Principles and Applications of Electron Spin Resonance Imaging
Report on the EMAR Training Activity Workshop.
We decided to organize a meeting of ESRI specialists active in various research fields with graduate students and young scientists that would help to the dynamic development of applications of the ESRI technique in the future. Supplying participants with information on the power of ESRI in various applications and on experimental equipment available in European laboratories together with seeking opportunities for cooperation in this field were primary goals of the workshop.

Electron spin resonance imaging (ESRI) is highly specialized technique within the techniques based on detection of energy absorbed when resonance condition of electron spins in magnetic field (ESR) is reached. Regarding applicability of this technique only to paramagnetic compounds, a number of ESR laboratories and researchers are much smaller when comparing with NMR. On the other side, high selectivity and sensitivity of the ESR technique makes it inevitable instrument for studies of paramagnetic compounds. Even more specific ESRI is noninvasive technique that makes possible visualization of spatial distribution of paramagnetic species in samples along the direction of magnetic field gradient applied in addition to the external homogeneous magnetic field. The technique that was developed in eighties of the last century in USA at Denver and Cornell Universities in the shape of home assembled instruments found important applications in biophysics, chemistry including polymer science and solid state physics.
We are very happy that the workshop attracted to Prague twelve specialists from six European countries representing ten laboratories. Not all of them are equipped with the proper instrumentation at present but even in such a case they are running their particular research programs in cooperation with laboratories localized mostly in USA. Eight lectures were presented at the workshop by well experienced researchers at presence of six young scientists. The scientific program was completed with six posters and discussions.
First day lectures on special experimental equipment and on applications of ESRI in polymer research were given. Prof. Aharon Blank (Haifa, Israel) reviewed in his lecture existing approaches to high sensitivity and high resolution ESR Imaging. He discussed some basic theoretical and technical aspects of ESRI and concluded that according to theoretical predictions the detection sensitivity at 4 K is close to 5 spins. Induction detection is considered as the way to go for practical micro-imaging applications. Home assembled pulsed 3D ESR microscope equipped with dielectric resonator operating at 17 GHz and using gradient pulses from 10 ns (5 T/m) to 1.2 (s (60 T/m) is able to supply resolution of ~ 1 (m and spin sensitivity at ambient conditions 3x106 spins.
Prof. David Lurie (Aberdeen, Scotland) explained basic principles of Proton Electron Double Resonance Imaging (PEDRI) that combines NMR Imaging with the Overhauser effect to image distribution of free radicals. Spatial resolution of this technique is independent of the ESR linewidth, because image information is provided by narrow NMR signals. This technique that uses low ESR frequency found application in biophysics. It is able to image distribution of stable free radicals in small animals (mouse) at present. After solving some technical problems PEDRI could be considered as an alternative to MRI for imaging radicals in the whole human body.
Dr. Jan Pilař (Prague, Czech Republic) demonstrated utilization of 1D-ESRI at X-band to the study of polymer systems. He described determination of macroscopic diffusion coefficients of paramagnetic tracers (spin labeled oligomers) in polymer gels by an analysis of the time dependence of concentration profiles of the tracers in the samples determined by ESRI. Data characterizing dependence of the diffusion coefficients on structure of gels, on degree of crosslinking in equilibrium swollen hydrogels in particular, and on molecular weight of the tracers were obtained. The second part of the talk was focused on the profiling of nitroxides generated in the process of photodegradation of solid polymers stabilized by hindered amine stabilizers. Appearance of nitroxides indicates stabilizing activity inside the bulk polymers. Shapes of nitroxide concentration profiles vary for various stabilizing systems. Their analysis can help in understanding heterogeneity of polymer photodegradation. All experiments were performed using Bruker E-540 Elexsys CW X-band spectrometer equipped with George Associates (Berkeley, USA) gradient coils.
Dr. Krzysztof Kruczala (Krakow, Poland) described ESRI studies of photo and thermodegradation of heterophasic propylene-ethylene copolymer and acrylonitrile-butadiene-styrene terpolymer stabilized by hindered amine stabilizers. Due to presence of two or more phases in these polymers superposition of spectra of nitroxides localized in various environment and showing consequently different mobility were observed and analyzed. Experiments were performed using Bruker CW ESRI spectrometer at University of Detroit Mercy, USA.
