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The presentations of the 5th Workshop on EPR Application in Biology and Medicine, as well as selected papers, in 
which the EPR (electron paramagnetic resonance) spectroscopy technique played a significant role, are reviewed from 
the point of view of potential biotechnological applications. Selectivity, specificity, non-invasiveness, and other features 
of the technique make it particularly well suited to meet the high requirements of a tool appropriate for biotechnologi-
cal research. Several examples of work in molecular biology are summarized, showing that at all levels of genetic infor-
mation expression, from DNA and RNA to proteome, in all aspects of cellular phenotype, including membranes and 
sugar residues, EPR is being effectively used to reveal both structural and functional information. Furthermore, in 
medical biotechnology, EPR is of crucial importance not only in oxidative stress research, but also in the action and 
transport of drugs, and in medical imaging. Finally, biotechnology in the classical meaning of the term employs EPR in 
such areas as plant biotechnology and food production and storage, including such a traditional product as beer. Over-
all, the wide spectrum of presented data demonstrates impressive versatility and extensive usage of EPR in biotechnol-
ogy, deserving attention of biotechnologists. 

 
INTRODUCTION 

 
The EPR Workshops, which periodically have 
taken place in Kraków since 1989, and the special 
EPR issues of Current Topics in Biophysics, have 
become a specific and unique record of the devel-
opment of EPR and its biological and biomedical 
applications. The 5th Workshop on EPR Applica-
tion in Biology and Medicine was organized as a 
part of a program of Support for European Centres 
of Excellence, entitled “Molecular Biotechnology 
– Integration of Education and Research – BIER” 
founded by the 5th Framework Programme of EU.  
 The meeting of various EPR specialists working 
in diverse fields created a perfect occasion to dis-
cuss selected examples of biotechnological appli-
cations of the EPR spectroscopy, basing on some 
presentations of the 5th Workshop, and on papers 
published elsewhere. This review is addressed 
mainly to biotechnologists, to make them aware of 
all the advantages of this method, its unexpected 
but impressive versatility, and to suggest how the 
EPR spectroscopy can be used in modern biotech-
nology, drawing their particular attention to the 
molecular aspects of the research.  

 

SPECIFIC FEATURES OF EPR  
IN BIOLOGICAL RESEARCH 

 
Selectivity 
 Among thousands of types of substances 
constituting biological systems, only very few, 
namely – free radicals, including dioxygen (O2) 
and nitric oxide (NO), and limited number of 
transient metal ions reveal paramagnetic 
properties, and even fewer may be observed 
without obstacles by the EPR spectroscopy 
(Abragam & Bleaney, 1970). In some cases 
exogenous EPR-detectable paramagnetic probes 
(spin labels) are intentionally introduced into the 
system. On the one hand, it is a serious limitation 
of the method, but on the other hand, it often 
eliminates the necessity to purify biological 
samples. The few exo- or endogenous 
paramagnetic species may be observed against an 
intact diamagnetic background of the system.   
 
Specificity 
 Many paramagnetic centers reveal EPR signals 
of a specific shape being in some cases a finger-
print of biologically important or artificially intro-
duced paramagnetic particles (Wertz & Bolton
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1986). The centers of a free-radical character, 
when not in the near vicinity of a magnetic nucleus 
(in biological systems mainly 1H, 14N, or in artifi-
cially introduced isotope-labeled reagents contain-
ing 15N), reveal a similar shape and position of 
their signals, but even then the signal specificity 
may be elicited by chemical bounding of the radi-
cals, according to the rules of spin-trapping. Usu-
ally, the resulting spin adduct reveal a specific, 
unique EPR signal, which makes it able to follow 
also these paramagnetic species of a non-specific 
EPR signal. Spin-trapping becomes indispensable 
for the measurement of short-living paramagnetic 
particles (the majority of free radicals), for the 
particular spin adducts usually live long enough to 
be observed by EPR (Rosen, Britigan, Halpern & 
Pou, 1999). 
 
Non-invasiveness 
 Due to selectivity, satisfactory penetration of 
living tissues by microwaves (the absorption of 
which is measured in the EPR spectroscopy) and 
relatively low levels of energy absorbed by sam-
ples during measurements, the technique gives the 
opportunity to investigate whole living objects, 
and even to monitor on-line the changes in their 
paramagnetic properties (e.g. due to the metabo-
lism of paramagnetic labels introduced into the 
system) without any considerable interference with 
the native processes. This is a unique property of 
the EPR spectroscopy, compared e.g. with the 
spectroscopy UV-VIS working in the spectrum of 
electromagnetic radiation, for which most of the 
tissues are optically dense. Nowadays, EPR has 
been evolving particularly profoundly towards 
improving on its in vivo applicability.  
 
Sensitivity 
 This aspect of the technique cannot match the 
sensitivity of numerous techniques of molecular 
biology (hybridizations, PCR, microarrays etc.) 
making it able to detect even a single particle in a 
sample (in the diagnostic praxis – even a single 
particle per a set of diagnosed samples). The phe-
nomenon of resonant absorption of microwaves 
reveals a stochastic character and in principle it 
may be observed only in a population of spins 
(observation of the spin of a single electron, how-
ever, has recently become a spectacular challenge 
for the emerging spintronics). For the standard 
EPR spectroscopy, the theoretical, absolute thresh-
old of detectability is of about 1011 spins in a sam-
ple. In practice, particularly in vivo, this value 
must be multiplied by tens (Wertz & Bolton, 
1986). This fact serves as an effective stimulus to 
develop the ways of improving the sensitivity of 

detection, as well as to create the conditions for 
accumulation of a paramagnetic species (e.g. in the 
form of long-living spin adducts) on EPR-
detectable levels. Even though in many particular 
cases the sensitivity is still non-satisfactory, the 
other advantages of the method outweigh this 
drawback.  
 
