most mysterious in the Universe, and its
emergence and maintenance are as extraordinary and unbelievable as the beginning
and maintenance of the Universe itself. Biologists are concentrated on analysis and
description of life, which in the long run should lead to its better or maybe total
understanding. However, paradoxically, to be a good biologist, a good specialist in
one’s own discipline—biology—one does not need to precisely define the phenom-
enon of life. Similarly, to be a good physician, one does not need to precisely define
the human. Biology deals with sophisticated and enormously developed systems,
and a biologist has to devote tens of years to understand its own field, e.g. taxonomy
of beetles or regulation of cell division. The life in toto should be defined looking
from a different level [2].

Consequently, there is no satisfactory definition of life; all the existing defini-
tions are rather descriptions including the main features of life and, even more
frequently, living systems [2]. The discipline of biological sciences which is prob-
ably closest to defining life is the biophysics. And this is because a biophysicist
must possess a tool or a criterion to tell the difference between life and other
processes ongoing in the Universe. Therefore, the biophysicist considers the life
as one of many other physical processes and phenomena. A living system is simi-
lar to other systems in the sense of being built of the same matter and being based
of the same physical processes and principles. So, the biophysicist must be able to
recognize living systems among other systems of the Universe. As a consequence,
the best definitions of life used by many mainstream biologists are the “biophysi-
cal” ones, no matter what the original field of their biological interest is, and many
of them include the notion of the electron or derivatives (e.g. oxidation or reduc-
tion meaning subtraction or addition of the electron, etc.) to their definition of life.

While defining biophysics (or defining life) is not the exact aim of this chapter, one
should possess a well-defined starting point, which in this case is a certain definition
of life. It is not, however, taken from any handbook on biophysics but on ecology:
“Life and Evolution of Biosphere” by a Polish ecologist Professor January Weiner
from Jagiellonian University in Krakéw [3]. He writes that “Life is an endoenergetic
physicochemical process being a cyclic oxidation and reduction of carbon com-
pounds, executed by autocatalytic, self-reproducing macromolecules (“organisms”).
The process is continuous, and the biosphere remains in the state far from thermody-
namic equilibrium, for the replication of macromolecules progresses with errors, so
the composition of macromolecules changes permanently and randomly” ([3], the
citation translated by PMP). The biophysical (“thermodynamic”) character of this
definition is self-evident, but so as not to be accused of bias, let me support this defini-
tion with the definition by John Desmond Bernal: “Life is a partial, continuous, pro-
gressive multiform and conditionally interactive self-realization of the potentialities
of atomic electron states...” [4]. The relation to electron phenomena seems indispens-
able in defining or characterizing in general terms the phenomenon of life.

The Weiner’s definition [3] reveals a symptomatic dichotomy. It consists of two
overlapping parts, as if representing two general aspects of life: thermodynamics
and energy flow versus genetic information and information flow. The first part
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reads: “Life is an endoenergetic physicochemical process being a cyclic oxidation
and reduction of carbon compounds, executed by autocatalytic, self-reproducing
macromolecules (“organisms”). “The process is continuous, and the biosphere
remains in the state far from thermodynamic equilibrium (...),” and the second part:
“(...) The process is continuous, and the biosphere remains in the state far from
thermodynamic equilibrium, for the replication of macromolecules progresses with
errors, so the composition of macromolecules changes permanently and
randomly.”

The common, mainstream biology based its development (in particular in the sec-
ond half of the twentieth century) on the development of the information-related
aspects of the definition, focusing on various modes of encryption, expression and
metabolic implementation of genetic information, which I am going to start with, too.
The first, bioenergetic part, perhaps neglected a little, underinvested, let us transiently
neglect, too. I would analyse it later, considering some conclusions from the first task.

9.3 The Information-Related Part of the Definition of Life:
A Modern Approach Originating from Mendel’s
Genetics

Gregor Mendel (1822-1884) might be considered as the precursor of not only
genetics but also modern biophysics. Following the detailed description of modern
biophysics given by a Czech biophysicist, Professor Vaclav Prosser [2], one can find
many determinants of common biophysics in the Mendel’s works [5]. Mendel per-
formed one of the first par excellence biophysical experiments, in which he used the
methodology of physics. Starting from multiannual observations of cultivars (which
was the methodology typical of the early nineteenth-century biology), he put a
hypothesis which resulted from a causal question—why is there a heredity in the
alive world, despite the existence of variability? The hypothesis was that there must
exist some material, discrete, elementary, eternal carriers of characters, the recom-
bination of which results in phenotypic polymorphism. Next, Mendel predicted (i.e.
calculated mathematically) the ratio of segregation in F1, F2, etc. and then inten-
tionally selected the material for further experiments (his famous peas) in such a
way that if the segregation followed the calculations, the alternate hypothesis would
prove false, i.e. the only way to accept the actual and factual results would be to
accept the above-mentioned hypothesis. His work was appreciated only almost
50 years after its announcement, which was soon followed by discoveries of other
genetic phenomena and creation of new notions as the gene, the mutation, the cross-
ing over, etc. Shortly, it had ended up with realizing that what really matters in liv-
ing systems, what “makes” them alive, was an abstract which possesses a material
carrier (form), namely, information encrypted in DNA, called today the genetic
information. The essence of life was then believed to be possible to be reduced
down to the sequence of nucleotides in DNA, which would be expressed (trans-
formed) into the sequence of amino acids in a polypeptide [6], each of whom repre-
senting and performing a strictly determined function in the metabolism (the “one
gene-one peptide” or “one gene-one enzyme’ hypothesis [6]). A complete analysis
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of organisms seemed then to be reduced to the analysis of genetic texts—genomes.
Today this analysis serves in some branches of bioinformatics to compare various
genetic texts (or rather their representations as streams of characters) and concludes
about their relations [7].

Unfortunately, among all the chemical reactions being the base of the mecha-
nisms of the expression and replication of genomes and genetic information, there
are no redox reactions but only the reactions of estrification, hydrolysis and conden-
sation, in which ATP is utilized, but no oxidation state changes (i.e. no electron is
transferred between a donor and its acceptor).

