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Organizacja konferencji „XIth International Workshop on EPR in Biology and 
Medicine” – zadanie finansowane w ramach umowy 851/P-DUN/2019 ze 
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Introduction 
 

Greetings! Welcome to the XIth International Workshop on Applications of 

EPR in Biology and Medicine!  This Workshop is designed to stimulate interest 
in young and experienced researchers in EPR technology development, 
applications of EPR to understanding biological problems and in the 
application of spin and fluorescence probes, and techniques for the detection 
of reactive intermediates in free radical biology and medicine. Extending the 
scope of our previous  meetings, new topics were added to the scientific 
program, such as stem cells and tissue engineering, and mitochondrial 
signaling. Prominent researchers from around the world will present lectures 
on a wide range of topics, including: Biological Applications of EPR and 
Related Technologies; EPR Imaging and Oximetry; Oxidative/Nitrative 
Modifications in Lipids; Redox Signaling and Protein Oxidation; Advances in 
Lipid and Membrane Biophysics; Metabolism, Metabolomics, Imaging in 
Cancer; Reactive Oxygen and Nitrogen Species in Vivo and In Vitro; 
Photochemistry/Photobiology; Oxidative Stress in Diseases and more.  We 
hope that the next few days in Krakow will be scientifically informative and 
productive as well as socially and culturally enjoyable. The workshop has 
been organized by Jagiellonian University, Medical College of Wisconsin, 
Polish Academy of Art and Sciences and Ministry of Science and Higher 
Education. We are extremely grateful for the support from the following 
sponsors: Novilet, Ekspla, Precoptic, Zeiss, Avanti Polar Lipids, 
Bruker, Molecular Specialties, Springer, SanLab, Lab Empire.  We 
wish you all a very pleasant and stimulating visit, and we thank you for your 
participation. 

  

T. Sarna, B. Kalyanaraman, Co-Chairs 
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Program 
Sunday, October 6th 
 
18:00  Welcome reception 

 

Monday, October 7th 
 
8:25 Introductory Remarks 

 

ADVANCES IN EPR INSTRUMENTATION AND METHODOLOGIES 
(Chair: Wojciech Froncisz) 
 
8:30  James Hyde “Small-Sample Sensitivity Using a Rutile Dielectric Tube 

LGR Insert” 

9:00 Jiangfeng Du “Spin magnetic resonance spectroscopy – From 

billions of molecules to single molecule” 

9:20  Igor Tkach  “ENDOR spectroscopy at 263 GHz” 

9:40 Wojciech Froncisz “Can we improve signal to noise ratio for EPR 

dispersion signal? ” 

10:00 Sylwia Kacprzak “Recent developments in Bruker’s EPR 

instrumentation” 

10:20 Coffee break 

 

METALS IN BIOLOGY  

(Chairs: Piotr Pietrzyk & Zbigniew Sojka) 
 
10:40  Klaus Moebius “Life without water – High-field EPR studies of 

protein/matrix H-bond interactions” 

11:10  Glenn Millhauser “How Copper ions tip the toxic balance of the killer 

prion protein” 

11:30 Bruno Guigliarelli “Reactivity studies of molybdoenzymes by EPR –

Towards understanding biological CO2 reduction” 

11:50 Jason Sidabras “Beyond structure: Investigating paramagnetic 

states in protein crystals of nano-liter volumes at X-band” 

12:10 Lunch – on your own 



 14 

OXIMETRY / IN VIVO EPR IMAGING / SPIN TRAPPING  

(Chair: Martyna Elas) 

 
13:40 Howard Halpern “Biologic validation of spin lattice relaxation based 

EPR pO2 images and biologic consequences of 3D tumor topology” 

14:10 Periannan Kuppusamy “Measurement of oxygen concentration (pO2) 

in human tumors using OxyChip ” 

14:30  Bernard Gallez “EPR of melanin in melanomas: From in vitro to 

ongoing clinical studies”  

14:50 Valery Khramtsov “Novel multifunctional EPR probes and imaging” 

15:10  Martyna Elas “Oximetry and Vascular Effects in Murine Tumors” 

15:30  Coffee break  

ADVANCED SPECTROSCOPY AND MICROSCOPY METHODS  
(Chair: Michal Sarna) 
 
15:50 Akihiro Kusumi “Development of ultrafast single-molecule imaging 

and detection of hop diffusion within focal adhesion in the cell 

membrane” 

16:20 Maciej Wojtkowski “In Vivo Eye Imaging: To See the Morphology 

and the Function” 

16:40 Jerzy Dobrucki “DNA damage induced by visible light in nuclei of 

live cells” 

17:00 Andrea Allesandrini “Atomic force microscopy of supported lipid 

bilayers: imaging and force spectroscopy” 

17:20  Michał Sarna “Imaging cellular structures below the cell membrane 

using higher harmonics atomic force microscopy” 

17:40  Adjourn 
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Tuesday, October 8th 

OXIDATIVE DAMAGE IN BIOLOGICAL SYSTEMS  
(Chair: Izabella Sadowska-Bartosz)  
 
8:30  Michael Davies “Mapping of oxidative damage to proteins” 

9:00 Grzegorz Bartosz “Proteins in oxidative stress: victims, defenders, 

accomplices and messengers” 

9:20  Benny Zhu “Free Radical Mechanism for the Formation of New 

Nitrogen-centered Chiral DNA Adducts and Their Biological Effects” 

9:40  Izabella Sadowska-Bartosz “Redox nanoparticles: synthesis, 

properties and perspectives of use for treatment of 

neurodegenerative diseases” 

10:00  Maria Kadiiska “Decoding oxidative stress from inflammation in 

experimental and human exposures” 

10:20 Coffee break 

MRI, EPRI AND MÖSSBAUER SPECTROSCOPY IN BIOMEDICAL 
RESEARCH 
(Chairs: Kvetoslawa Burda & Luigi Zecca)  
 
10:40  Murali Krishna Cherukuri “Molecular Imaging of the Tumor 

Microenvironment” 

11:10 Luigi Zecca “Neuromelanin Detection by Magnetic Resonance 

Imaging and Its Potential Use as a Biomarker for Parkinson’s 

Disease ” 

11:30  Kvetoslawa Burda “Regulation of Fe-QA
•- interaction by iron spin 

states in photosystems of Type II” 

11:50  Michael Gonet “A new perspective in whole-body preclinical EPR 

imaging” 

12:10 Andrzej Slominski “Photoprotective properties of vitamin D and 

lumisterol hydroxyderivatives” 

12:30 Lunch – on your own 
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FREE RADICALS AND EXCITED STATE SPECIES IN PHOTOBIOLOGY 
(Chair: Tadeusz Sarna)  

 
14:00 Lev Weiner “Structural and Biophysical Studies on the 

Acetylcholinesterase/Methylene Blue Complex are Relevant to 

Photodynamic Therapy, Radiation Damage and Drug Design” 

14:30  Avigdor Scherz “From local control to systemic solid state cancer 

therapy using the approved TOOKAD soluble” 

15:00 Alexander Tikhonov “EPR study of regulation of electron and proton 

transport processes in the plant cell”  

15:20 Tadeusz Sarna “Photochemistry of melanin pigments –Role of free 

radicals and excited states” 

15:40  Coffee break  

NEW SPIN LABELS, REDOX PROBES AND SPIN TRAPS  
(Chairs: Adam Sikora & Jacek Zielonka) 
 
16:00 Jeannette Vasquez Vivar “Connecting the dots: Brain region, 

tetrahydrobiopterin and hypertonia” 