Well-established physical and mathematical  
background 
 The technique was invented and developed by 
physicists and the way of investigating nature by 
this branch of sciences takes for granted solid 
theoretical foundations for interpretation of the 
observable and experimentally verifiable phenom-
ena. Consequently, almost all features of the EPR 
spectra, the position of signals, their spectroscopic 
width and broadening, the asymmetry and Gaus-
sian or Lorentzial character of lines, the number 
and separation of the lines of hyperfine structure 
etc., can be interpreted in a strict, quantitative way 
in terms of the type of interactions of the unpaired 
electron with the surrounding, character of the 
orbital occupied by the electron, or the nature of 
molecular movement. This way, this physical 
phenomenon delivers rich information not only on 
the centers themselves, but also on their interac-
tions with the whole system into which they were 
artificially or naturally introduced. The EPR spec-
troscopy is obviously a powerful technique – it 
enables to measure and identify the paramagnetic 
centers themselves, their interaction with the para-
magnetic surrounding, and sometimes even to 
conclude on the properties of the diamagnetic 
background of a biological system. 
 

 
HOW EPR IS APPLIED IN BIOTECHNOLOGY 

 
The main effort of modern molecular biotechnol-
ogy is to obtain a biotechnological product — 
usually a recombinant protein, on a satisfactory 
scale, which is often preceded by genetic manipu-
lation in order to achieve the efficient expression 
of particular genes in a chosen expression system. 
EPR may be used on every stage of a biotechno-
logical procedure, giving valuable insights at all 
levels of the expression of the employed genetic 
information, from genome, through transcryptome, 
to proteome and biological membranes.  
 Other view of modern biotechnology delineates 
two main areas, namely production of food (classi-
cal biotechnology) and treatment of diseases 
(medical biotechnology), which creates a research 
space for the EPR spectroscopy, as well.  
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 The major field of EPR application to biological 
research is the phenomenon of oxidative stress, 
always associated with the production of large 
amounts of free radicals. The impact exerted on 
the biological system is usually negative. Looking 
for the examples of EPR in biotechnology one can 
found primarily the study on the oxidative stress, 
its reasons, progress, consequences, the diseases 
brought about by the stress along with the means 
of their prevention, as well as damage to biotech-
nological products (Naskalski & Bartosz, 2000).  
 Another aspect of EPR research in biotechnol-
ogy concerns structural study on macromolecules 
and macromolecule-like systems (biomembranes). 
It includes either the structure and dynamics of 
nucleic acids or their constituents, interactions 
within nucleic acids or between them and proteins, 
as well as functioning of proteins – either native, 
recombinant or immobilized enzymes. Such phe-
nomena like drug transport across membranes or 
action of some antibiotics and antimicrobial pep-
tides are also conditioned by molecular dynamics 
of proteins, their interactions with membranes and 
nucleic acids. The EPR spectroscopy is able to 
follow some structural aspects of the listed prob-
lems, and to deliver information on both statics 
and dynamics of investigated systems. As neither 
aminoacids, phospholipids, nor saccharides are 
paramagnetic, spin-labeling is the predominant 
technique in the structural EPR research. 
 
 

EPR IN MOLECULAR BIOTECHNOLOGY 
 
DNA 
 The first level of a biotechnological process 
aimed at obtaining the expression of a gene con-
struct (production of recombinant proteins), is the 
level of genetic information coded in DNA. EPR is 
a convenient technique to investigate the nucleo-
tide-centered free radicals in DNA, either pro-
duced by irradiation, or indirectly – by other free 
radicals. Low-temperature studies revealed that the 
level of such paramagnetic species, namely gua-
nine and thymine cations, as well as cytosine ani-
ons, produced by a local single-electron oxidation 
or reduction of DNA, corresponded to the severity 
of DNA damage and might be followed by EPR. 
The extent of DNA damage depended not only on 
the intensity of mutagenic action, but also on the 
presence and level of antioxidants, like cys-
teamine, which itself may turn to an EPR-
detectable free radical, and which is able to de-
crease the number of potent mutations, i.e. the 
free-radical products of DNA radiolysis. Cys-
teamine is an organic cation revealing pronounced 

affinity to the negatively charged DNA (Kornacka 
& Ambroz, 2001). Similar action was exerted by 
iron (III) cations revealing properties of an elec-
tron scavenger and binding to DNA. Iron (III) 
effectively lowered the level of 5-thymyl radicals 
in B-DNA (Ambroz, Kemp, Kornacka & Przybyt-
niak, 2001). EPR was successfully applied to the 
analysis of DNA hydration, and the process of the 
hole or electron transfer from the hydration layer 
to DNA due to water ionization (Debije, Strickler 
& Bernhard, 2000), and to the analysis of DNA 
repair by DNA photolyase, by detection of flavin 
radical formation (Kim, Sancar, Essenmacher & 
Babcock, 1993).  
 Other fields of the EPR usage in the DNA re-
search include molecular dynamics of shorter or 
longer oligonucleotides, as well as interactions 
either between the particular DNA strands, or 
between DNA and proteins. The EPR spectrum of 
two- or five-athom-tethered spin label residues 
incorporated into the DNA duplex were sensitive 
to the length of the duplex, as well as to the B-Z 
conformational transition. Variations in DNA 
conformation caused by interactions between the 
strands of a heteroduplex, and between DNA and 
proteins could be therefore detected with satisfac-
tory sensitivity (Keyes, Bobst, Cao & Bobst, 
1997). The sequence-dependence of the submicro-
second bending dynamics of spin-labeled DNA 
duplexes were considered the determinants of 
fundamental DNA features like chromatin packag-
ing and protein recognition (Okonogi, Alley, 
Reese, Hopkins & Robinson, 2000). The latter 
may be exemplified by the study on the mobility of 
the spin-label residues placed 6, 9 or 11 nucleo-
tides up- or downstream to the EcoR1 hexamer 
binding site in the DNA oligomers. In the presence 
or absence of EcoR1 protein, low structural distor-
tion propagated along the helix as a result of pro-
tein binding was demonstrated (Keyes, Cao, 
Bobst, Rosenberg & Bobst, 1996). The EPR spec-
troscopy turned out useful in the analysis of re-
verse transcriptase (RT) inhibition by polynucleo-
tides (Warwick-Koochaki, Hakan & Bobst, 1983), 
and, as early as in 1980, in the analysis of RT 
enzymatic activity (Warwick, Hakam, Bobst & 
Bobst, 1980). The same group performed detailed 
EPR study on DNA hybridization, reporting the 
possibility to detect 1 pmol of spin-labeled 15-mer 
in a loop-gap resonator (Strobel, Kryak, Bobst & 
Bobst, 1991). They also compared the base dy-
namics of Z- and B-DNA (Strobel, Keyes & 
Bobst, 1990), and the local base dynamics of RNA 
and DNA duplexes, showing slower motion of the 
spin probes in base-paired duplexes, than non-
base-paired duplexes or single-stranded nucleic 
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acid. RNA duplexes exhibited also slower motion 
than respective DNA particles (Kao, Bobst, Pauly 
& Bobst, 1985). Complementary results of similar 
consequences, showing differences between the 
EPR spectra of Watson-Crick paired spin-labeled 
DNA duplexes, and fragments of oligonucleotides 
of other structures, were obtained by Spaltenstein 
et al. (Spaltenstein, Robinson & Hopkins, 1989). 
 Along with NMR, EPR was used to investigate 
the electrostatic potential of DNA quadruplex, via 
analysis of Mn (II) binding, showing the possibil-
ity to distinguish between different quadruplex 
structures (Wang, Gerena, Swaminathan & Bolton, 
1995). 
 