Prof. Malte Drescher (Konstanz, Germany) elucidated in his lecture application of ESRI to studies of the radical cation salts of fluoranthene. It is one-dimensional organic conductor which is an almost ideal candidate for the application of magnetic resonance imaging considering its narrow ESR line. Experiments were performed using commercial Bruker Elexsys E-580 pulsed spectrometer equipped additionally with a home built three dimensional pulsed gradient system. Using this technique two dimensional images of the electrical current density distribution and three dimensional spin density images can be obtained. New version of X-band pulsed ESR 3d imaging with a cylindrical imaging frame was developed and used for visualization of conducting electron spin density and of the inhomogeneous distribution of the spin-lattice relaxation time in the above mentioned organic conductors.
Prof. Eva Lund together with Dr. Hakan Gustafsson (Linköping, Sweden) illuminated application of ESRI for dosimetry purposes in radiation therapy. Potassium dithionate has been selected as a suitable material for dosimetry purposes. ESRI makes possible determination of not only overall amount of the radicals generated by the radiation applied in the whole tablet 5 mm thick but also distribution of concentration of the radicals along the tablet depth that could be a new promising method for estimations of beam quality. ESRI experiments were performed at University of Detroit Mercy, USA.
Prof. Didier Gourier (Paris, France) presented lecture on studies of organization of radicals in primitive carbonaceous matter by EPR imaging and pulsed EPR. Complex carbonaceous matter fossilized in the most ancient (~3500 Million years) rocks may represent the first traces of life on Earth. Also, meteoritic bombardments were very intense on primitive Earth, and it is now established that extraterrestrial organic matter represented an important source of prebiotic molecules for the formation of the first living organisms. This primitive carbonaceous matter, meteoritic and terrestrial, contains stable (-radicals giving an intense and narrow EPR line suitable for EPR imaging. Carbonaceous matter of meteorites (4500 Myr-old, the age of the solar system) and of ancient microcrystalline SiO2 rocks (from 400 Myr to 3500 Myr-old) were studied. EPR imaging was used as non invasive method for in-situ study of the most ancient cyanobacteria in 2000 Myr-old cherts. In meteorites, radicals are heterogeneously distributed, at a scale (< 1 mm) smaller than the resolution of EPRI.
Dr. Martyna Elas (Krakow, Poland) showed how Electron Paramagnetic Resonance oxygenation maps of murine tumors reveal oxygen information relevant to tumor therapy. Non-toxic, oxygen-sensitive spin probe trityl radical that has a single inhomogeneously broadened spectral line with peak to peak line width of 16.5 µT in hypoxic solution was used as spin probe and injected into animals. 4D images were collected at the University of Chicago, USA, using a spectroscopic imager with an air-core magnet and Anderson type gradient coils, operating at 250 MHz and 9 mT. The power delivered to the resonator was 25 µW. 4D oxygenation maps demonstrate heterogeneity of tumor hypoxia. Validation of oxymetric maps using a point by point comparison with a fiberoptic OxyLite probe showed good correlation between the OxyLite measured pO2 and an EPRI pO2 track in the same region. The correlation was good both in terms of spatial distribution pattern and pO2 magnitude. Co-registration of EPRI images with MRI provides detailed structural information and allows precise determination of the tumor voxels. Large homogenous phantom (7 cm, 90 mL) images confirmed oxygen sensitivity and spatial resolution of our CW-EPR images. EPRI oxygen images of rat tumors, comparable in size to some human tumors (2 mL), were collected.
At the end of the workshop during informal discussion participants appreciated an opportunity to meet together and get personally acquainted. They also considered information on experimental equipment available in European laboratories and on the projects solved as very important for possible future cooperation that in very general frames was in some cases discussed in Prague.

Justification of the expenses:

We spent 2 234.40 € for accommodation of 12 foreign participants, 502.50 € for travel costs of co-organizer, his student, and one invited speaker, 1 246.36 € for meals for all participants including lunches, coffee breaks and workshop dinner. The lecture hall and meeting facilities were provided free of charge as an in-kind contribution of the organizing Institute of Macromolecular Chemistry. 1 000 € should cover local administrative and technical assistance, printing, photocopying, telephone, fax, poster supplies, cleaning etc., and will be paid to the Institute. The total expenditure were 4 983.26 €.
The research group from IMC Prague is local and did not incur any travel or accommodation costs. Invited representative of the Bruker Biospin (Dr. Peter Hoefer) apologized for not being able to come due to another duties and no sponsorship from this company was received. 
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Multiscale organization of radicals in primitive carbonaceous matter by EPR imaging and pulsed EPR: Clues to the origin of life?
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Workshop dinner
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Poster session
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General discussion on perspective applications of ESRI in Europe and possible cooperation in this field in Europe.

12:00
Lunch, farewell
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