16:30 Adam Sikora “Toward Understanding the Chemistry Behind the 

•NO/H2S/O2 and •NO/Thiols/O2 Systems” 

16:50 Victor Tormyshev “Trityl spin labels in distance measurements in 

biomolecules using SDSL and pulsed ESR” 

17:10 Jacek Zielonka “Mitochondria-targeted pyridinium cations as redox 

cyclers, mitochondrial inhibitors and antiproliferative agents against 

pancreatic cancer cells” 

17:30 Micael Hardy “ROS detection in mesoporous silica particles” 

 

POSTER PRESENTATIONS 
 
17:50  
18:45 Adjourn 
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Wednesday, October 9th 

MITOCHONDRIAL AND CHLOROPLAST REDOX SIGNALING  
(Chair: Artur Osyczka)  
 
8:30 Ulrich Brandt “The mechanism and regulation of mitochondrial 

complex I” 

9:00  Wieslaw Gruszecki “Energy to drive Photosystem II borrowed from 

Photosystem I” 

9:20 Sebastian Pintscher ”Spin-spin coupling between the semiquinone 

and the Rieske cluster in cytochrome bc1 and its relation to 

superoxide production” 

9:40  Frauke Baymann “Rieske/Cytb complexes: Regulators of ΔΨ in 

bioenergetic reaction chains?” 

10:00  R. David Britt “EPR Spectroscopy of [FeFe] Hydrogenase 

Bioassembly Intermediates ” 

10:20 Coffee break 

STEM CELLS AND TISSUE ENGINEERING  
(Chair: Zeljko Bosnjak)  
 
10:40 Zeljko Bosnjak “Stem cells and precision medicine” 

11:10 Ewa Zuba-Surma “Stem cell- derived extracellular vesicles - 

biological properties and perspectives in use for tissue repair” 

11:30  Kulwinder Dua “Repairing the esophagus with tissue engineering” 

11:50 Bo Wang “Stem cell engineering in liver and cardiac applications” 

12:10  Sean Palecek “Identifying and monitoring critical quality attributes 

of cardiac cell biomanufacturing using NMR metabolomics” 

12:30 Lunch – on your own 
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Short Oral Presentations 
(Chair: Larry Berliner) 

14:00  Gafurov MR “Pathological Calcification and Calcium Phosphates: The 

Results of Clinical and Physicochemical Characterizations for 

Operational Tissues and Synthesized Species”. 

14:12  Meinke MC “Quantification and Characterization of Radical 

Production in Skin During and After LED-UVA and Complete Sun 

Irradiation” 

14:24  Wiśniewska-Becker A “Photoreactivity of Curcumin in a Model 

System and In Vitro” 

14:36  Šimunková M “ROS Generation Via Copper Redox Cycling Mediated 

by Cu(II) Complex with Isonicotinamide and NSAIDs” 

14:48  Dhanasekaran A. “Bioactivation pathways in Human Ovarian 

Follicular Fluid derived Mesenchymal Stem Cells Cultured on 

Chitosan/PCL/Zn Scaffold for Bone Tissue Regeneration”  

15:00  Coffee break 

15:20  Kirilyuk IA “A Convenient Method for Synthesis of Sterically Shielded 

Pyrrolidine and Pyrroline Nitroxides.” 

15:35  Malček M. “Combined DFT and EPR Study of Newly Synthesized 

TEMPO/PROXYL-Derived Bis(amide) Compounds” 

15:47 Polienko YF. “Reduction-Resistant Nitroxide Spin Probes for EPR 

Imaging” 

15:59 Collauto A In-Cell PELDOR Spectroscopy of Short RNA Duplexes.  

16:11  Sobańska K. “ROS Generation via H2O2 Decomposition Over 

Nanozymes of Peroxidase- or Catalase-Like Activity” 

16:23 Adjourn 

 

19:00   BANQUET 
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Thursday, October 10th 

ADVANCES IN LIPID AND MEMBRANE BIOPHYSICS 
(Chair: W. Karol Subczynski) 
 
8:30 Marta Pasenkiewicz-Gierula “Network of lipid interconnections at the 

interfaces of lipid bilayers as revealed by molecular modelling and 

graph theory” 

9:00  Albert Girotti “Nitric oxide inhibition of chain lipid peroxidation in 

membrane systems” 

9:20  Marija Raguz “Methodological advances in preparations of model 

lipid bilayer membranes with high cholesterol content” 

9:40 W. Karol Subczynski “Cholesterol dependent homeostasis in eye 

lens membranes, fiber cells, and the lens –A biophysical 

perspective” 

10:00 Witold Korytowski “Cholesterol-hydroperoxide mobility; implications 

and biological consequences” 

10:20  Coffee break 

REACTIVE OXYGEN AND NITROGEN SPECIES  
(Chair: Anatolij Vanin)  
 
10:40 Peter Ogilby “Why should we consider singlet oxygen?”  

11:10 Enno Ruuge “The role of reactive oxygen and nitrogen metabolites 

in the formation of nitrosyl iron complexes in living systems” 

11:30 Anatolij Vanin “Dinitrosyl iron complexes with thiol-containing 

ligands as a "working form"of nitric oxide in living organisms” 

11:50  Claudine Kieda “Cell-gene therapy addressed to the 

microenvironment of hypoxia-dependent diseases”  

12:10 Lunch – on you own 
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Short Oral Presentations 
(Chair: Anna Wiśniewska-Becker) 

13:40  Berliner LJ. “Rigid spin label distance measurements to the calcium 

binding site of bovine α-lactalbumin” 

13:55  Chaikovskaia N. “The New Theory of Stage Apoptosis” 

14:07 Żądło AC. “The Influence of Iron on Selected Properties of Synthetic 

Pheomelanin” 

14:19  Smulik-Izydorczyk R. “The Kinetics of the HNO Reaction with Thiols” 

14:31 Kmiec MM “An Implantable microChip for Clinical EPR Oximetry” 

14:43 Stein N “Membrane Heterogeneity Using Stretched Exponential 

Saturation Recovery EPR Spin Labeling: Enhancement by Molecular 

Oxygen” 

14:55  Larry Berliner Closing remarks 

15:10  Adjourn 
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Small-Sample Sensitivity Using a Rutile Dielectric Tube 
LGR Insert 

 

James S Hyde1 

 
1Department of Biophysics, Medical College of Wisconsin, Milwaukee, WI, USA 

 

 
In principle, a microwave resonator made from a high dielectric constant material and 

containing a hole for a sample is an attractive way to increase EPR sensitivity for very small 

samples. However, a practical geometry for resonator support, convenient sample change, 
temperature control, and coupling to the incident transmission line with adjustment of the 

match has been elusive. One idea is placement of the dielectric resonator in an existing 
cavity resonator that is configured for EPR spectroscopy, but, thus far, a practical geometry 

has not been found. In this presentation, experiments carried out by placement of a 
dielectric resonator in an EPR loop-gap resonator are described. The loop-gap resonator 

consists of a central sample loop connected by gaps to four surrounding flux-return loops—

the so-called five-loop–four-gap geometry. A practical assembly has been constructed using 
single crystal rutile in the sample loop as the dielectric, and preliminary experimental results 

have been obtained from aqueous spin-label samples at X-band. These experiments support 
the hypothesis that refinement of the geometry will permit routine use of aqueous samples 

as small as 50 nanoliters. 
 