RNA 
 Similarly to DNA, spin-labeled nucleotides may 
serve as convenient spin probes for the research on 
structure and interactions of various forms of 
RNA, including structures as large as ribosomes 
(Macosko, Pio, Tinoco & Shin, 1999). Recently, 
EPR spectroscopy was employed to analyze struc-
ture-dependent molecular dynamics of trans acti-
vator responsive (TAR) RNA of a human immu-
nodeficiency virus (HIV) -1 (Edwards, Okonogi, 
Robinson & Sigurdsson, 2001). This report was 
followed by a detailed EPR study on the interac-
tions of TAR RNA with peptides derived from a 
transcriptional activator (Tat) protein coded in the 
genome of HIV-1, as well as with sodium and 
calcium cations (Edwards, Okonogi & Sigurdsson, 
2002). The particular importance of this study can 
be supported by the fact that the formation of sta-
ble ribonucleoprotein complex may be a key step 
in regulating other cellular processes leading to 
viral replication, gene expression and pathogenesis 
(Richter, Ping & Rana, 2002). This phenomenon 
possesses also a general biological aspect, as tran-
scription factors are proteins revealing affinity 
rather to DNA than to RNA. Tat-TAR RNA inter-
actions may represent an ancient type of interac-
tion dating from early stages of biogenesis, being a 
relic from “RNA-world”.  
 EPR was also used to determine the map of 
protein–RNA interactions between RNA and 
ribonuclease P from E. coli, as a spin label 
covalently attached to any protein enzyme at a 
particular site is sensitive to structural changes in 
its environment. The study (Gopalan, Kuhne, 
Biswas, Li, Brudvig & Altman, 1999) revealed 
immobilization of the residue when attached at 
position 16, 44, 54, 66, and 113 of the enzyme 
interacting with M1 RNA as a substrate, but not 
with the deletion derivative of the RNA, which 
was catalytically inactive. In contrast, attachment 
to position 21 revealed an increased mobility, 
when bound to M1 RNA. Dynamic interaction 

RNA. Dynamic interaction between RNA, DNA 
and apoprotein of RT characteristic for its enzy-
matic activity was also the subject of EPR analysis 
(Kensch, Restle, Wohrl, Goody & Steinhoff, 
2000).  
 The major interactions responsible for the func-
tions of RNA are the interactions with metal ions, 
which may be easily followed with EPR. Para-
magnetic manganese (II) is often used as a model 
ion for interactions between RNA and the most 
abundant divalent ion of physiological interest, 
diamagnetic Mg (II) (Hoogstraten & Britt, 2002). 
Similarly, the changes in the EPR spectrum of Mn 
(II) ions allowed to determine the role of a whole 
set of metal ions (Mn(II), Co(II), Zn(II), Cd(II), 
Mg(II)) responsible for the phosphodiesterase-like 
activity of RNA particles in hammerhead ri-
bozymes (Hunsicker & DeRose, 2000).  
 Numerous EPR studies were devoted to oxida-
tive damage to RNA, e.g. the study on damage to 
ribo- and deoxyribonucleotides, as well as polynu-
cleotides, caused by myeloperoxidase and H2O2-
generated hypochlorite during the oxidative burst 
of monocytes and neutrophils (Hawkins & Davies, 
2002).  
 In general, the impact of EPR on RNA research 
seems less powerful than in the case of DNA, 
apparently because of the (unjustified) lower inter-
est of the researchers in RNA studies. Neverthe-
less, these several examples prove EPR being a 
convenient and surprisingly versatile method in 
DNA and RNA analysis, including not only the 
investigation of the free-radical damage, but also 
the mechanisms of genetic information expression. 
 