In 1962 took place an interesting discovery which may be a good example that the
phenomenon of life cannot be boiled down to the simple linear sequence of deoxyri-
bonucleotides in DNA. It was the discovery of the “nude” mutation in mice [8]. The
wild-type Foxnl gene encodes the FOXN1 protein which is a transcription factor [9].
Actually, this protein performs many functions in the sense of variable phenotypic
manifestations of the mutation [9, 10]. Many genes different than Foxnl, e.g. those
encoding keratins [9], undergo expression depending on the expression of gene
Foxnl. If the content of the latter does not undergo proper expression, no keratin can
be produced by the cell despite possessing proper genes encoding Kkeratins.
Consequently, the portion of genetic information (or better—"meta-information’)
concerning expression of keratins must be somehow encrypted in locus nude as well.
The simple view that one gene encrypts one protein, and therefore one phenotypic
function, cannot be maintained any more. This conclusion can be further supported
by multiple experiments and observations, including the theory of operon [11], etc.,
which finally lead to the conclusion that the “structure” of genetic information is
multidimensional and that there is a “meta-information”, “meta-meta-information”,
etc. Actually it is closely supported by the theory of natural language [12] which
presumes that a natural language is its own metalanguage [13]. Anyway, it lets one to
conclude that there is something at least as important as genetic information itself,
which makes a system alive, and this is the interaction (interactions) between par-
ticular parts of genetic information and between particular constituents of genomes.
This is the base to treat the living system in general as a dynamic system of various
interactions and flows, which is more than a static though very complicated structure
[14]. Following the classical and molecular genetics which mainly describe genes
localized in loci, collected into genomes and transferred between (or among) genera-
tions, there occurred genomics or functional genomics focused on the action of
genomes—systems of genes or systems of genes and their expression, characteristic
for particular cells, organs and organisms or developmental stages of them [7, 15]. In
particular, focused on what genes at all are present in the genetic material, what
sequences code proteins, which ones are regulatory, and what are other functions?
What genes remain under control of other genes? What signal pathways are turned
on or off, when and where (in what cells)? The expression of genetic information
may be further analysed also on the level of RNA (transcriptomics and transcriptome
[16]) and proteins (proteomes and proteomics [17]), which are often considered as
integral parts of functional genomics, or its phenotypic implementation (see also
Table 9.1).
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Table 9.1 Definitions of the basic “-omes” and “-omics” studying the phenomenon of life in

general

“omics”

“_ome”’

Object of
investigations

Remarks

Genomics [15]

Genome [18]

Full genetic material.
In a narrow sense: “full
set of genes® of a
biological system®,
their interactions and
interdependence”
(functional genomics
[19, 20])

*However, a precise
definition of gene is
necessary

"Here and below—
“biological system” means
an organellum, cell, tissue,
organ, organism or biome

Transcriptomics
[16]*

Transcriptome
[16, 21]

Full set of RNAs being
transcribed in a
biological system®

aUnderstood as extension of

genomic methods for mRNA
analysis

“Initially “full set of mRNA

particles”

Proteomics [17]

Proteome [22]

The supplementation
of the genome and the
transcriptome, i.e. the
full set of proteins
undergoing
transcription and
translation in a given
biological system

Metagenomics
[23]*

Metagenome
(241

A set of genomes
characteristic of a
given biome or
microbiome

aPerversely, this study was
devoted to rRNA sequences
(or their genes. Cited after
[25] as the first example of
metagenomic approach)—so
better “metatranscriptomics”
YAn inconvenient term, as
apparently related to genetic
“metainformation” which is
something different than
“information contained in a
metagenome”. See the text

Lipidomics [26]

Lipidome [26]

Full set of lipids
characteristic of a
given biological system
(usually a cellular
lipidome)

2A subset of the metabolome

Glycomics [27]

2Glycome [28]

Full set of
carbohydrates, sugar
residues or their
modifications (full set
of glycans) typical of a
given biological system

2A subset of the metabolome

(continued)
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Table 9.1 (continued)

Object of
“omics” “-ome” investigations Remarks
Metallomics Metallome [29] | Metals and metalloids,
[29, 30] their compounds, ions

and complexes present
in a biological system
Metabolomics Metabolome The full set of

[31] [32] metabolites resulting
from the expression of
a given genome (the
“metabolic profile”)
attributed to a given
biological system

Interactomics [33] | Interactome [34] | The full set of aUnderstood as physical
molecular interactions® | interactions—complexing,
characteristic of a associations,

given biological system | agglomerations,
aggregations, attachments,
etc.

Paramagnetomics® | Paramagnetome® | A full set of permanent | “This issue
or transient, endo- or
exogenous
paramagnetic centres
detectable in (or
derived from) a given
biological system by
EPR spectroscopy

The fact that the information-related part of the definition of life [3] is not enough
to satisfactorily describe the whole phenomenon is a manifestation of two other
important facts. The first one is the lack of a satisfactory definition of information
[35, 36] and—consequently—of genetic information [36, 37]. For the purpose of
this chapter, it can be described as the biologically relevant information encrypted in
the form of a nucleotide sequence in a nucleic acid [37]. But the problem persists and
may often be observed as, for example, erroneous identification of the information
with its encryption and with its material carrier, erroneous identification of genetic
information with the sequence of nucleotides and with DNA or erroneously calling
mutations “changes in the genetic code”. While we are still not able to precisely
define information, we can provide some important features of this phenomenon.
Information is something dealing with or influencing on the following: (1) dynamic
process of exchange (flow) of energy between systems; (2) the resulting change of
the (thermodynamic) state of a system; (3) the system itself (e.g. the living system)
being non-equilibrial and non-linear; (4) improbability, uncertainty and entropy; (5)
something which chooses a particular state from the repertoire of the putative states
of the system; and (6) the system’s possession of the memory of states [14, 35-40].

The second fact is that despite such an intricacy in defining genetic information,
many of the functions or characters of the organisms are not encrypted directly in
the genetic information [36, 37].
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94 “Omics”

Bob Kuska described the moment of invention of the word “genomics” as “an activ-
ity, a new way of thinking about biology” [15]. And indeed, realizing that there is no
satisfactory definition of genetic information and that not everything is encrypted in
the genetic information inevitably leads to the necessity to describe biological phe-
nomena not analytically, but synthetically, as numerous phenomena acting in a con-
text and acting on each other in the form of extremely complicated nets. In the
names of the systems of such nets, the suffix “-ome” appears, per analogiam to ““the
genome”—the first “-ome” consciously analysed as the system of items. Similarly,
the names of new, respective branches of biological sciences end up with the suffix
“-omics” (per analogiam to “genomics”) [41].

The set of selected “-omics” and “-omes” described in the literature is collected
in Table 9.1. Establishing them is a result of the necessity of a systemic thinking in
biology, which is the final result of the developmental tendency initiated by Gregor
Mendel.

The fascination with genetics directed some biologists to the presumption that
everything which means “alive” is encrypted in DNA [37], so that deciphering DNA
would equal a complete understanding of the phenomenon of life (thus the ultimate
possibility of defining it) and reducing it to a purely chemical or physical phenom-
enon [42, 43]. Meanwhile, based on the purely physical rules and principles, the
phenomenon of life in toto does not simply result from the sequence of nucleotides,
physical or chemical properties of DNA [36]. This conflict was manifested as early
as in the 1950s by several famous scientists, including a great American biophysi-
cist and biologist, Barry Commoner, representing the fraction of “systems biolo-
gists’ (speaking in the nowadays language), and Isaac Asimov representing the
“DNA-centric” fraction [42, 43]. This hot discussion is important for the present
chapter also because Barry Commoner was the scientist who (in parallel to Lev
Alexadrovich Blumenfeld in Europe [44]) actually introduced EPR to the biological
and biomedical sciences [45, 46]. And it inevitably leads us to focus on the first
“electron” or “thermodynamic” part of the Weiner’s definition of life [3].