 
Acknowledgements: This work was supported in part by the National Institute of Biomedical 

Imaging and Bioengineering of the National Institutes of Health under award number P41 
EB001980. 
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Spin Magnetic Resonance Spectroscopy— 
From Billions of Molecules to Single Molecule 

 

Du J 

 

CAS Key Laboratory of Microscale Magnetic Resonance and Department of Modern 
Physics, University of Science and Technology of China, Hefei, China 

 
 

Magnetic resonance (MR) is one of the most important techniques for characterizing the 
composition, structure, and dynamics of molecules. However, current methods require 

billions of uniform units on a centimeter scale to accumulate a large enough signal-to-noise 
ratio. High sensitivity MR techniques are urgently needed for new applications on a single 

molecule. A quantum sensor to accomplish single molecule detection is the nitrogen-vacancy 

(NV) defect center in a diamond. By combining the quantum controls and long coherence 
time of NV, we have experimentally realized single molecule scale nuclear MR and electron 

spin resonance. We and co-workers have successfully achieved the following results. 
 

(I) Single molecule spectroscopy. We obtained the first single-protein spin resonance 

spectroscopy under ambient conditions [1]. Electron spin resonance spectroscopy of single 
molecules under physiological conditions [2]. The work represents a step toward magnetic 

resonance investigation of biomolecules in their native environments at the single-molecule 
level. (II) Zero-field electron spin resonance (ESR) spectroscopy on a nanoscale [3]. We 

successfully measured the zero-field ESR spectrum of a few electron spins by precisely 
tuning the energy levels of NV centers to be resonant with the target spins, and directly 

resolved the hyperfine coupling constant. This work breaks the sensitivity limitation and 

opens the door of practical applications of the zero-field ESR. (III) Single molecule imaging. 
Combing NV sensor with atomic-force microscopy, we realized nanoscale magnetic 

resonance imaging of ferritins in a single cell [4].  
 

These results, together with related works in the field, open the door to nanoscale/single 

molecule MR and potentially will be used as a new tool on a broad range of scientific areas 
from life science to physics and chemistry. 
 

 

[1] Shi F et al., Science. 347:1135, 2015. 
[2] Shi F et al., Nat. Methods. 15(9):697-699, 2018. 

[3] Kong F et al., Nat. Comm. 9:1563, 2018. 
[4] Wang P et al., Sci. Adv. 5(4):eaau8038, 2019. Doi:10.1126/sciadv.aau8038. 
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Pulsed electron-nuclear double resonance (ENDOR) is a well-established technique to detect 

magnetic nuclei. It plays a crucial role in a variety of applications. If recorded at high fields 
(≥9T) on organic radicals, ENDOR gains several advantages not attainable with low-field 

experiments. In particular, the spectral resolution for pulse excitation is usually increased; 
hence, the technique can be applied to selectively excite different molecular orientations. 

Other valuable features are the increased nuclear Zeeman resolution, higher sensitivity, and 

“first-order” hyperfine spectra, which are easier to interpret. These features make high-field 
ENDOR advantageous. However, the technique is rare due to technical demands. 

 
We discuss the performance of high-field 1H- and 2H-ENDOR by employing the latest results 

from a commercial Bruker quasi-optical spectrometer operating at 263 GHz (9.4T). We use 

a bis-diphenylene-phenyl-allyl radical as a model system with two distinct hyperfine 
couplings to validate the efficiency of the setup in terms of both proton and deuterium 

detection. Furthermore, to inspect the applicability of 263 GHz ENDOR to orientation-
selective studies, we use a ribonucleotide reductase (RNR) from E. Coli with a native Y122 

radical. We show that at high fields ENDOR can be measured with an improved resolution 
for different molecular orientations, however, in systems with a profitable g-strain like Y122 

radical. Thus, Davies ENDOR recorded on Y122
▪ in RNR exhibits narrow lines and reveals 

previously obscured spectral features, reasonably interpreted by revised spectral 
simulations, and DFT [1]. The capability allows us to recognize a new proton coupling and 

refine evaluation of seven internal hyperfine tensors with less need for a single-crystal 
preparation. 

 

Basic instrumental features of the high-field setup will be presented and discussed as well. 
 

 

Acknowledgements: We thank JoAnne Stubbe (MIT) for donating the wild-type RNR-β2 
protein subunit. Igor Gromov, Ion Prisecaru, and Peter Höfer (Bruker Biospin) are 

acknowledged for development of the 263 GHz system. The work was supported by the Max 

Planck Society and the Deutsche Forschungsgemeinschaft (SPP 1601). 
 
[1] Tkach I et al., J. Magn. Res. 303:17-27, 2019. 
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EPR dispersion signal is usually less frequently used since the absorption signal due to 

worse S/N. This effect applies primarily to the resonators with a high quality factor, Q, for 

which the demodulation of phase noise of the microwave source causes a significant 
increase in the noise level of the dispersion signal. The signal-to-noise ratio of the EPR 

dispersion spectrum is significantly improved by using low-Q resonators such as loop-gap 
resonators. 

We are currently presenting a novel method for the EPR signal recording procedure that 

allows reducing the noise level in a dispersion signal.  
In a traditional EPR spectrometer, the microwave frequency, 𝑓0, is controlled by an 

automatic frequency control system so that it matches the center frequency of the 

resonator. The spin system placed in the resonator in the presence of magnetic field 
modulation at a frequency of 𝑓𝑚 generates side bands with frequencies 𝑓 = 𝑓0 ± 𝑘 ∙ 𝑓𝑚 

symmetrically located around the carrier frequency 𝑓0. They are down converted to the 

baseband and detected by the phase sensitive detector.  

In a novel method the microwave frequency is shifted from the center frequency of the 
resonator by a value comparable to the modulation frequency. Secondly, the EPR signals 

coming from the symmetrical side bands are recorded separately. Then EPR signals from 
symmetrically located modulation side bands are added to each other in various 

proportions to obtain the best signal-to-noise ratio. The EPR spectrum generated in this 
way may have a better signal-to-noise ratio than the spectrum recorded in the traditional 

way. The degree of improvement of the S / N ratio depends on the parameters of the 

microwave source and the resonator. 
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The presentation highlights the latest developments of Bruker in the field of EPR 

instrumentation. Major drivers of recent developments have been improvements in 
sensitivity, time resolution, and data analysis tools.  

 

Bruker’s continuous efforts to improve EPR instrumentation in all aspects have led to the 
development of Rapid Scan (RS-EPR). With the new Rapid Scan unit, very significant 

improvements in sensitivity and time resolution are achieved. In RS-EPR, the EPR absorption 
spectrum up to a width of 200 G can be acquired on a time scale of microseconds. Due to 

the short time during which the spins are exposed to microwave field, the saturation effect 
is less pronounced compared to conventional continuous-wave EPR. Thus, higher microwave 

fields can be used to increase the signal amplitude.  In addition, Rapid Scan provides the 

opportunity for unprecedented levels of time resolution while collecting the EPR spectrum 
for following reaction kinetics by continuous-wave techniques. 

 
In addition to the sensitivity gain in spectroscopy by Rapid Scan, the technique also offers 

a tremendous gain in spatial resolution in EPR imaging. First results of RS imaging at 1 GHz 

will be shown. 
 

Significant gains in resolution and bandwidth have been achieved by the third generation of 
SpecJet and video amplifier for the pulse EPR instrument E580. The improvements will be 

illustrated by examples. 
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All vital activities are dependent on protein polymers when embedded in aqueous 
environments (the ”matrix”). Thus, water generally is an indispensable ingredient of life. 