Protein structure and dynamics 
 The action of free radicals may be observed on 
the level of proteome — molecular phenotype of 
the cell. The free-radical damage of proteins is a 
field of research still waiting for the complete 
exploration. One of the crucial problems of oxida-
tive stress in the cell is the generation and action 
of cell-derived chloramines and bromamines. They 
arise as the products of oxidation of chlorate or 
bromate by hydrogen peroxide. Subsequent action 
of their intermediates — hypochlorite or hypo-
bromite on amine residues of proteins and amino-
acids can be deleterious. It turned out that various 
cells produced a range of cell-derived radicals, in a 
different way and yield, in the presence of chlor-
amine or bromamine under non-lytic and lytic 
concentrations. Chloramines and bromamines 
decomposed then spontaneously leaving a free-
radical, nitrogen-centered product reacting with 
other cellular targets: nucleic acids, membranes, 
other proteins, and initiating a whole chain of 
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further oxidation reactions. The free-radical prod-
ucts and intermediates were trapped by DMPO or 
other spin traps and selectively monitored by EPR 
(Hawkins & Davies, 2002; 2001; 1999; Davies, 
2001). 
 A separate group of papers suggested a potential 
scenario of oxidative stress in the nucleosome – 
the basic structure of chromatin. The EPR study 
focused on the interactions between the most 
abundant eucaryotic nuclear proteins — histones, 
DNA, RNA, and products of their degradation by 
free radicals, revealing transfer of damage from 
the protein to the associated nucleic acid or free 
nucleotides (Luxford, Dean & Davies, 2000; Ho, 
Gilbert & Davies, 1997).  
 Production of paramagnetic muteins called site-
directed spin labeling (SDSL) introduced in 1989 
by Hubbell (Todd, Cong, Levinthal, Levinthal & 
Hubbell, 1989) has developed into a basic method 
of investigating structure of proteins. SDSL com-
bines site-directed mutagenesis and nitroxide spin-
labeling. Due to a point mutation, a particular 
aminoacid may be replaced with cysteine, which 
then binds a sulfhydryl-specific spin label nitroxyl 
residue. The position of the spin label residue 
varies according to the location of the mutation. 
The EPR spectra of the whole set of muteins – 
derivatives of an investigated wild-type protein, 
depend on the direct environment of the spin label 
placed in different regions of the molecule. Inter-
action of several spin label residues may provide 
information on the distance between the particular 
points where mutations took place, in the folded 
(usually native) protein. Paramagnetic metal ions 
(Fe(II), Co(II), Mn(II)) constituting the prosthetic 
group of some metaloenzymes may also influence 
the signal of the nitroxyl labeling the active site. 
An interesting example of such a phenomenon was 
analyzed in the study on interactions between 
cytochrome c and spin-labeled cytochrome c oxi-
dase – the respiratory chain complex IV, contain-
ing both hemes and copper complexes (Pyka, 
Osyczka, Turyna & Froncisz, 2001b). This, per-
haps the most important of the respiratory en-
zymes, is the target for many inhibitors of respira-
tion (e.g. cyanide), including new potent drugs and 
poisons. The cited work took advantage of the 
presence of a free SH group of a 102 cysteine, but 
functional muteins containing cysteines in other 
positions were also generated and employed. The 
structural changes of the cytochrome c oxidase 
after cytochrome c binding could be followed, and 
the amount of the bound ligand estimated (Pyka, J, 
Osyczka, Turyna, Blicharski & Froncisz, 2001a; 
Pyka, J. et al., 2001b).  

 Another example of the EPR investigations of 
the interactions between ligands and target pro-
teins is the study on the iron-siderophore complex 
and its binding to site-directed spin labeled ferric 
enterobactin receptor responsible for iron uptake 
by enterobacteria. Its conformational change after 
binding of siderophores suggested a transmem-
brane signaling mechanism initiating the iron-
enterobactin transport through the bacterial mem-
brane (Feix, 2001). The conformational changes of 
spin-labeled visual arrestin dimerizing in solution 
were also followed by EPR (Klug, Gurevich & 
Hubbell, 2001). Arrestin is a protein blocking the 
interaction between rhodopsin and transducin, 
shutting off the photoreceptor activity. This work 
represents the main current of the progression of 
SDSL, as historically first applications of the 
method were reported from the research of bacte-
riorhodopsin and its conformational changes due 
to photoexcitation (Altenbach, Marti, Khorana & 
Hubbell, 1990; Altenbach, Flitsch, Khorana & 
Hubbell, 1989).  
 The above examples of the EPR application in 
biochemistry and molecular biology of proteins, 
basic products of molecular biotechnology, illus-
trate the feedback between EPR research and bio-
technology. EPR research delivers information on 
the structure, dynamics, and consequently — func-
tioning of proteins, whereas production of site-
directed spin-labeled muteins is itself a biotechno-
logical challenge. The interactions between EPR 
and biotechnology are clearly reciprocal.  
 
Activity of enzymes 
 The structural research on proteins aims at better 
understanding their dynamics and activity. In the 
future it will also include controlling their activity 
and, perhaps, designing “artificial” proteins better 
than the natural ones. Bennett (Bennet, 2002; 
2001) used EPR to investigate the activity of some 
metaloaminopeptidases, belonging to the group of 
enzymes important for tumor growth, angiogene-
sis, and HIV infectivity. Some proteinase inhibi-
tors (bestatin, fumagillian or ovalicin) effectively 
inhibited these pathological processes and can be 
developed into drugs. EPR was employed to fast 
screening potential inhibitors effectively interact-
ing with the enzymes, by observing the interac-
tions between the pairs of paramagnetic ions in the 
active sites, usually substituted, as the native en-
zymes are isolated as diamagnetic di-Zn(II) pro-
teins. Some paramagnetic variants of proteins 
(being not real muteins, as the substitution is not 
due to the change in genetic information), e.g. the 
Co (II)- variants, revealed the structural similarity 
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to the native zinc-enzymes, whereas Cu (II)- vari-
ants did not (Bennet, 2002).  
 Nitric oxide, one of the main factors of oxidative 
stress, had served as a spin probe for EPR studies 
on hemoglobin structure long before its diverse 
physiological and pathological effects attracted the 
attention of researchers (Kon, 1968; Sancier, Free-
man & Mills, 1962). EPR, in turn, was applied e.g. 
to show that the origin of the nitrogen atom of NO 
is the guanidyl group of L-arginine (Lancaster & 
Hibbs, 1990). Nowadays, EPR has been still one 
of the main techniques in the analysis of enzymatic 
activity of nitric oxide synthases (NOS), the main 
enzymes delivering NO in biological systems. For 
example, Rosen et al. investigated the mechanisms 
of electron transport, nitric oxide and superoxide 
generation by NOS, demonstrating the role of 
perferryl complex in the radical generation 
(Porasu-phatana, Tsai, Pou & Rosen, 2002; 2001; 
Margolis, Porasuphatana & Rosen, 2000). Bastian 
et al. (Bastian, Foster, Ballantyne & Lu, 2002; 
Bastian, Foster & Lu, 2001) suggested that NOS2 
might produce both NO, and NO-, which would be 
a compromising solution in the on-going discus-
sion on the real product of nitric oxide synthase. 
Detailed study of the influence of tetrahydrobiop-
terin (BH4) on the activity of NOS3 (Vásquez-
Vivar, Joseph, Hogg, Whitsett, Martásek & Kaly-
anaraman, 2001) exhibited that this co-factor of 
NO production at the same time effectively inhib-
ited generation of superoxide, revealing this way 
the positive influence of the reduced BH4 on the 
condition of endothelium.  
 Detailed study was devoted also to cytochrome c 
nitrite reductase, a multiheme enzyme engaged in 
the process of dissimilative denitrification, and 
effectively reducing nitrite or nitric oxide to am-
monia (Kroneck, 2001). Cytochrome c nitrite 
reductase, together with other multiheme enzymes 
possessing a set of peculiarities, may serve as a 
prototype of nanomachines, the era of which is 
approaching modern biotechnology.  
 