9.5 “Materia Electronica”

The discovery of the electron, the theoretical prediction and further experimental
confirmation of the electron spin and the idea of the dual, corpuscular-wave charac-
ter of the electron not only established chemistry in its present foundations, and
changed the way of thinking in physics [47, 48], but also strongly influenced the
development of modern biochemistry and bioenergetics. Nowadays we think about
the process of life in general, as a series of redox reactions in which the energy is
conveyed in a form of the electron (or its lack) [3, 4, 46]. The intermediates which
are produced by this way reveal paramagnetic properties, as being free radicals, or
transient metal ions [49]. There are also stable paramagnetic products of the metab-
olism—dioxygen [49], nitric oxide [50] and melanin [45].
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The importance of the particles with unpaired electrons for the phenomenon of life
was probably appreciated for the first time by Leonor Michaelis who observed that
obligatory intermediates in the metabolic pathways related to the transfer of the electron,
being therefore mainly the single-electron-transfer reactions, must be of a free radical
character [49, 51-53]. This assumption must have prompted Barry Commoner to put
biological materials into the EPR resonant cavity and to register first EPR free radical
signals of biological samples. He and his co-authors—Jonathan Townsend and George
C. Pake—wrote in 1954: “In the light of the suggestion of Michaelis and others that free
radicals occur as intermediates in biological electron-transfer processes, it is of consid-
erable interest to investigate the association between free radical content and metabolic
activity” ([45], p. 690). When reading this paper nowadays, it appears striking up to date
and sharpens the view of the engagement of unpaired electrons in the metabolic pro-
cesses, in particular in two principle processes of life intensively studied at present with
EPR: photosynthesis [54, 55] and oxygen respiration [56—60]. This is exactly what
Barry Commoner wrote about when analysing his EPR spectra. Paradoxically, Isaac
Asimov preparing his Ph.D. thesis worked on similar processes of catechol oxidation
[61]. Biology investigates, therefore, the flow of electrons through the living system and
the flow driven by external sources of energy (the Sun), resulting from its strong non-
equilibrial (non-linear) character [3]. So, the first part of the definition of life—the ther-
modynamic one—is boiled down to the functioning of “materia electronica” (Fig. 9.1).
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Fig.9.1 “Materia electronica”—a simplified view of the phenomenon of life according to [3] and
[62] and on the position and role of EPR and paramagnetomics in investigating the living systems.
See also [63]
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9.6 The Notion of the Paramagnetic Centre

In EPR spectroscopy, instead of using the term “free radical”, it is more convenient and
instructive to use terms reflecting the macroscopic feature being the essence of this
method—the paramagnetism, namely, the paramagnetic centre. The paramagnetic centre
may be a part of a bigger molecule or macromolecule, or of a system of small molecules
bound by physical interactions, like biological membranes. It can be defined as a particle,
atom, ion, molecule or a part of it, which contains in its atomic or molecular orbital an
electron with uncompensated (unpaired) spin. This term is widely used in the EPR spec-
troscopy, and it originates probably from the early 1960s or late 1950s. Commoner did
not use it in 1954 [45], but that was probably one of the earliest papers on biologically
oriented EPR, when the characteristic nomenclature of biologically oriented EPR had not
been established yet. The earliest usage of this term in the title of a paper, according to
“Web of Science™”, comes from a paper by Professor Machbuba Kayumovna Pulatova
published in1963 [64, 65]. It was transferred to biologically oriented EPR from solid-
state physics and crystallography, probably from the nomenclature of radiation-induced
defects in inorganic crystals. One says, for example, on “the F-centres”. The F-type cen-
tre is an unpaired electron which replaces the anionic vacancy in a crystal of metallic
oxide. Such an electron can absorb electromagnetic radiation from the visible band,
which results in colouration of the crystal (F-centre comes from the German
“Farbzentrum”—a ““colour centre”’) and at the same time responds for the paramagnetic
properties of the crystal [66]. The paramagnetic centre in biological systems must have
initially concerned “the part of a protein or nucleic acid molecule which possesses an
unpaired electron due to interactions of the system with ionizing radiation”” and was used
in opposition to “free radicals” being a result of biochemical reactions or radio- or pho-
tolysis of water, but gradually it has gained today’s meaning.

Such unpaired-electron-containing free radical intermediates cannot be attrib-
uted to a single particular cellular compartment out of the various compartments of
the cell; however, they can be easily detected by means of EPR and, moreover,
detected in situ, i.e. with no necessity to be subjected to other biological methods of
fractionation or separation followed by any specific or non-specific staining or
“blotting” and staining. Instead, the specific “staining” called the spin trapping and
the spin labelling can be used. In a similar way, the spatial distribution of paramag-
netic centres in a living biological system can be obtained by means of EPR imaging
[67, 68]. This creates a specific, unique “picture” of the biological system, in which
paramagnetic centres, and only they, can be characterized qualitatively, quantita-
tively and mapped spatially. The dynamics of changes in this “picture” following
transformation (annihilation or creation) of paramagnetic centres can be even regis-
tered in a kinetic aspect in serial EPR measurements in various timescales.

9.7 The Notion of the Paramagnetome

Here it is proposed to encompass, by the notion of “the paramagnetome”, all the para-
magnetic centres which appear in the living cell (however, with the possibility to escape
to the environment) and which can be detected directly or indirectly with EPR
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Fig. 9.2 The paramagnetome—its special position in relation to other “-omes”. The proportion
between particular components of the figure and the number of the included species is not main-
tained. To express the relation of the metallome to other “-omes”, I referred to [69] and in particu-
lar to [70]

spectroscopy. It includes both transient and permanent species revealing paramagnetic
properties (Fig. 9.2). An important but distinctly separated part is the exogenous para-
magnetome (“exoparamagnetome”), which consists of paramagnetic probes and spin
labels (or paramagnetic centres in spin-labelled molecules) but also spin adducts cre-
ated from exogenous spin traps and short-living radicals. In opposition to the “exopara-
magnetome” stays the “endoparamagnetome”—the pool of paramagnetic centres
generated by the living system itself. It must be observed that some part of the “exo-
paramagnetome” may be a product of the activity of other cells and organisms and
some—the artefacts—intentionally or unintentionally generated by human (who is a
living organism him-/herself). The so-defined paramagnetome can also be divided into
a dynamic and a stable fraction, the first consisting of short-living reactive species and
the other of stable particles in which paramagnetic properties are “trapped” or “hid-
den”. Both can include the exogenous and endogenous paramagnetic centres.