However, certain micro-organisms, plants, and animals (no vertebrates) exist that can 
survive long periods of complete dehydration (anhydrobiosis) under high temperatures. In 

the anhydrobiotic state, their intracellular matrix often contains large amounts of 

nonreducing disaccharide sugars, such as trehalose or sucrose. Trehalose is known to be 
most effective in protecting biostructures from drying to cell death. Until now, the molecular 

mechanism of this anhydrobiotic biostability in disaccharide matrices was largely unknown. 
The literature discusses several hypotheses predicting selective changes in the first solvation 

shell of the protein-water-trehalose system upon dehydration, with subsequent changes in 
the H-bond network. Thus, deciphering how proteins function on the molecular level of 

protein-matrix interactions is key to understanding life with and without water and the role 

of trehalose matrices as a strategy to survive prolonged periods of drought in the global 
warming scenario of the looming climate change.  

 
We report on recent results from fast-laser and high-field EPR spectroscopies probing the 

protein-matrix interactions at various time scales. We studied the structure and dynamics of 

light-induced cofactor ion radicals of photosynthetic reaction centers in sucrose and 
trehalose matrices as well as nitroxide spin-probes at different protein concentrations and 

hydration levels, partly using isotope labeled water (D2O and H2
17O) [1,2]. Our results 

suggest that the observed biostability originates in the high rigidity of the dry disaccharide 

glass matrix coating the reaction center protein surface already at room temperature. The 

functional impact will be briefly discussed. 
 

 

Acknowledgements: This is collaborative work with A. Savitsky, A. Nalepa, and W. Lubitz of 

Max Planck Institute for Chemical Energy Conversion, Mülheim (Ruhr); M. Malferrari, F. 

Francia, and G. Venturoli of University of Bologna; and A. Semenov of Moscow State 
University. 

 
[1] Malferrari M et al., J. Phys. Chem. Lett. 7:2544-2548, 2016. 

[2] Nalepa A et al., Phys. Chem. Chem. Phys. 19, 28388-28400, 2017. 
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A prion is a misfolded form of the cellular prion protein, PrPC. Although the role of PrP in 

neurodegeneration was established more than 30 years ago, there is little understanding of 
the protein’s normal function, and how misfolding leads to profound disease. Recent work 

shows that PrPC coordinates the cofactors Cu2+ and Zn2+, and regulates the distribution of 

these essential metal ions in the brain. Moreover, these metals stabilize a previously unseen 
fold in PrPC, the observation of which provides new insight into the mechanism of prion 

disease [1, 2]. To date, Cu2+ coordination was thought to be limited to residues within the 
protein’s N-terminal domain. However, new NMR and EPR experiments suggest that histidine 

residues in the C-terminal domain assist in stabilizing the Cu2+-promoted PrPC fold. This talk 

will describe combined NMR, EPR, mutagenesis, and physiological studies that provide new 
insight into the PrPC fold and function.  
 

 
Acknowledgements: This work was supported by NIH grants R35GM131781, R01GM065790, 

S10OD024980, and S10OD018455 (GLM), and by NIH grant R35GM126961 and NSF grant 

CHE-1665455 (RDB). 
 

[1] Evans EG et al., Structure. 24(7):1057-67, 2016. PMC4938727 
[2] Wu B et al., Elife. 6, 2017. PMC5469617 
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Mononuclear molybdoenzymes are found in virtually all living organisms. In prokaryotes, 
most of these enzymes harbor a large Mo-bis pyranopterin guanosine dinucleotide cofactor 

and catalyse a wide diversity of redox reactions involved in major biogeochemical cycles. In 

this family, formate dehydrogenases attract much attention due to their potential 
applications for CO2 reduction.  In spite of the similarity of their Mo-bisPGD cofactor, these 

enzymes are able to use a broad diversity of substrates, but the molecular factors that 
trigger their reactivity remain largely unknown. During catalysis, the Mo ion cycles between 

the +IV and +VI redox states, the intermediate Mo(V) state being EPR active (S=1/2). 

Several Mo(V) species have been identified, but despite numerous crystallographic and 
spectroscopic studies, their structure and catalytic relevance is still strongly debated [1]. 
 

To address these questions, we used various kinds of bacterial nitrate reductases as model 

Mo-enzymes. By combining site-directed mutagenesis with EPR and DFT calculations, we 
gained new insights on the structure of the various spectroscopically detected Mo species 

and on their role in the catalytic 

process. Notably, using specific isotope 
enrichment of the enzymes (98Mo, 15N) 

and high resolution EPR techniques 
(ESEEM, HYSCORE), the nuclear 

environment of the Mo ion could be 
studied in detail, providing an accurate 

view of the Mo ion environment [2]. 
 

In addition, the analysis of magnetic coupling between the Mo(V) ion and neighbor FeS 

cluster of the enzyme enable the long-range modifications of the Mo-cofactor to be 
monitored during the enzyme activation processes [3]. The potential role of pyranopterin in 

these processes is clearly evidenced, which emphasizes the role of the second coordination 
sphere of the Mo ion in the stabilization of catalytic intermediates and provides some clues 

for the design of new bioinspired catalysts. 
 

 
[1] Grimaldi S et al., In Molybdenum and Tungsten Enzymes, The Royal Society of 

Chemistry, 68-120, 2016. 

[2] Rendon J et al., Inorg. Chem. 56:4423-4435, 2017. 
[3] Zeamari K et al., BBA-Bioenergetics. 1860:402-9, 2019. 
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Nature’s inclusion of metals and metallo-cofactors in enzymes has led to the ability to 

perform very complex catalytic functions, such as, electron transfer/transport, nitrogen 
fixation, and biological hydrogen production, which are difficult to achieve with organic 

radical chemistry. Metallo-enzymes often employ first-row transition metals (Mn, Fe, Ni, Cu, 
V, etc.) in the active site. In order to fully understand the chemistry evolving within these 

enzymes, structural studies need to be complemented with kinetic, spectroscopic, and 

computational studies.   
 

Synchrotron-based X-ray crystallography diffraction provides high-resolution structural 

snapshots of metallo-enzymes at different equilibrium states and can be used to distinguish 

small changes of the atomic structure as an enzyme is stepped through the catalytic cycle. 
The catalytic cycle of redox enzymes often contains paramagnetic intermediates that can be 

studied using electron paramagnetic resonance (EPR) spectroscopy. In combination with X-
ray crystallography, the magnetic-interaction tensors obtained from single-crystal EPR 

experiments can be directly related to the protein geometry. From such studies, a wealth of 

information on the catalytic mechanism of the enzyme can be obtained. However, many 
protein crystals used in X-ray crystallography are of dimensions in the 50-300 μm range and, 

as such, are too small to be studied using commercial EPR instrumentation.  
 

To study these limited sample volumes, new technical advances had to be developed. Here, 
we present a novel microwave resonant structure, the self-resonant micro-helix, for nano-

liter samples that can be implemented in a commercial X-band (nominally, 9.5 GHz) EPR 
spectrometer. The micro-helix is used in a first 

study with a 0.3×0.1×0.1 mm3 (3 nL) single 

crystal of [FeFe]-hydrogenase from 
Chlostridium pasteurianum (CpI) in the Hox 

state that has enabled the preliminary 
determination of the full g-tensor within the 

molecular frame of the active site (H-cluster; 

the [6Fe]-cluster stereo view is shown in Fig. 1). 
The g-tensor is then used to validate quantum 

chemical calculations. Additionally, HYSCORE spectra could be collected from the same 
protein single crystal, giving insight into the 14N hyperfine and quadrupole coupling of 

coordinated ligands.  
 

This work opens up, for the first time, the possibility of using advanced EPR techniques to 
study the protein single crystals of dimensions typical for X-ray crystallography. Further 

applications of the new setup will be discussed. 
 