Membranes 
 The existence of phospholipid bilayers in bio-
logical systems, varying in their lipid composition 
according to particular organelles or cell types, is 
confusing from the point of view of evolutionary 
biology, as there is no genetic information on the 
structure of membranes given explicitely in any 
genome, as it is in the case of the primary structure 
of almost all cellular peptides, proteins, and RNA 
molecules. What is even more puzzling, no place 
of de novo membrane assemblage have been found 
in any biological system – the new phospholipids 
are apparently incorporated into the structure of 

already existing membranes (Vander, Sherman & 
Luciano, 1990). However, membranes belong to 
the fundamental constituents of all cell types with-
out exception. Being the products of enzymatic 
activity, and containing the extremely important 
proteins of various kinds, they must be included in 
the molecular phenotype of the cell. 
 Structure, dynamics and functions of biological 
membranes created a traditional field of biological 
EPR, which has been explored for at least 30 years 
(Subczynski & Wisniewska, 2000; Marsh & 
Horvath, 1998), its achievements finding various 
applications in drug design and action (Wis-
niewska & Subczynski, 1996), cosmetics and 
dermatology (Fuchs & Packer, 1990), as well as in 
the study on photosynthetic membrane properties 
(Wasniowska, Subczynski & Tikhonov, 2002; 
Khomutov, Gilmiyarova & Tikhonov, 1996). The 
recent EPR evidence of the existence of structural 
domains stabilized by membrane proteins in the 
form of the “rafts” has changed the common view 
of the architecture of membranes (Šentjurc M.,  
Štrancar & Koklič, 2002; Šentjurc, 2001; 
Subczynski, 2001, 2002). The model of fluid mo-
saic, taking into account more or less homogenous 
distribution of the bilayer components, appears too 
simple to satisfactorily represent the details of 
membrane structure, and the respective functions.  
 
Glycobiology 
 Spin-labeled sugars, sugar residues, and spin-
labeled components interacting with sugars are 
applied in two basic fields of carbohydrate re-
search: sugar metabolism (degradation, transport), 
as well as structural biochemistry of glycoproteins 
and membranes. As in the latter case, the structure 
of oligo- and polysaccharides is not explicitly 
encoded in the genome. Nevertheless sugars, being 
an important part of glycoproteins and glycolipids 
and resulting from precise interactions of various 
enzymatic reactions, clearly belong to the molecu-
lar phenotype of the cell, as well.  
 EPR spectroscopy was successfully employed to 
analyze the process of sugar transport in bacteria: 
nitroxide spin-labeled galactopyranosides interact-
ing with E. coli lactose permease revealed higher 
affinity to the protein than glucopyranosides 
(Zhao, Kalai, Hideg, Altenbach, Hubbell & Ka-
back, 2000). This technique was also used to the 
direct analysis of sugar metabolism – e.g. to moni-
tor the action of alpha-amylase, proving that suc-
cinylated amylopectin is the substrate for the en-
zyme (Marcazzan, Vianello, Scarpa & Rigo, 
1999). EPR was applied to the biotechnologically 
important problem of cellulose degradation, pro-
viding detailed analysis of the geometry of binding 
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spin-labeled cellooligosaccharides by N-terminal 
cellulose-binding domains of Cellulomonas fimi 
cellulase (Johnson, Brun, MacKenzie, Withers & 
McIntosh, 1999). The metabolism of sugars was 
also investigated on the level of a whole organism, 
revealing, by means of spatiotemporal EPR imag-
ing, slower liver metabolism of spin-labeled dex-
tran than spin-labeled hydroxyethylstarch, suggest-
ing the resistance of the former polymer to hy-
drolysis (Saito, Yoshioka, Ito, Kazama, Tanizawa, 
Lin, Watanabe, Ogata & Kamada, 1997). This 
study may be important from the biomedical point 
of view in designing artificial blood substitutes 
and serves as an example of EPR study in medical 
biotechnology. Another study possessing a clear 
pharmacological aspect concerns TIMERx, a novel 
polysaccharide-based controlled release system. 
The study took advantage of the interactions be-
tween TIMERx and low molecular weight spin-
labeled models for drugs. The paper showed appli-
cability of the EPR spectroscopy to analyze inter-
actions between pharmacologically active sub-
stances and excipients (Tobyn, Maher, Challinor 
& Staniforth, 1996). 
 Numerous studies investigate the influence of 
sugar residues on the conformation, structure and 
dynamics of proteins and membranes. The study 
on trans interactions between two major constitu-
ents of multilayered myelin sheath: galactosyl 
ceramide and its sulfated form, cerebroside sulfate, 
showed a strong interaction between their micro-
structures. Both components interact via a trans 
interaction across apposed bilayers, which most 
probably leads to dehydration of their headgroup 
and interface region, and in consequence – to the 
stabilization of the myelin sheath (Boggs, Menikh 
& Rangaraj, 2000). By means of EPR, Hajela et al. 
(Hajela, Kayestha & Sumati, 1996) demonstrated a 
dramatic decrease in membrane fluidity due to 
binding of various mono-, di- and trisaccharides to 
membrane lectins, and synergy of the action of 
carbohydrate ligands. The structural investigations 
often reveal medical aspects – EPR was applied to 
the analysis of the influence of diabetes on the 
properties of erythrocytes showing the decrease in 
erythrocyte deformability due to the non-
enzymatic glycation of hemoglobin. Such a phe-
nomenon may contribute to the handicapped re-
lease of oxygen in tissues under hyperglycemic 
conditions (Watala, Golanski, Witas, Gurbiel, 
Gwozdzinski & Trojanowski, 1996). Finally, the 
phenomenon of sucrose-induced protein stabiliza-
tion, important from biochemical, biotechnological 
and pharmacological point of view, was analysed 
for recombinant interleukin 1 receptor agonist 
spin-labeled on cysteine 116. The presence of 