This pool of paramagnetic centres in a living organism creates a specific and
dynamic being, which is quickly spoiled (but not necessarily annihilated) once the
system dies (Fig. 9.3). It interacts with the rest of the system, and it makes these
interactions very symptomatic for some important processes and features of the
biological system. The most important processes which form the paramagnetome of
a living system are:
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Fig. 9.3 Paramagnetomes of a true slime mould Fuligo septica (Wigg F.H.) and their changes due to
necrosis. (a) The changes observed in the necrotizing plasmodium (red line, the native plasmodium;
black line, the necrotic plasmodium). Thin arrow, a wide g ~ 2.08 signal of decomposing haem iron
(low-spin Fe(i), “hemichrome” [71, 72]); thick arrow, the free radical signal (g ~ 2.00); asterisks,
hyperfine structure of the EPR signal of Mn(11) complexes. (b) The EPR signal of the necrotic plasmo-
dium compared with the spectrum of the author’s lyophilized blood (red line). Note a decrease in the
free radical signal of metabolic origin [73, 74], a change in the shape of the Mn(11) complex signals
towards more regular (better resolution and symmetry of the hyperfine structure characteristic for low-
molecular [Mn(OH,)s]** complexes) [75] and the occurrence of the low-spin Fe(im) signals. g = 6 and
g =4.3—the signals of high-spin haem (g = 6) and non-haem Fe(i1) (g = 4.3) [73, 74]. The strong free
radical signal in the dried blood (thick double-headed arrow) is due to paramagnetic products of lipid
peroxidation [72]. The plasmodium was collected and measured at ambient temperature in a Pasteur
pipette, and left in the same conditions for 5 days, whereupon measured again at X-band using a Bruker
EPR spectrometer at modulation amplitude—5 G, microwave power 21 (plasmodia) or 30 mW (blood)
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. Photosynthesis [45, 46, 55]

. Oxidative respiration ([45, 46, 56—60] and oxygen transport [76, 77])

. Synthesis of DNA, i.e. reduction of ribonucleotides to deoxyribonucleotides
([78]; see also further in this chapter)

. Inflammation and related processes of defence [79, 80]

. Cellular signalling [81, 82]

. Cellular detoxification and recycling [82—-84]

. Activity of other oxidoreductases and other redox reactions—e.g. melanogenesis
[85, 86], synthesis of nitric oxide [50], oxidation and reduction of metal ions
[87], Fenton reaction [88], etc.

. Interactions with ionizing radiation and UV (e.g. [63, 89-93])

9. Inter-radical reactions (e.g. recombination [94-96]), all of which being general-

ized as the process of life [3].
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The possession of unpaired electron results with the non-zero magnetic momen-
tum, responsible for the paramagnetic properties of the whole molecule. Such a mag-
netic momentum interacts with the external magnetic field in a positive way, i.e. pulling
the particle into the magnetic field. This is strongly contrasted with the diamagnetic
reaction, which is repulsive, and which results from the Lenz’s law and which pushes
away the particle out of the magnetic field [97, 98]. But it also entitles us to call the
opposite part of the living system metabolome—the “‘diamagnetome” (Fig. 9.2). This
measure may seem much more artificial than establishing the paramagnetome, because
the species with unpaired electrons play unique and crucial roles in the phenomenon
of life, while the diamagnetome is “all what does not belong to the paramagnetome”.
This notion, however, may appear useful when analysing the dynamics of interactions
between the paramagnetome and the rest of the metabolome.

The notion of the paramagnetome includes:

1. Free radicals and hydrated electrons [89]—products of metabolism [45, 53-60],
products of action of radiation (including UV) [63] on other “-omes”, and
products of secondary reactions of the primary products with other “-omes”
[64-66, 79, 90-95, 99-102]

2. Paramagnetic gases: oxygen [97, 103], nitric oxide [50, 81, 104, 105], nitric
dioxide [104, 106]

3. Paramagnetic ions of transient metals and metalloids, mainly Fe [56, 59, 73, 74,
105, 107], Cu [107-109], Mn [75, 110, 111], V [112], Cr [113, 114], Mo, Co, Ni
[107] and others

4. Melanin [45, 115, 116]

. Some defects in crystals of biominerals [66, 117]

6. Donor-acceptor complexes with strong charge transfer, e.g. in photosynthetic
centres [118, 119].

9]

It is important to note that from the chemical point of view, the difference
between these categories is more or less arbitrary, and sometimes even metal ions
are colloquially called “free radicals”.
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9.8 The Special Position of Melanin in the Paramagnetome

Melanin is a paramagnetic biopolymer of unique chemical and physical properties
[116]. Its main (but not the only one) function in the organism is pigmentation of the
skin, hair and iris [120]. Its paramagnetism is extraordinarily high as compared to
other paramagnetic biological substances, unbelievably stable, e.g. preserved over
millions of years in fossilized paleontological material [121]. It is an end product of
polymerization of aromatic amino acids and their derivatives, and, as opposite to
other biopolymers, it is produced by oxidative polymerization [85]. Its paramag-
netic properties are of a mixed character, predominantly determined by free radi-
cals, with admixture of paramagnetic metal ions [115, 116]. The free radical
paramagnetic centres, mainly of semiquinone or semiquinonimine character, are
trapped within the amorphic structure of the polymer, which makes the paramagnet-
ism particularly resistant to almost all methods of degradation, except of oxidative
ones [116]. Its position in the paramagnetome of a pigment cell, such as melanocyte
or melanoma cell, is very special [120] and responsive for some features of these
cells, besides pigmentation, e.g. of the resistance to various methods of therapy,
including radiotherapy [122]. It is not clear what the evolutionary origin of melanin
is, but there are hypotheses that it was an end product or the butt end of some bio-
chemical reactions which appeared when the atmosphere in the Earth became oxi-
dative [123] and which otherwise might have led to a total destruction of the cells
by oxygen. Other authors suppose that it is a by-product of oxidation of quinones
which may have been used as a “chemical weapon” due to their high chemical activ-
ity [85, 124]. In the pigmented cell, melanin may be just a “cleaner of the diamag-
netome” which sweeps of the paramagnetic transient and highly active species or
even participates in the metabolism by driving the unpaired electrons through the
carriers. Such a role of this substance has been implied since the already cited paper
by Commoner et al. [45]. For the present chapter, it is important to note that many
cells, e.g. keratinocytes in the skin epidermis or in hair follicles [120, 125, 126], do
not produce melanin but obtain it directly from melanocytes, from other keratino-
cytes [126] or by phagocytosis of ectopic melanin or apoptotic bodies [127]. For
phagocytic cells, melanin, a product of endogenous metabolism of other cells, may
be, therefore, an important constituent of the “exoparamagnetome”. One of its sup-
posed biological functions is the role of a “redox buffer”, delivering or accepting
electrons in the case of their overproduction or deficiency in the living system [116].
They can interfere with the paramagnetome as “stabilizers” or, perhaps, as destabi-
lizers [128, 129] of the endo- but also of the exoparamagnetome and the general
internal or external environment. In some cases it is difficult to an unambiguous
determination of their paramagnetomic position, just like in the case of marine or
soil bacteria which may use melanin and humic substances as shuttle vectors for
electrons in the process of anaerobic respiration, in which the excess of electrons
generated by the cells due to oxidation of particular substrates is transiently saved
in the form of “reduced melanin” to reduce further an inorganic acceptor (e.g.
iron(iii)) [130, 131]. This seems to be a new step in the evolution of melanin but also
a new paramagnetomic quality in the biosphere [132, 133].
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9.9 Dynamics of Paramagnetomes in Time
and Space - Examples