 

Acknowledgements: This work was funded by the European Union Horizon 2020 Marie 
Skłodowska-Curie Fellowship (Act-EPR; No. 745702) and the Max Planck Society. 

  

 
Fig. 1. Stereo view of the proposed g-tensor of CpI 

in the Hox state. 
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EPR pO2 images using pulsed spin lattice relaxation (SLR) minimize spin probe (self) 
relaxation. They become, to within errors, absolute molecular oxygen images. However, the 

real issue is whether these images can distinguish putatively sensitive well-oxygenated 
tumor regions from poorly oxygenated, putatively resistant, hypoxic tumor regions. Using a 

randomized mouse study, we tested the relevance of increased localized doses of radiation 
of equal integral dosage to hypoxic vs well oxygenated tumor. Since these are 3D images, 

we can investigate the effect of simple topological features of those mice whose hypoxic 

tumors were  treated with a boost dose. The surface-to-volume ratio (SVR) of the hypoxic 
regions was tested for significance to see if there was a difference in control in the two 

mouse tumor types studied. 
 

An FSa fibrosarcoma or an MCa4 mouse mammary carcinoma was grown in gastrocnemii of 
C3H mice. T2 MRI-based tumor surfaces were registered with EPR pO2 images. These were 

often topologically disconnected. The pO2 sensor OX63d24 trityl infused IV via tail vein 
provided SLR rates for imaging. The entirety of all tumors was first treated with a dose 

sufficient to control 15% of tumors (measured separately) delivered with an isocentric 

animal CT/radiator, the XRAD225Cx. EPR pO2, MRI to define tumor anatomy, and CT images 
to register with tumor boost treatment selected all hypoxic regions in the tumor, defined as 

pO2≤10 torr. Tungsten-loaded plastic blocks defined the opposing oblique field boost 
aperture. These were readily fabricated with 3D printers. Radiation boosts of an additional 

13 Gy, the whole tumor dose suffient for 95% tumor control, randomly treated either all 
tumor hypoxia plus margin or well-oxygenated tumor regions of equal volume. After 90 days 

(FSa) or 180 days (MCa4) or, in all cases, clear regrowth, tumors were evaluated for 

clonogenic control. Kaplan-Meier analysis of significance of temporal control differences 
between the EPR pO2-defined hypoxia-treated tumors or boost to well-oxygenated tumor 

regions. For SVR effect, the subset of hypoxia boosted tumors was divided into groups with 
SVR above and below the median and analyzed for survival difference. 
 

Local tumor control from hypoxic boosts relative well to oxygenated tumor boosts 

significantly doubled in each tumor type (p=0.04 for FSa; p=0.012 for MCa4). SVR of hypoxic 
regions less than median in sarcomas showed significantly improved control relative to 

higher SVR (p=0.003) but was not significantly different in carcinomas, which did show a 

trend in the same direction. 
 

 

Acknowledgements: R01 CA098575 P41 EB002934 P30 CA014599 T32 EB002103 
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The objective of this clinical study was to establish a novel technology, based on EPR 
spectroscopy, as a practical clinical tool for measurement of tumor oxygen (pO2) in the 

clinical setting. The measurement will enable clinicians make patient-individualized and 

informed decisions based on tumor oxygen status at the time of treatment. We have 
developed an implantable paramagnetic oxygen sensor, called OxyChip, for tumor oximetry. 

Preclinical measurements established that the OxyChip is robust, safe, and capable of 
making repeated measurements of pO2 for a year or longer without toxicity to the host tissue 

or change in oxygen sensitivity. We then designed a clinical trial to study the safety and 

efficacy of the OxyChip to obtain tumor pO2 values in cancer patients undergoing surgery, 
radiation, or chemo treatments. Repeated measurements of pO2 in human tumors were 

performed for over four months using an external radiofrequency coil working at 1.2 GHz. 
The pO2 measurements were carried out in 24 cancer patients with melanoma, squamous 

cell carcinoma of the head and neck, basal cell carcinoma, sarcoma, or breast cancer. The 
measurements demonstrated the ability of the chip to measure tumor pO2 values during 

room-air breathing and hyperoxygen (100% O2 inhalation) intervention. The pO2 values 

were both tumor-type and time-dependent, suggesting the importance of personalized and 
real-time measurement for therapeutic enhancement. Most tumors showed a positive 

response to hyperoxygen intervention, while some tumors showed minimal or no response. 
There were no signs of infection or inflammation beyond the expected trauma along the 

needle track from the implantation itself. The oxygen-sensing calibration of the explanted 

chips was unchanged from the pre-implant calibration. In conclusion, EPR oximetry using 
OxyChip addresses a clinically relevant and timely need to enable safe, reliable, and repeated 

pO2 measurements in tumors to support the development and optimized application of 
hypoxia modifiers to improve treatment outcomes. 
 

 

Acknowledgements: This study was supported by NIH grant funding P01 CA190193 and R01 
EB004031. 
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The aim of this talk is to offer a journey in EPR characterization of melanin in melanoma, 
starting with freeze-dried thin slices obtained from human biopsies … to detection in living 

mice … to noninvasive detection in melanoma patients (two ongoing clinical studies in 
Brussels, Belgium).  

 

 
 

[1] Vanea E et al., NMR. Biomed. 21:296-300, 2008. 
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[3] Godechal Q. Gallez B, J. Skin Cancer. 273280, 2011. 

[4] Godechal Q et al., Exp. Dermatol. 21:341-346, 2012. 

[5] Godechal Q et al., Mol. Imaging. 12:218-23, 2013. 
[6] Godechal Q et al., Contrast Media Mol. Imaging. 9:154-160, 2014. 

[7] Desmet CM et al., 53:405-410, 2019. 
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This presentation is an overview of recent progress in EPR probe development, imaging 

techniques, and in vivo applications at the In vivo Multifunctional Magnetic Resonance 
(IMMR) center, West Virginia University. We report on the development of an EPR probe kit 

for tissue microenvironment profiling including concurrent imaging of tissue oxygen (pO2), 

extracellular pH (pHe), and inorganic phosphate (Pi), and assessment of tissue reducing 
capacity and its major intracellular redox buffer, glutathione (GSH) [1]. In this talk, we will 

also describe recent developments of trityl paramagnetic probes such as their grafting on 
dextran polymer [2]. To address spatial tissue heterogeneity, we advanced multifunctional 

Overhauser-enhanced MRI (OMRI) and rapid scan EPR imaging (RS EPRI). A pre-clinical 

rapid scan 800 MHz EPR imaging system has been built at the IMMR center [3]. In this work, 
we demonstrate the capability of multifunctional OMRI and RS EPRI for concurrent mapping 

of pO2, pHe, and Pi using a single multifunctional monophosphonated trityl probe (HOPE—
sensor for pH, pO2, Pi in extracellular space) [4]. We also present the development of an 

enzyme (alkaline phosphatase)-sensitive EPR probe and demonstrate RS EPR imaging of 
enzyme activity in vitro [5], and will discuss the potential for in vivo applications. 

Multifunctional EPR-based spectroscopy and imaging applications in various animal models 

of cancer will be discussed. Specifically, our data identified interstitial Pi as a new tumor 
microenvironment marker for tumor progression and aggressiveness, contributing to a 

scientific basis to evoke public awareness of increased phosphate consumption in developed 
countries due to the high content of phosphate-based modifiers in processed foods, and the 

potential health risk.  
    