sucrose resulted in burying the residue in the pro-
tein interior and lowering its hydrodynamic diame-
ter, suggesting a shift of the protein conformation 
towards higher compactness (Kendrick, Chang, 
Arakawa, Peterson, Randolph, Manning & Car-
penter, 1997). 
 From this chapter one can conclude that all main 
aspects of molecular biotechnology may become 
an opportunity to use EPR as an independent 
method of research, starting from the expression of 
genetic information, through structural and func-
tional analysis of the proteome, to all the constitu-
ents of the molecular cell phenotype.  
 
 

EPR IN MEDICAL BIOTECHNOLOGY 
 
Action and transport of drugs 
 Several pharmacological investigations taking 
advantage of the EPR spectroscopy focused on 
interactions between DNA-binding drugs and 
DNA. For example, Ireland et al. demonstrated 
two modes of binding daunomycin to spin-labeled 
nucleic acid duplexes (Ireland, Pauly, Bobst & 
Bobst, 1986). Another study was devoted to bleo-
mycin, used in anti-tumor treatment. Bleomycin 
may degrade DNA, creating an activated iron-
oxygen complex of a characteristic EPR spectrum 
(Sam & Peisach, 1993). The study conclusively 
proved the lack of oxygen exchange with the sol-
vent, which earlier had been disputable. An origi-
nal study on the action of potential drugs was 
carried out on temporins – antimicrobial peptides 
from the skin of the European red frog (Rana 
temporaria). Their bactericidal activity turned out 
to depend on the ability to destabilize membrane 
bilayer organization on a local scale, leading to the 
small, EPR-detectable increase in hydrocarbon 
chain mobility of model nitroxide-labeled lipo-
somes (Rinaldi, Di Giulio, Liberi, Gualtieri, Ora-
tore, Bozzi, Schinina & Simmaco, 2001).  
 EPR may be also used to characterize some 
herb-derived products of potential importance for 
biotechnology, which act by increasing the level of 
free radicals and other reactive species produced 
during light-induced oxidative stress of the cell. 
Berberine, along with berberastine and hydrastine 
are products of the root of Goldenseal (Hydrastis 
canadensis), a representative of Ranunculaceae. 
The lotions and washes produced from the root of 
Goldenseal had been long used to treat various 
skin and eye diseases. The investigated substances 
turned out to produce EPR-detectable spin adducts 
with DMPO, as well as singlet oxygen, which, in 
the presence of UVA, decreased viability of cells 
in vitro in the concentration-dependent manner, 
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and caused DNA damage detectable by the comet 
assay (Inbaraj, Kukielczak, Bilski, Sandvik & 
Chignell, 2001).  
 The study on photosensitizing properties of the 
Goldenseal leads to a more general aspect of EPR 
application in dermatology and cosmetics. The 
EPR spectroscopy is used to study either photo-
sensitization or photoprotection of skin. Damiani 
et al. attempted to employ indolinic nitroxide, 
TEMPO, and TEMPOL radicals in the presence of 
dibenzoylmethane and a related product Parsol 
1789 as a sunscreen to prevent light-induced DNA 
strand breakes. They suggested that perhaps the 
active substance of the sunscreen is responsible for 
the occurrence of carbon-centered radicals in na-
ked, illuminated DNA (Damiani, Greci, Parsons & 
Knowland, 1999).  
 Many papers focused on the means and mecha-
nisms of skin drug penetration and delivery: in 
vivo EPR experiments revealed that multilamellar 
liposomes enhanced the topical delivery of hydro-
philic compounds (Honzak, Šentjurc & Swartz, 
2000), and clindamycin, a drug used to treat acne 
vulgaris, turned out to be more effective when 
applied in liposomes than in solution (Honzak & 
Šentjurc, 2000). The penetration behavior of lipo-
somes in skin was shown to depend on the phos-
pholipid composition and cholesterol amount 
(Coderch, Fonollosa, De Pera, Estelrich, De La 
Maza & Parra, 2000). EPR was also successfully 
applied to the in vitro screening of the putative 
antivesicant topical skin protectants (Arroyo & 
Janny, 1995).  
 
Imaging 
 A separate biomedical and physico-medical 
problem is detection of free radicals in living tis-
sues and organisms. As it was shown during the 
Workshop, EPR imaging is an excellent non-
invasive means delivering physiologically relevant 
information in vivo. Oxygen level estimation in 
tissues, redox mapping, as well as spin trapping of 
free radicals can be performed using various EPR 
techniques. What is particularly interesting, advan-
tages of Nuclear Magnetic Resonance (NMR) and 
NMR Imaging (MRI) are now being often used for 
information complementary to that gained by EPR 
spectroscopy or imaging.  
 Tumors growing in the leg of living mice re-
vealed a good correlation between BOLD (Blood 
Oxygen Level Dependent) MRI and the EPRI data 
on the level of oxygenation (Elas, Williams, 
Parasca, Mailer, Pelizzari, Lewis, Rivers, 
Karczmar, Barth & Halpern, 2002). Great hetero-
geneity in the oxygen distribution was found in 
tumor tissue. Oxygen partial pressure of poorly 