One of the most important features of EPR as a method useful in biology is the pos-
sibility to monitor the same paramagnetic species on different levels of the organi-
zation of biological systems, from the ecosystem [133], through single organisms
(e.g. alive developing embryos [134]), organs [135], tissues [136], cells [50] and
pure substances [75, 112], to the level of molecular electron “bus bars” [56, 119].
Important paramagnetomes act in plants, their leaves [54, 55, 109] and germinating
seeds [45]. Itis also possible to study “paleoparamagnetomes”, i.e. paramagnetomes
of fossils, because some paramagnetic centres may be trapped in particularly stable
and resistant materials. To such materials belong i.a. biominerals (bones, teeth
[137]), melanin or its external equivalent contained in humic substances [121] and
various forms of fossil carbon, which itself may serve as a paramagnetic probe, e.g.
in EPR oxymetry [138, 139]. As on each level, the paramagnetic centres may inter-
act with other constituents of the system and the paramagnetomes with other
“-omes”; EPR appears as a really powerful tool, which has been pointed out many
times in the past as the unique characteristics of EPR techniques [68, 140-142].

The amino acid free radicals are often products of irradiation and oxidative stress
and interact with other macromolecular and usually diamagnetic components of the
cell. As belonging to a rich set of xenobiotics, the damaged macromolecules may
further induce inflammation-related oxygen burst, generate a secondary pool of free
radicals and escalate the oxidative stress responsible, for example, for some autoim-
mune degenerative disorders [90, 91, 143].

The soluble guanyl (called also guanylate or guanylyl) cyclase belongs to the
very small group of the haem-containing enzymes whose haem group is not engaged
in the catalytic activity [144, 145]. As a consequence, this enzyme is not an oxido-
reductase but a lyase, responding, however, to a paramagnetic, parahormonal
ligand—NO [50, 81, 105, 146]—and itself being paramagnetic [147]. But the vast
majority of haem-containing enzymes belongs to the first class of enzymes—the
oxidoreductases—which change the oxidation state of their substrates. While the
full cycle of the enzymatic activity should regenerate the initial redox and spin state
of the enzyme [148], the transient reactions may be associated with reduction or
oxidation of the metal of its catalytic centre (ferroxidase-ceruloplasmin [86], L-phe-
nylalanine hydroxylase [87], nitric oxide synthases [148], etc.). The enzyme may
also change its oxidation state due to activation or inactivation (e.g. tyrosinase [85,
149]). Finally, the main factors determining enzymatic activities of oxidoreductases
are often amino acid free radicals [148]. As a consequence, the oxidoreductases stay
paramagnetic over the substantial part of their existence in the cell. Therefore, the
proteomic paramagnetome plus melanin (in pigment cells) seem to hold the central
and the most stable position in the cellular paramagnetome.

In the majority of cases, the EPR signal of free radicals is a result of transient,
short-living species (e.g. semiquinones, except of these trapped within the structure
of melanin), which when overlapped with the signals of “working” enzymes may be
treated as the “signal of life”, the manifestation of a given system being alive [45,
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73, 74]. But in this point, it must be stressed that not every redox reaction which
takes place in the metabolome reveals the engagement of unpaired electrons in the
mechanism. For instance, the production of NADH in the process of oxidation of
phosphoglycerol aldehyde in glycolysis does not involve free radical intermediates
[150]. The primary electron donor for NADP+ is the hydride anion (H™) [151],
whose two electrons reveal by definition compensated spins, so that the activity of
the enzyme (GAPDH-—glyceraldehyde-3-phosphate dehydrogenase) is based
solely on amino acid residues of the apoenzyme and the phosphate group of the
substrate [150, 151]. Anyway, in the respiratory chain, the NAD" reductase acts as a
typical oxidoreductase with the unpaired electron intermediates [152]. A more
interesting case is represented by the nitric oxide synthase [148], which produces
NO in two independent steps. In the first monooxygenase reaction, the free radical
intermediate is centred on an amino acid residue of the apoenzyme, while in the
second the free radical appears as an L-Arg—O- radical of the “second” substrate
(N-OH-L-Arg). Everything is orchestrated by the iron of the haem prosthetic
group upon control of BH, (also controlling the spin state of the catalytic iron(11r)),
FAD and FMN, with NADPH as a co-substrate. The system of the electron carriers
is extraordinarily complicated, one of the substrate (O,) is paramagnetic, and,
besides the intermediate free radicals and the permanently changing iron [148, 153],
the product itself is a paramagnetic particle: NO. Examples for non-unpaired elec-
tron- and unpaired electron-engaged reactions of oxidoreductases can be
multiplied.

The endoparamagnetomes may interact with the environment and the exopara-
magnetomes. The most important example of this interaction is, again, photosynthe-
sis which has produced over the substantial part of the evolution the whole resource
of atmospheric, paramagnetic oxygen [154—156]. This element is also the dominant
final acceptor of the electrons in the catabolic processes delivering energy available
for living systems, thus creating the continual flow of electrons and energy, facilitat-
ing self-organization and setting the machinery of life in motion—in other words,
maintaining the biosphere in the state of life [3, 46, 154].

The signal or, better, the EPR signals from the paramagnetome may also deliver
important information on the actual quality of the ongoing processes of oxidative
damage, e.g. mitochondrial dysfunction due to septic shock [73] or a change of the
balance between various pools of iron due to the progress of dilated cardiomyopa-
thy [74]. The signal of paramagnetic centres trapped in calcium carbonate crystals
[117] or in keratin of finger- and toenails [157] inform on the doses of radiation
absorbed by an organism. From the shape and strength of the EPR signals of spin
adducts [158, 159], one can deduce on the proper functioning of other life pro-
cesses, difficult to a direct monitoring with EPR, like oxygen burst [76, 79, 92, 159],
production of nitric oxide due to activation of non-specific immunity [50, 79, 135,
158-161], etc. Similar information can be extracted from the changes in the EPR
spectra of EPR probes and spin labels [162]. Finally, the oxygen supply and con-
sumption, as well as vascularisation of an organ (e.g. a tumour), may be observed
not only in the dynamic but also the spatial aspect upon use of EPR imaging (EPRI)
[163, 164]. The spatial distribution of melanin in a solid tumour of melanoma has



204 P. M. Ptonka

recently been registered using EPRI [165]. Such EPR spectrum-derived (i.e. para-
magnetome-derived) information may be applied to monitor some other features of
the inner environment of the organism, organ or cells, like fluidity, polarity, pH, etc.
[68, 140, 142, 159, 162]. All these data are important to design therapeutic proce-
dures and to define the applicative aspect of the paramagnetome [142, 166].