 
Acknowledgements: This work was supported by NIH grants CA194013, CA192064, and 
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Tumor response to therapy may be assessed by three-dimensional imaging using Doppler 

ultrasonography and single-point electron paramagnetic resonance (EPR) oximetry. 
Modulation of the tumor oxygenation using ITPP, or vascular disruptive agents such as 

photodynamic therapy, introduce substantial changes in the tumor microenvironment. 
 

4T1 murine breast tumors and B16 melanoma were growing in the legs of C57bl mice, and 

U87 human glioma were growing in nude mice. ITPP was administered six to eight times, 
at 24 h and more intervals to ensure a stable effect. A theranostic nanoparticle, AguIX, was 

administered intravenously, and 650 nm light was given 15 min to 1 h later at 30 J/cm2. An 
increase in oxygenation was observed after ITPP. In contrast, vascular disruption due to 

photodynamic therapy led to a decrease in tumor partial pressure oxygen. 

 
A single-point oximetric measurement using a crystalline oximetric probe, such as OxyChip, 

provides partial pressure oxygen values from deep within the tumor, revealing the true 
oxygenation status of the tumor tissue from around the oximetric probe. Combining oximetry 

with the vascular structure and blood flow provides an insight into tumor environment and 
its dynamic changes after therapy. 
 

 

Acknowledgements: We thank Dr. Kuppusamy for providing the OxyChip. This work was 
supported by NSC 2015/17/B/NZ7/03005, NCBiR 07/Euronanomed/2015, and partially by 
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 41 

 

 

 

 
 

 
 

 

 

Advanced Spectroscopy and Microscopy Methods 

  



 42 

Development of Ultrafast Single-Molecule Imaging and 
Detection of Hop Diffusion within the Focal Adhesion in 

the Cell Membrane 
 

Kusumi A 

 

Membrane Cooperativity Unit, Okinawa Institute of Science and Technology 
Graduate University (OIST) Okinawa, Japan 

 

 

We developed an ultrafast single fluorescent-molecule imaging and tracking station, based 

on an ultrafast camera system we recently built. This station allowed us to image single 
fluorescent molecules at a frame rate up to 30 kHz with a single-molecule localization 

precision of 20 nm on the cover slip and 38 nm in the plasma membrane of living cells. This 

was the fastest single fluorescent-molecule observation ever performed, and probably the 
ultimate rate using the fluorescent dye molecules available today, due to the limitation of 

the photon throughput of the dye molecules. Furthermore, this station allowed us to obtain 
a series of PALM images of living cells (~30-nm localization precision for mEos3.2) every 0.5 

s for the image size of 10×10 µm, the fastest PALM ever performed with practical image 

sizes (ultrafast PALM). 
 

Using this station, we found that virtually all phospholipids and transmembrane proteins 

(transferrin and EGF receptors) we examined thus far underwent non-Brownian hop 

diffusion between actin-induced 110-nm-compartments in the bulk plasma membrane of 
T24 cells, once every ~10 and ~25 ms, respectively.  
 

Surprisingly, the membrane molecules also underwent hop diffusion in the focal adhesion 

(FA) region, a specialized membrane domain responsible for the cellular attachment to 
extracellular matrix. The median compartment size was about half in area and the median 

residency time within a compartment was ~1.5× longer, compared with those for molecules 
undergoing hop movements in the bulk plasma membrane. Furthermore, using ultrafast 

PALM of mEos3.2 fused to paxillin, a prototypical structural protein in the FA, we discovered 

that the FA region is indeed an archipelago of nano-scale FA-protein islands.  
 

Next, we found that large majorities of single β3-integrin molecules (transmembrane 
proteins responsible for the binding of the FA region to extracellular matrix) continually 

underwent repeated diffusion and intermittent immobilizations in the FA region. Ultrafast 
PALM of paxillin-mEos3.2 simultaneously performed with single-molecule tracking of β3-

integrin revealed that β3-integrin’s immobilizations occurred where the paxillin densities 

were high, namely, on the FA-protein islands. 
 

These results support the FA archipelago model, in which FA-protein islands are sparsely 

distributed, allowing the ready entrance and exit of integrins through the channels between 

FA islands. Such an archipelago structure enables ready entrance-exit of integrins and thus 
rapid FA formation-disintegration, while the FA-zone itself is maintained by the actin 

meshwork (actin-based membrane skeleton), where all membrane molecules undergo hop 
diffusion between the actin meshwork. 
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The global impact of blindness and visual impairment is enormous, especially in the aging 
population. The last decade has seen an impressive expansion of our knowledge regarding 

the morphology and function of the eye, enabling us to provide new diagnostic tools 
dedicated to following the progression and treatment of degenerative diseases. Our work 

focuses on the development of new methods for repeated, safe retinal imaging to assess 

morphological and functional aspects of individual cells of the retina and retinal pigment 
epithelium. We concentrate our efforts on two complementary optical imaging techniques 

that are the best candidates to achieve our experimental goals: advanced two-photon 
ophthalmoscopy and a speckle-less optical coherence tomography (OCT). 

 
Retinyl condensation products have been identified as native fluorophores in the human 

retina and the source of a strong, two-photon excited fluorescence signal. These 

fluorophores undergo chemical changes during the visual cycle. Monitoring their 
concentration in retinal layers will provide unprecedented and unique opportunities in 

ophthalmology by providing information about functional changes in response to age and 
pharmacological treatments. Currently, such techniques can be applied only to animal 

models due to limited sensitivity of detection.  

 
Optical coherence imaging techniques like OCT, SLO (scanning laser ophthalmoscopy), and 

AO-SLO (adaptive optics scanning laser ophthalmoscopy) can provide phase- and amplitude-
sensitive information about the morphology and function of the human eye, offering higher 

speed and sensitivity than any other methods. However, limitations include the deterioration 
of spatial resolution due to the presence of speckle noise. Therefore, existing techniques are 

unable to provide high-quality reconstructions of important types of cells in vivo. Currently, 

we are working on the development of a novel, speckle-less OCT technique that will enable 
us to visualize retinal microstructure at the cellular level. 

  
Along with novel measurements of retinal function, new diagnostic tools will offer major 

advantages for the early detection and monitoring of treatments for human blinding retinal 

diseases. We hope that these novel instruments will allow early detection of age- and 
disease-related changes in the retina long before they become discernible by existing 

methods.  
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Nucleotides, DNA and RNA absorb UV but not visible light. When UV is absorbed by isolated 

DNA, or genetic material in a living cell, a number of reactions occur leading to generation 

of well-known products, primarily pyrimidine dimers and photoproducts. However, no 
chemical changes in DNA arising from direct absorbance of visible light photons are 

expected. We have demonstrated, however, that exposing a small region of the cell nucleus 
of a living cell to blue light of moderate intensity leads to typical DNA damage response 

(DDR), including recruitment of DNA repair factors 53BP1 and XRCC1 (Solarczyk et al., 2012; 

Solarczyk et al. 2016; Kordon et al. 2019). Phosphorylation of histone H2A.X (γH2A.X, 
regarded as a marker of DNA double-strand breaks in a cell) also occurs. These observations 

suggest that single- and double-strand breaks are induced by visible light. No 8-oxo-guanine 
was detected by immunofluorescence, thus no presence of a typical product of oxidation of 

this nitrogen base was detected in situ. The mechanism behind generation of DNA damage 
by visible light remains unknown. Current studies employ, in addition to various microscopy 

methods, spectrophotometry, spectrofluorimetry and mass spectrometry, and demonstrate 

that the yield of generation of DNA breaks depends the wavelength of light. Direct 
absorption of photons by DNA polymer (but not the free nucleotides in solution) cannot be 

excluded. Photosensitised reaction involving endogenous intranuclear photosensitisers are 
under investigation now.  
 