vascularized regions was found to be approxi-
mately 0-10 torr. This quantitation of oxygen con-
centration was performed with 3-4 torr resolution 
and 0.6 mm3 of spatial resolution, which is more 
than adequate to provide information useful for 
medical purposes (Elas et al., 2002; Elas, Mailer, 
Williams, Parasca, Barth, Rinard, Quine, Eaton, 
Eaton & Halpern, 2001; Halpern, Chandramouli, 
Barth, Williams & Galtsev, 1999; Halpern, Yu, 
Peric, Barth, Bowman, Grdina & Teicher, 1994).  
 Another approach to estimate oxygen level in 
living tissues utilizes OMRI — Overhauser-
enhanced MRI (Krishna, English, Yamada, Yoo, 
Murugesan, Devasahayam, Cook, Golman, Ar-
denkjaer-Larsen, Subramanian & Mitchell, 2002; 
Golman, Petersson, Ardenkjaer-Larsen, Leunbach, 
Wikstrom, Ehnholm & Liu, 2000). OMRI is a 
double resonance technique that couples the 
sensitivity of EPR with good anatomical resolution 
of MRI. Again, spatial heterogeneity of oxygen 
distribution was revealed in the tumor tissue, with 
regions of hypoxia. The pO2 measurements from 
OMRI were in agreement with those obtained by 
independent polarographic measurements using a 
pO2 Eppendorf electrode. OMRI allowed for spa-
tial resolution of approximately 1 mm3, and tem-
poral resolution of 2 minutes only.  
 Both OMRI and pulsed EPR spectroscopy are 
also being explored for in vivo imaging of free 
radicals (Lurie, Li, Petryakov & Zweier, 2002; 
Youngdee, Lurie & Foster, 2002; Yamada, Mu-
rugesan, Devasahayam, Cook, Mitchell, Subrama-
nian & Krishna, 2002). 
 NMR spectroscopy can be used for spin-
trapping, which provides complementary informa-
tion to spin-trapping by EPR. The electron reso-
nance allows to perform identification of free 
radical spin adduct and to follow its pharmacoki-
netics, whereas the nuclear resonance, e.g. of 19F 
substituted spin traps, helps to identify other me-
tabolites of spin trap and/or adduct (Berliner, 
Khramtsov, Clanton & Fujii, 2002).  
 EPR imaging is a valuable tool for spatially 
resolved redox mapping of living tissues. Redox 
status of tumor tissues is significant for under-
standing tumor physiology, and for determining 
the effects of chemotherapy and radiation. Non-
invasive measurements of tumor redox status were 
performed with spatial resolution of 0.2 × 0.2 × 5 
mm and redox map were taken every 1.5 minutes. 
Some heterogeneity of redox status was detected 
in a RIF tumor, and GSH depleting agents brought 
about a dramatic change in the tumor redox status 
(Kuppusamy & Krishna, 2002; Kuppusamy & 
Krishna, 2001; Kuppusamy, Wang, Shankar, Ma, 
Trimble, Hsia & Zweier, 1998).  
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 All the results create a picture of EPR imaging 
as a powerful modality to understand tumor physi-
ology, focused also on the physiological activity of 
other normal and pathological tissues. Their fur-
ther development from the point of view of medi-
cal biotechnology should most probably concen-
trate on-, and help to solve the crucial question of 
what really happens in a tissue during the process 
of treatment, re-modelling, regeneration, as well 
as, perhaps, what really happens with a piece of 
biomaterial introduced to the living tissue.  
 
 

EPR IN CLASSICAL BIOTECHNOLOGY 
 
Plant biotechnology  
 The Nobel Prize for the discovery of radiation-
induced mutagenesis was conferred on H. J. Mul-
ler already in 1946. Since then, irradiation has 
been often used to produce new mutants of plants 
possessing unique biological features valuable in 
agriculture, as well as in scientific research. The 
effects of irradiation may be observed on the level 
of whole organs of plants, namely seeds. The level 
of EPR-measurable free radical damages caused 
by irradiation usually decreases rapidly, and irra-
diated seeds do not differ in their paramagnetic 
properties from the non-irradiated ones. A long-
lasting effect of irradiation is the loss of ability to 
absorb water by the plant embryo due to damage 
of membranes. The loss of water in irradiated 
embryos is quicker than in control, which may be 
easily followed by EPR upon use of an exogenous 
spin label, 4-hydroxy TEMPO (TANON). The 
high-field line of its hyperfine structure is sharply 
resolved into water and lipid (polar and non-polar) 
parts. The signal of extracellular label is broad-
ened by potassium ferrocyanide, and this way the 
proportion of intracellular water- and lipid fraction 
of TANONE can be estimated ( Sünnetçíoğlu, 
Dadaylipaktas & Ercan, 2002; Sünnetçíoğlu, 
Dadaylipaktas & Ercan, 2001). The decrease of the 
water fraction after incubation of embryos with the 
water solution of TANONE was quicker after seed 
irradiation and the effect was dose-dependent, 
lasting for months ( Sünnetçíoğlu, Dadayli, Celik 
& Koksel, 1998). This way, the main physiologi-
cal condition of seed germination and its depend-
ence upon irradiation can be monitored by EPR.  
 Resistance to some pathogens or improved pho-
tosynthetic yield and productivity are the two main 
features being improved in cultivated plants either 
by the stochastic irradiation of whole seeds, or by 
intentional action of genetic engineers. Photosyn-
thesis may be concisely described as a process of 
photoelectrolytic water oxidation coupled with the 

reduction of carbon. Such an intricate redox sys-
tem generates diverse EPR-detectable products, 
either photosystem I-related free radicals (Webber 
& Lubitz, 2001), or various forms of manganese 
related to oxygen-releasing photosystem II with a 
water-oxidizing complex (Peloquin & Britt, 2001). 
The production of ATP in chloroplasts, photosyn-
thetic phosphorylation, itself is a non-redox proc-
ess. Nevertheless, coupled with the transport of 
protons across thylakoid membrane and generation 
of a transmembrane gradient of pH, it can be fol-
lowed by EPR. A method of pH-sensitive spin-
labeling using TEMPOAMINE revealed that a 
relatively small pH gradient (1.4-2.6) was enough 
to elicit ATP synthesis in thylakoids (Tikhonov, 
2001). The EPR spectroscopy turned out to be 
helpful even at developing artificial photosynthesis 
(leading, according to some evolutionists, to the 
transformation of Homo sapiens into an autotro-
phic species), being unquestionably the biggest 
biotechnological challenge for the Mankind 
(Hammarstrom, Sun, Akermark & Styring, 2001; 
Levanon & Mobius, 1997).  
 