9.10 The Sense and Usefulness of Paramagnetomic
Approach to Biology

So far, some constituents of the paramagnetome have been discussed in a wider
context of the metabolome (let’s cite as an example the title of a session during the
Xth International Workshop on EPR in Biology and Medicine in Krakéw; the ses-
sion, and the workshop as a whole, contained presentations and posters with EPR/
ESR data [167]) and/or the metallome [141]. Such approach is to some degree justi-
fied, as free radicals are inevitable side products and intermediates of metabolism
and the biologically important metal ions are often paramagnetic; moreover, this
importance resulted from their being paramagnetic. In both cases, however, the
usage of EPR as the main method of investigation of paramagnetic species makes it
exotic and unusual, and somehow strange for the metabolomics [32], and even more
importantly, almost the entire metabolome is diamagnetic. There are biologically
important metals, even such that in general can change their oxidation state (e.g.
zinc), which in biological systems are only diamagnetic and do not undergo redox
reactions (zinc II, magnesium, calcium) [168], despite belonging to the metallome.
Biological EPR is wholly dedicated to the paramagnetome, while to investigate
diamagnetic substances, incomparably more methods have been created. The living
organisms are almost entirely diamagnetic, but it is the very few paramagnetic con-
stituents that make them unique and living. As a result, distinguishing the paramag-
netome from the metabolome and the metallome, followed by creation of the
“paramagnetomics”, seems specially justified.

Application of EPR and analysis of the EPR spectra are the common denomina-
tors for the cross-sectional analysis of paramagnetic centres of the metabolome and
the metallome. In other words, EPR techniques, as dedicated to the paramagnetome,
and only to the paramagnetome, make the paramagnetome exceptional. Moreover,
this analysis, no matter if metallomic or metabolomic, concerns processes crucial
for living cells.

At this point, there remain, however, still three other reasons justifying the selec-
tion of the paramagnetome as a separated, autonomic “-ome” in the biological
system:

(a) From the physical and even chemical point of view, the existence of paramag-
netic molecules, ions or atoms in a system is important only from the point of
view of the direct environment, i.e. the environment directly neighbouring in
time and space the present system or the present state of the system. For the
alive, biological system, everything, which precedes the current state from the
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beginning of the existence, matters, and the present state of the system is given
by the integral of the function of response over the whole time of existence,
given by all the parameters with their own history and transient states [2]. Only
the integral analysis of the transient paramagnetic species over time (and space),
given as a system— as an “-ome”—Ieads to the anticipated goal. In other words,
the transient state of a biological system, in which the paramagnetic species
play the main role, is the state of the whole paramagnetome and its history. For
instance, for a biological system, it does matter whether the molecule of super-
oxide radical was generated as a goal product of NADPH oxidase or a side
product of photosynthesis.

(b) As it has already been pointed out, the phenomenon of life possesses its
dynamic, ephemeric, transient dimension, as being rather a process of transfor-
mation, change or flow, than a structure (while the structure being still impor-
tant, it still undergoes transformation [14]). The dynamic approach is
indispensable to understand, e.g. the function of a macromolecule, a lipid
bilayer [169], a biological subsystem or a whole system. The paramagnetic cen-
tres are usually transient species, which mark the given pathway of changes and
whose fugacity can be overcome by spin-trapping. EPR measurement makes it
able to register the kinetics of the process. More metaphorically, electrons still
flow through the living system [14, 46, 55, 56, 119, 170], and EPR —makes it
able to directly “trace” this flow, thence, the phenomenon of life. It can be
executed against the diamagnetic background without the necessity to purify
any transient paramagnetic species, which would hardly be possible in the case
of “diamagnetomic” constituents.

(c) Constituents of paramagnetomes are often the only remnants of once-alive sys-
tems (the so-called EPR fingerprints [133]). The paramagnetic substance is
sometimes the only proof that a given environment was, indeed, inhabited by
alive organisms [121, 138, 139], so its remnants can be called “life
fingerprints”.

Finally, there are some paramagnetic species, the position of whom is problem-
atic, e.g. dioxygen, which is a product of enzymatic photosynthesis, and the main
final substrate of oxidative respiration, however, being a chemical element of clearly
“inorganic” character. A similar problem concerns nitric oxide—one of the simplest
heteroatomic molecules in the Universe. The same problem that metal ions are not
directly encoded in the genes and are actually of the external origin, as not possible
to be generated or created by the living system, leads to the establishment of the
metallomics [29, 30].

One can say that EPR itself defines the paramagnetome. The paramagnetome is
all this of the substances present in any living system, which can be measured
directly by EPR, which can be reflected in an EPR spectrum and, a lot of this, which
makes the system alive.

The chemical nature of the paramagnetome makes its constituents actively inter-
act with one another; in other words, the metallomic paramagnetome creates the
constituents of metabolomic paramagnetome, which interacts within itself and
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which may interact with other “-omes”. But here, there is a start of a very long and
substantial discussion, to be carried out in another book akin to the present one.
However, one should note that some attempts have already been undertaken several
times, from the position of metallomics [29, 141] and metabolomics [30, 162, 167],
from the position of physics and biophysics [46, 171] and even from the point of
view of applicative sciences like biotechnology [140] or dermatology [68] (actually,
the whole present book is a proof that the “EPR approach” to biology and medicine,
and the paramagnetome, exist). All those attempts limited themselves to pinpoint of
advantages and versatility of EPR spectroscopy, without making a step forward—to
call this approach by name. So far, the keyword “paramagnetome” or “paramag-
netomics” delivers no entry in the available Internet resources, except of my invited
lecture which has been given on May 21, 2017, during the VI International
Conference of Biophysics Students in Krakow [172].

9.11 The Paramagnetome and Genetic Information

The paramagnetome as a real being in the living system can be in the best way por-
trayed in relation to other similarly defined systems (“-omes”) perhaps better anal-
ysed and deeper rooted in the common biology. So far, the talk has concerned some
paramagnetomic aspects of proteome, metabolome and metallome. The lipidomic
and glycomic aspects of paramagnetomics have also been noted, as the “biologi-
cally oriented EPR” has partially developed from the EPR study of biological mem-
branes [162]. But when following the main plot of this chapter (definition of life),
the question about the genetic information and its paramagnetomic associations
arises in the first place.

Many processes of interactions between the paramagnetome and classical
“-omes”, in particular the genome, the transcriptome and the proteome, reveal a
remarkable stigma of pathology and destruction of living systems, which on the
level of genetic information means randomization of the sequence of nucleotides
[173]. In this context, the unpaired electrons and paramagnetic centres as the pri-
mary or secondary products of ionizing irradiation are the factors of damage to
DNA and RNA [140] potentially leading to the destruction of genetic information
and the living system [173].