[1] Solarczyk KJ, Zarębski M, Dobrucki JW. Inducing local DNA damage by visible light to  

study chromatin repair. DNA Repair (Amst). 2012 Dec 1;11(12):996-1002. 
[2] Solarczyk KJ, Kordon M, Berniak K, Dobrucki JW. Two stages of XRCC1 recruitment and 

two classes of XRCC1 foci formed in response to low level DNA damage induced by visible 

light, or stress triggered by heat shock. DNA Repair (Amst). 2016 Jan;37:12-21.  
[3] Kordon MM, Szczurek A, Berniak K, Szelest O, Solarczyk K, Tworzydło M, Wachsmann-

Hogiu S, Vaahtokari A, Cremer C, Pederson T, Dobrucki JW. PML-like subnuclear bodies, 
containing XRCC1, juxtaposed to DNA replication-based single-strand breaks. FASEB J. 

2019 Feb;33(2):2301-2313. 
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Lipid bilayers formed at the surface of solid supports represent a very useful model system 
of biological membranes. Assembled by different techniques, these lipid bilayers can be 

investigated exploiting several surface-sensitive techniques. Among these techniques, 

atomic force microscopy (AFM) provides an excellent way to study both the morphology of 
phase-separated bilayers and some aspects of their mechanics [1,2]. In fact, AFM could also 

be used as a force spectroscopy technique (Figure 1) to establish the relationship between 
the phase state of the lipid bilayer and its mechanical resistance to deformations. In this 

presentation, we will show the results obtained on bilayers assembled by one, two, and 

three lipid components. We will present data that show how phase transitions and phase 
separation in supported lipid bilayers compare with the same phenomena in unsupported 

bilayers like liposomes.  
 

 
Figure 1. Scheme of the steps in a force spectroscopy experiment performed on supported 
lipid bilayers. The corresponding force curve is reported on the left.  
 

 

[1] Alessandrini A, Facci P, Soft Matter. 10:7145-7164, 2014. 
[2] Alessandrini A, Facci P, Micron. 43:1212-1223, 2012. 
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The atomic force microscope (AFM) is a versatile tool used in different disciplines ranging 
from semiconductors to cell biology. This high resolution imaging technique was design 

predominantly to study in detail surfaces of different materials. However, under certain 

conditions AFM can “look” beneath the surface of a sample. This is particularly interesting 
for cell biology, because it allows examining structures below the cell membrane in living 

cells. Moreover, the fact that AFM does not use light allows studying responses of live cells 
to photodynamic stress. This work explores the possibilities of AFM to study structures below 

the cell membrane. It emphasizes the use of higher harmonics dynamic mode imaging. 

Moreover, different approaches to AFM imaging, such as reconstruction of topography and 
elasticity maps based on the force spectroscopy technique will be demonstrated.  
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Protein oxidation is a frequent event resulting from the high abundance of proteins in 
biological samples and the multiple processes that generate oxidants. The reactions that 

occur are complex and poorly understood but can generate major structural and functional 

changes on proteins. Considerable data indicate that pathophysiological processes and 
multiple human diseases are associated with the accumulation of damaged proteins. In this 

study, we investigated the mechanisms and consequences of exposure of enzymes including 
glucose-6-phosphate dehydrogenase (G6PDH) [1,2], RNase [3], and lysozyme [4] to singlet 

oxygen (1O2) and peroxyl radicals (ROO●) with a particular emphasis on identifying the role 
of specific residues in protein damage. Cross-links and high molecular mass aggregates were 

detected by SDS-PAGE and Western blotting using specific antibodies. Amino acid analysis 

has provided evidence for Trp and Tyr consumption and formation of oxygenated products 
(diols, peroxides, N-formylkynurenine, kynurenine from Trp and di-tyrosine from Tyr). Mass 

spectrometric data obtained after trypsin digestion in the presence of H2
16O and H2

18O [4,5] 
have allowed the mapping of specific cross-linked residues and their locations. These data 

indicate that Tyr-Trp and di-Tyr cross-links are formed from residues that are proximal and 

surface-accessible, and that the extent of Trp oxidation varies markedly between sites. 
Modifications at other residues including Met and His are also detected. With proteins that 

do not contain Trp residues (e.g., RNase [3]), oligomer formation and loss of enzymatic 
activity are also observed, but in this case, damage is detected at specific Tyr residues to 

give inter-molecular Tyr-Lys, and intramolecular Tyr-Tyr crosslinks, with 1O2 being the much 
more efficient inactivating agent with regard to enzymatic activity. These data indicate that 

Trp, Tyr, His, and Met residues are readily modified by 1O2 and ROO●, with modifications at 

these residues giving products that impact significantly on protein structure and function. 
The formation of these species may help rationalize the accumulation of damaged proteins 

in vivo. 
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Proteins are the main initial targets for oxidative damage as they are dominant organic 

compounds in the cells and in the extracellular fluids on the mass basis, and they contain 
reactive amino acid residues [1]. Of interest is the possibility of chain oxidation in proteins 

induced by free radicals. Such a possibility has been demonstrated in cell-free as well as 
cellular systems [2]. However, the role of proteins in oxidative damage is more complex. 

Enzymatic proteins removing reactive oxygen and nitrogen species such as superoxide 

dismutases, catalases and peroxidases including glutathione peroxidases, thioredoxins, 
glutaredoxins, and peroxiredoxins defend against oxidative stress (OS). Interestingly, 

although protein oxidation is usually considered as a random process, some structural 
elements of proteins and some proteins are more prone to oxidative damage and thus they 

play a protective role with respect to other proteins. Examples of such proteins include serum 

albumin and fibrinogen [3]. 
  

Proteins producing reactive oxygen species (especially NAPH oxidases but also other 
enzymes) may be sources of OS. Moreover, protein radicals and some other products of 

protein modifications such as protein peroxides may transfer oxidative damage to other cell 
components, including nucleic acids, lipids, and low-molecular weight antioxidants, thus 

propagating the damage. Finally, due to the multiple roles played by proteins, their damage 

may alter cellular signaling or induce new signaling pathways. Examples of such effects are 
alterations in protein phosphorylation induced by preferential oxidative inactivation of 

protein phosphatases and oxidative activation of some transcription factors. 
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Abstract: It has been reported that the hydroxamic acid carcinogen N-Hydroxy-
acetylaminofluorene (N-OH-AAF) can be metabolized enzymatically to form nitrenium ion in 

vivo, which attack DNA directly and form two DNA adducts. In this study, significant 
differences were observed between the chemical reaction of haloquinones (XBQs) and N-

OH-AAF as compared to enzymatic reaction: 1) XBQs could enhance dG adduct formation 
between N-OH-AAF and dG non-enzymatically. 2) Five different dG adducts were observed 

in the chemical reaction, three of which are new which have never been reported before. 3) 

A new carbon-centered radical was observed not only in XBQs/N-OH-AAF, but more 
importantly, also during decomposition of N-OH-AAF sulfate ester (an enzymatic mimic 

system). These results suggest that the carcinogenesis of N-OH-AAF may occur through a 
radical pathway. Based on these data, a unique mechanism for dG adduct formation by 

XBQs/N-OH-AAF was proposed: A nucleophilic reaction may take place between XBQs and 

N-OH-AAF, forming a quinone intermediate, which can decompose quickly and homolytically 
to produce nitrogen-centered radical and the oxygen-centered quinone enoxy radical. The 

nitrogen-centered radical could isomerize to form two different kinds of carbon-centered 
radicals on fluorene ring, which may attack dG to produce five different adducts. To our 

surprise, we have not only discovered three new previously unreported dG adducts, but also 

found that two of the three new adducts are nitrogen-centered chiral enantiomeric pairs. 
Interestingly, we also found that the well-known classic dG adduct dG-C8-AAF is also a 

nitrogen-centered chiral adduct, but only one enantiomer was observed. Analogous results 
were observed in ct-DNA and, more importantly, in several organs of rats treated with N-

OH-AAF. This study represents the first detection and structural identification of three 
unprecedented nitrogen-centered chiral DNA adducts formed by N-OH-AAF via a new radical 

mechanism, which may have great theoretical importance for further studies on the 

carcinogenic mechanism of polycyclic aromatic amines. 
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Parkinson’s disease (PD) affects about 12% of the population aged 65 years and older. 