Food production and storage  
 The most biotechnological of all applications 
would be no doubt brewery, as the oldest biotech-
nological product is beer. A commercial EPR 
system is now available to analyze shelf life of 
beer (Barr, Heiss, Kamlowski, Maier, Erstling & 
Meling, 2001). It is based on studies showing that 
free radicals generated in beer due to the action of 
light, or spontaneously during the process of stor-
age, contribute to the degradation and flavor 
changes of the product (Burns, Heyerick, De Keu-
keleire & Forbes, 2001). The level of free radicals 
would strongly depend on antioxidants present in 
the solution. Therefore, antioxidant capacities of 
beer help to predict its stability (Stasko, Rapta & 
Malik, 2000; Laane, de Roo, van den Ban, Sjauw-
En-Wa, Duyvis, Hagen, van Berkel, Hilhorst, 
Schmedding & Evans, 1999).  
 Similar approach was applied to other food 
products, such as oils or milk. Storage, handling 
and stress conditions of the oils were shown to 
influence significantly the radical concentration. 
Mimicking these conditions in fresh oil samples 
and estimating its antioxidant capacities may help 
to predict its stability (Ottaviani, Spallaci, Can-
giotti, Bacchiocca & Ninfali, 2001). EPR meas-
urements revealed also photosensitizing action of 
the important milk ingredient – vitamin B2, which 
may affect quality of the product (Berliner, Brad-
ley, Meinholtz, Min & Ogata, 1994). 
 In the same way, studies on wine focused on 
determining the redox properties of wine constitu-
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ents and mechanisms underlying its antioxidant 
capacities, as wine polyphenoles were shown to 
reduce the risk of atherosclerosis and coronary 
heart diseases (Andriambeloson, Kleschyov, Mul-
ler, Beretz, Stoclet & Andriantsitochaina, 1997). 
EPR was also employed to study free radical gen-
eration and antioxidant activity of whole wine 
samples. Certain antioxidants present in wine, such 
as polyphenols, gallate esthers and flavon(ol)s 
were studied to estimate their role in wine stability 
and its antioxidant properties (Bors, Michel & 
Stettmaier, 2000; Stasko, Brezova, Liptakova & 
Savel, 2000; Urizzi, Monje, Souchard, Abella, 
Chalas, Lindenbaum, Vergnes, Labidalle & Nep-
veu, 1999). Finally, EPR was used to demonstrate 
the protective role of resveratrol, a natural product 
present in grapes and wine (Karlsson, Emgard, 
Brundin & Burkitt, 2000). Recently, a review 
(Troup & Hunter, 2002) summed up the EPR ap-
plication in wine production, predicting its further 
development.  
 Another field of EPR application in food science 
is hydratation, water diffusion, and small molecule 
mobility in food systems, or sugar-water systems 
used to model much more complicated food sys-
tems. Rotational mobility of nitroxide spin-labeled 
molecules studied by saturation transfer EPR 
brings information on the presence of molecular 
cavities, solvent interactions and arrangement of 
the hydrogen-bonded network in the matrix. Spin-
labeling of cysteine residues in proteins was ap-
plied to determine bread-making quality of wheat 
flour. It depends on the ability to form a protein 
network, called gluten, from water-insoluble glu-
tenins and gladins. Gluten generation is based on 
hydratation processes and information on resulting 
protein network structure can be provided by EPR 
(Capocchi, Cinollo, Galleschi, Saviozzi, Calucci, 
Pinzino & Zandomeneghi, 2000; Pinzino, Capoc-
chi, Galleschi, Saviozzi, Nanni & Zandomeneghi, 
1999). 
 The EPR spectroscopy turns out to be useful and 
versatile in the so-called “classical” biotechnology 
and in the future one can expect also industrial 
applications of the method. In this context symp-
tomatic appears the fact that the extensively exam-
ined non-heme iron complexes of nitric oxide were 
discovered in the oldest biotechnological organism 
– yeast (Vanin & Nalbandyan, 1965). This last 
example shows the depth of mutual influence of 
EPR and biotechnology. 
 
 

CONCLUSIONS 
 

Modern biotechnology is very deeply rooted in 
molecular biology, genetics and biochemistry, 
being in fact their applied branch. No wonder that 
the majority of the examples presented here might 
be qualified as basic research and illustrate as well 
biological or biochemical applications of EPR. 
However, going from general aspects of biotech-
nology towards the basic biological or chemical 
foundations of the problem, a researcher can come 
across the opportunity to use EPR as an independ-
ent method. Not only to follow the effects of oxi-
dative stress that may affect any biotechnological 
products – food, recombinant proteins, modified 
cells of animals or plants, as well as whole organ-
isms: even examples such “exotic” for a traditional 
EPR research as mechanisms of the expression of 
genetic information, structure and dynamics of 
nucleic acids, and their interactions with transcrip-
tion factors can be found in the literature. Not to 
mention the structural protein research based on 
SDSL, so important in the modern engineering of 
molecules, finding its practical expression in drug 
design, or in applied enzymology.  
 Due to selectivity and non-invasiveness of the 
technique, the same phenomenon can be observed 
at the level of molecules, cells, tissues and whole 
organs, using one and the same method. Here lies 
the attractiveness of the method, as an EPR ex-
periment can be performed both on “naked” irradi-
ated DNA and on a whole irradiated organism, 
both on an isolated chemically purified substance 
and on a sample of a real biotechnological product 
like beer or red wine. It is a matter of the re-
searcher’s imagination and creativity how to use 
the EPR spectroscopy. 
 Clearly, the intention of the authors was not to 
give any exhaustive review of all the works where 
the EPR spectroscopy is used in biotechnology, 
but rather to show the perspective of the immense 
diversity of this usage. EPR turns out applicable in 
all branches of both classical and molecular bio-
technology. The particular studies are sometimes 
impressively innovative and original, which 
should encourage other researchers to include EPR 
in the repertoire of their favorite methods. 
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