One has, however, to remember that the process of mutagenesis leads to the pro-
duction of new genetic information and probably new biological functions [175].
Actually, mutations and their further evolutionary verification are the only, primary,
natural processes of creation of qualitatively new genetic information encrypted in
a qualitatively new variant of a nucleotide sequence [155, 175]. This variant may be
further multiplied and rearranged creating yet newer portion of genetic information
[37]. There is a hypothesis that the existing genomes may have evolved from a lim-
ited number of short oligomeric sequences which generated the present genomes by
multiplication and recombination [176], but to achieve the present length and vari-
ability of genomic sequences, and the corresponding polypeptides, it must have
been supported by point mutations [177, 178].
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There is a given error rate, over which the given genome must inevitably undergo
such an above-mentioned randomization over the next several generations (the so-
called Eigen limit) [175, 179]. As the matter of fact, the entire genetic information
is a manifestation of the permanent interaction between the biological systems and
the environment which undergoes also permanent changes. The process of environ-
mental changes (except of extreme environments) is, however, much longer and
slower than the lifetime of a generation of organisms. Therefore, in the short run, it
pays to preserve genetic information rather than to develop it (and this was what
Gregor Mendel actually discovered [5]). The adaptative value of the mutations is
also permanently verified in new environmental conditions, and a “bad” mutation
not necessarily must remain “bad” in the future. As a result, it would also pay if any
new genetic information (i.e. the new mutations) were somehow stored in the
genetic material. The biological system must possess a genetic memory [154].

Earlier I wrote that in the process of the expression of genetic information,
“unfortunately”, no redox reaction takes place, therefore apparently eliminating the
unpaired-electron-involving phenomena from the stream of the expression of
genetic information. Mutagenesis does engage the paramagnetome. It can be accel-
erated by artificial irradiation of generative forms of life, and this is the way to
obtain new mutations in classical genetics [180]. UV irradiation may lead to the
electron-excited states in DNA of highly reactive though not necessary paramag-
netic character; however, it is an important inducer of the oxidative stress and free
radicals in a similar way generating mutations [79, 80, 89, 91, 174, 181]. But the
development and expansion of genetic information, thanks to mutagenesis, are eas-
ily imaginable without recourse to the radiation or UV-induced mutagenesis [182].
The point mutations understood as random, hereditary changes of the number or
quality of single nucleotides in the nucleotide sequences may be induced chemi-
cally or may justbe the effects of erroneous replication [ 179, 182, 183]. Consequently,
the engagement of the paramagnetome as an indispensable factor in the biological
evolution might seem exaggerated (hence the above mentioned word “unfortu-
nately”). Perhaps the existence of the paramagnetome is an exotic curiosity which
has nothing important to the establishing, maintaining and expression of genetic
information, thus the life. Is this the case?

There is one crucial difference between ionizing radiation-induced and
UV-induced mutagenesis. In the case of free radical intermediates, the unpaired
electrons cannot annihilate nor dissipate but only recombine, i.e. pair with other
paramagnetic species [95, 184] or interact with a diamagnetic species leaving
another paramagnetic centre [185]. Meanwhile, in the case of the electron-excited
states, the active intermediates, besides the possibility of utilizing the excess of
energy to break or form a covalent bond, may dissipate the excess of energy in the
form of heat (thus increasing the entropy of the surrounding [62]). A particular effi-
ciency of this process can be supplied by hydrogen bonds in the DNA double helix
and Watson-Crick base pairing [186]. As a result, almost every excitation of a base
in a double helix of DNA by UV can be dissipated. As the most important muta-
genic factor on the early Earth was UV, this was probably the most important reason
for establishing DNA as the main, most stable and inert carrier of genetic
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information [186]. The other reason is the relatively low Eigen limit enabling to
maintain only genomes as long as ca. 100 nucleotides if the genetic information
were encrypted in RNA [179, 183]. DNA not only turned out relatively inert to
UV-induced mutagenesis but also made it able to substantially lengthen the existing
genomes [175]. As a result, the present living cell does possess a genetic memory
[154] and a representation of states to choose from in response to the changes in the
environment [40]. But it leads to a paradoxon—the development of DNA as the
ultimate carrier of genetic memory would move the evolution of genetic informa-
tion apparently towards independence on the unpaired electron-containing, muta-
genic paramagnetome. Is this, indeed, the case?

The answer to these questions—no, it is not the case!—does not concern the resis-
tance to mutagenicity but the production of DNA, in particular deoxyribonucleotides,
which are the reduced forms of ribonucleotides due to the activity of ribonucleotide
oxidoreductases (RNR) [78, 187-191]. Let it be illustrated first by a citation from
Michelle C. Y. Chang, Cyril S. Yee, JoAnne Stubbe and Daniel G. Nosera who wrote
in 2004 ([189], p. 6882): “The central role of RNRs in nucleic acid metabolism, their
exquisite control of free radical chemistry, and the proposed part they play in the con-
version of an RNA to a DNA world, have fascinated scientists since their discovery”.
RNRs are oxidoreductases, obviously dealing with free radical species and transient
metal ions (and being studied with EPR [78, 191]). The obligatory step in this process
is reduction of carbon 2’ of the substrate’s ribose in the active centre of the enzyme.
One of the peculiarities of these enzymes is a direct replacement of the 2’-OH group
with a hydrogen (from the thiol residue of Cys 462 of the apoenzyme [188]). The
origin of the unpaired electron, however, is the thiol radical of another cysteinyl resi-
due—Clys 439 situated in the active centre of the enzyme. And interestingly, it is the
3’ carbon of the ribose of the substrate that is initially reduced by the Cys 439 thiol
radical, and only then is the unpaired electron transferred on 2’ carbon [188]. The full
mechanism of the process is much more sophisticated, in details described in the sub-
stantial literature (e.g. [78, 188—190], etc.) not to mention that there are three main
classes of RNR [188-190]. The important point here seems a complicated, multistep
series of free radical reactions and transient paramagnetic species which take place in
the molecule of the substrate during the full process of reduction driven by external
paramagnetic centres of the apoenzyme. The actual origin of the unpaired electron
(nonhaem iron complex and tyrosyl radical, cobalamin, or glycyl radical generated
with another nonhaem iron complex) segregates the enzymes into these three main
classes (RNR I, RNR II and RNR III, respectively; e.g. [188—190]). The unpaired
electron in RNR I is probably generated by a photochemical reaction [189] and trans-
ferred to the reactive centre of the enzyme via a chain of amino-acid radical intermedi-
ates situated on the inter-domain surface of the enzyme [189]. So, the “control of free
radical chemistry by RNRs” is “exquisite”, indeed ([189], p. 6882). Thanks to amino
acid, and transient metal paramagnetic centres, not only new genetic information is
produced but DNA itself.

Is this process related to oxidative stress? Demand for deoxyribonucleotides is cre-
ated in the cell by two main factors—DNA replication (which is self-evident) and also
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DNA repair, which is a direct result of oxidative damage to DNA [174]. The more
recent study of already cited [64, 65] Professor Machbuba K. Pulatova revealed that
irradiation itself increases the activity of ribonucleotide reductases [192]. The
increased supply of free radicals must result in the increased DNA damage, which
increases the demand for deoxyribonucleotides for the repair systems. Another evi-
dence is the dependence of the process of RNR Ib maturation (i.e. generation of the
“external electron donor”, the tyrosyl radical) on the semiquinone-manganese (Ir)
complex which is created with the engagement of superoxide anion-radical [191], i.e.
the main factor of oxidative stress [76, 77, 79, 80, 160]. It must be emphasized that
the putative light-primed activation and the engagement of nonhaem iron complexes
in the class I RNR denote an ancient origin of this group of enzymes. Unexpectedly,
it is the RNR III class that is suggested as the most ancestral representative of RNR
[190].

The discovery of RNRs [187] and their mechanism of action strongly reinforced
the view that DNA must have evolved in the RNA world with RNA genes encoding
proteins and that DNA must be a relatively young evolutionary invention [189, 193,
194]. Another evidence is the fact that it is the ribonucleotide, not the ribose, which
is reduced by RNRs [188, 189]. The variability of different nucleotide sequences
may have been achieved in the “RNA world” and then transferred and preserved in
the much more stable DNA [193, 194]. The paramagnetome must have, conse-
quently, appeared earlier than DNA-based genetic memory which preserves the rep-
ertoire of states and makes it possible to control metabolism. The co-localization of
the sites of DNA repair and DNA replication [195, 196] suggests that the origin of
DNA replication may have something in common with DNA repair. The other impor-
tant reason for this assumption is that double breaks of DNA are the main type of
DNA damage due to irradiation [174], such damage being a substitute of “melting”,
i.e. dissociating of the nucleic-acid double strand, making a sort of replicatory fork
necessary to initiate primordial replication. It is important, as the necessity to disso-
ciate is one of the problems when re-constructing the evolution of replication [197].
Such partial dissociation is necessary to facilitate semi-conservative replication.
Templates loosely bound into double strands achieve this easier than the more stable,
tightly bound double strands. But loose bound means pairing with the monomers in
the process of replication with a lower fidelity. It also increases the probability of
hydrolysis into monomers—and randomization [173, 197]. This lowers the Eigen’s
error threshold and shortens the putative genomes which may be maintained over a
big number of generations.

The described phenomena really place the paramagnetome in the centre of the
life processes connected with the production and transfer of genetic information.
In the context of the work by Berggren [191], Pulatova [192] and colleagues, it
directs the topic of the relations between the paramagnetome and the genome
towards the hottest stream of discussions on the evolutionary origin of genetic
information. One should end up with a provocative statement that the definition of
life given by Professor Weiner [3] is as a matter of fact a variant of the definition of
the paramagnetome.
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Table 9.2 Features of paramagnetomics as a representative of “omics”

“Omics” Paramagnetomics

Functional EPR signal—the signal of redox processes
(transient species), the record of par excellence
functions

Interdisciplinary “Biologically oriented EPR” is by definition and
even by name interdisciplinary

Investigating living systems in a EPR spectroscopy as the only method to directly

“cross-cutting” manner and “in a investigate paramagnetomes understood as the life

context” in esse

Operating (usually)—on big sets of data | Whatever big the sets of the EPR data are, they
demand special skills to interpret them

Basing on newest analytical methods in Specific method: EPR spectroscopy and imaging
particular addressed to big data systems

Demanding therefore refined IT Digital acquisition of EPR spectra and their
(information technology)... numeric simulations...

...and refined IT specialists ...demand omnipresent IT specialist

9.12 Conclusions: Paramagnetomics—Is There a Necessity
to Create Yet Another“-Omics”?

In 2007 Satya Yadav counted 829 entries containing suffix “-omics” [41]. Inventing
and establishing this way new branches of biology became a fashion and even a
matter of competition among scientists. One of the reasons (or maybe an opportu-
nity) for this is a thorough redesign of life sciences [198]. But, while “to bring
something into existence” often means “to name it”, is the other way round also
true: does “to name something” automatically mean “to bring it into existence”?
Whatever the answer is, in my opinion, the paramagnetomics has already been cre-
ated; the only step to do is to call it by name.

Paramagnetomes may be described as systems of biologically relevant paramag-
netic centres interacting with other “-omes”, created and annihilated in biologically
relevant processes (some key biological processes). This placement of paramag-
netomes in a very special position towards other “-omes” makes the EPR spectros-
copy a unique and convenient tool for biologically oriented research and entitles one
to call the full discipline engaging EPR to biology as “paramagnetomics” rather than
“biologically (and medically) oriented EPR/ESR spectroscopy”. Table 9.2 compares
the features of paramagnetomics with other “-omics”. Paramagnetomics possesses a
clearly determined object of investigations—biologically relevant paramagnetic cen-
tres—and a clearly defined field of research, processes taking place in living systems
with the participation of paramagnetic centres, as well as sharply outlined directions
of further development. It also possesses the specially dedicated research method—
EPR spectroscopy and imaging. Of course there are other research methods serving
to investigate paramagnetic centres, including polarimetry [199], fluorimetry [200]
and UV/VIS spectroscopy [201], mass spectrometry [202], Mdssbauer spectroscopy
[203], NMR and NMRI [107, 166, 204] and others [116]. But all of them, except
EPR, may also serve to investigate directly diamagnetic molecules and atoms, i.e. the
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Table 9.3 Paramagnetomics as a “new science” according to Stafford Beer [205] and updated

The feature Implementation in paramagnetomics Remarks
The object of Living systems or their remains (soil, fossils) and
investigations their models
The topics of Paramagnetomes As defined in this
research chapter
The scope (field) of | Paramagnetic centres on various levels of
research organization of the living system and their

interactions

The primary EPR spectroscopy and imaging
method of research
The theory Theory of magnetic resonance “Pure science”

In silico simulation of EPR spectra and of pulse
EPR data (e.g. [206, 207])

The resource of Description of paramagnetomes, their dynamics “Actual
predicative and interactions including free radicals, knowledge”
sentences paramagnetic transient metals, spin trapping and

spin labelling
The applicative “Application of EPR in biology and medicine” “Implementation”
aspect
Main directions of | — Deepening the existing knowledge on
the future paramagnetomes
development — Theoretical studies (modelling and simulations)

on sophisticated aspects of EPR and on big
systems of paramagnetic centres

— Integration with techniques other than EPR

— Interactions of paramagnetomes with other
“-omes”

— Clinical, environmental, evolutionary,
astrobiological EPR

— Further developing the definition of life

“diamagnetomic” part of the metabolome. On the other hand, EPR may be used to
investigate other “-omes”, e.g. transcriptomes [140], which well documents the
“inter-omic” interactions and unifies the processes, the understanding of which is
possible only using the approach of the systems biology.

The “paramagnetomics” fully deserves the status of a “new science” (in the sense
of “a new branch of science”) fulfilling the criteria of being a distinct, complete
discipline of science, i.e. according to Stafford Beer [205], possessing its theory (the
so-called pure science—the principles of concluding and the scaffolding for the
assemblage of the knowledge into an organized system), the resource of predicative
sentences (i.e. the resource of the actual knowledge) and the applicative aspect of
the theory and the actual knowledge. The brief characteristics of “paramagnetomics”
are shown in Table 9.3.

Paramagnetomics understood previously as “biologically and biomedically-ori-
ented EPR (ESR) spectroscopy and imaging” is a clearly defined, modern interdis-
ciplinary branch of science. In contrast to the previous determinations, however, it
appears as a discipline of biological rather than of physical sciences.
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