Oxidative stress (OS) is involved in the development of PD. It has been suggested that PD 
patients can benefit from antioxidant supplementation and new efficient antioxidants are 

needed. The aim of this study was to evaluate the protective effect of nitroxide-containing 
redox nanoparticles (NRNPs) in a cellular model of PD. Antioxidant properties of NRNPs were 

demonstrated in cell-free systems by protection of dihydrorhodamine 123 (DHR123) against 
oxidation by 3-amino-3-morpholinyl-1,2,3-oxadiazolium chloride (SIN-1 chloride) and 

protection of fluorescein against bleaching evoked by 2,2-azobis (2-amidinopropane) 

dihydrochloride (AAPH) and sodium hypochlorite (NaOCl). NRNPs were found to penetrate 
the model blood-brain barrier formed by hCMEC/D3 cells better than free nitroxides. 

 
We used the human neuroblastoma SH-SY5Y cell line, exposed to 6-hydroxydopamine (6-

OHDA), as an in vitro model of PD. Cells were pre-exposed to NRNPs or free nitroxides 

(TEMPO or 4-amino-TEMPO) for 2 h and then treated with 6-OHDA for 1 h and 24 h. 
Exposure to 6-OHDA alone led to concentration-dependent decrease in cell viability, with an 

IC50 value of 64 μM. NRNPs, TEMPO, and 4-amino-TEMPO (25-150 μM) protected SH-SY5Y 
cells against 6-OHDA-induced viability loss, the protection being much higher for NRNPs 

than for free nitroxides. Exposure to 6-OHDA caused a decrease in the GSH level after short-
term exposure (1 h) and a considerable increase after 24 h (apparently a compensatory 

overresponse), which was prevented by NRNPs and free nitroxides. The ATP level of the 

cells decreased slightly after 1 h exposure and did not change significantly after 24 h. NRNPs 
and free nitroxides prevented the decrease in ATP level after 1 h and increased the ATP 

level after 24 h. 6-OHDA increased the intracellular level of reactive oxygen species (ROS) 
measured with dihydroethidium and mitochondrial superoxide level; NRNPs and free 

nitroxides decreased the ROS levels in 6-OHDA treated SH-SY5Y cells. 6-OHDA decreased 

the mitochondrial potential and mitochondrial mass; both these effects were prevented by 
NRNPs and nitroxides. These results suggest that mitochondria are the main site of 6-OHDA-

induced cellular damage and demonstrate a protective effect of free nitroxides and, 
especially, NRNPs in an in vitro model of PD. 
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F2-isoprostanes, 8-iso-PGF2α, have been quantified as biomarkers of oxidative stress in more 

than 1,000 distinct experimental and human conditions. However, it has been shown that in 
addition to the free radical mediated pathway, the inflammation-induced prostaglandin-H-

synthase enzymes are a major source of the F2-isoprostanes generation. Accounting for the 

inflammatory source, F2-isoprostanes can be utilized for either a specific biomarker of 
oxidative stress or a biomarker of inflammation.  

 
To distinguish between F2-isoprostanes generated from inflammation vs. oxidative stress, 

the 8-iso-PGF2α/PGF2α ratio was implemented. With this measure, we have verified that 
exposure to the classic free radical toxicant carbon tetrachloride in rats predominantly 

causes an increase in chemical 8-iso-PGF2α (86.6±8.0% of total at 1,200 mg/kg). In 

contrast, exposure to lipopolysaccharide also induces the formation of F2-isoprostanes; 
however, the predominant mechanism for this exposure is due to increased enzymatic 8-

iso-PGF2α (59.5±7.0% of total at 0.5 mg/kg). Surprisingly, in human tobacco smokers, we 
also found that enzymatic lipid peroxidation is the primary source of F2-isoprostanes 

(Hedges’ g=0.59 for enzymatic vs. 0.35 for chemical 8-iso-PGF2α). This distribution was 

independent of sex and age. Another source associated with elevated levels of 8-iso-PGF2α 
in humans is increased urinary phthalate metabolites, and most research has concluded 

oxidative stress mediated phthalate exposure. In a large population of pregnant women 
(N~700), we observed compound dependent associations with lower molecular weight 

phthalate metabolites being associated with higher levels of chemical 8-iso-PGF2α, whereas 
specific, higher branched chain metabolites are associated with elevated levels of enzymatic 

8-iso-PGF2α. Our experimental and human data show the exposure-dependent nature of 

increases in 8-iso-PGF2α and the importance of distinguishing its sources to make it a specific 
biomarker of oxidative stress or inflammation. Without this additional step of 8-iso-

PGF2α/PGF2α ratio determination, data can be greatly misinterpreted. 
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The tumor microenvironment is an important determinant in treatment outcomes with 

chemotherapy, radiotherapy, and immunotherapy. The microenvironment in solid tumors is 
characterized by regions of poor perfusion, hypoxia, and low pH. An important consequence 

of this feature in tumors is the existence of regions with low pO2, also known as hypoxia. 
This is a major cause of failure to radiotherapy and chemotherapy. Biochemically, tumor 

cells, both in vitro and in vivo, display the aerobic glycolysis phenotype. Imaging techniques 

that provide biomarkers reporting on these features will be useful in a) providing 
diagnostic/prognostic information, and b) developing appropriate treatments based on a 

priori information of the tumor microenvironment. 
 

In this presentation, basics of molecular imaging, characterization of the tumor 
microenvironment in terms of physiology and biochemistry, and how such information can 

be used to plan treatment and obtain prognostic information will be presented. 
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The diagnosis of Parkinson’s disease (PD) is made when pathogenesis is advanced, with the 

onset of typical symptoms, and many substantia nigra dopamine neurons have already died. 

Since new therapies to block neurodegeneration are under study, we need to develop 
noninvasive methods to diagnose PD in the early phase and to follow response to therapies. 

Several recent studies suggest this could be achieved by adequate development of magnetic 
resonance imaging (MRI) procedures to detect neuromelanin (NM). The latter is the 

characteristic pigment present in dopaminergic neurons of the substantia nigra and 
noradrenergic neurons of the locus coeruleus. We have found that NM is synthesized by 

iron-mediated oxidation of catecholamines, formation of adducts with proteins, conjugation 

with dolichol lipids to form a complex contained into autolysosomal organelles. We have 
reported that NM concentration in the substantia nigra and locus coeruleus increases linearly 

during normal aging, reaching values such as 3 mg/g brain tissue. In PD, however, when 
substantia nigra and locus coeruleus neurons die, the NM is lost. As shown nearly 25 years 

ago by our group, NM binds iron, copper, and other metals, forming paramagnetic 

complexes that enable electron paramagnetic resonance detection, and thus a method for 
safe and noninvasive measure in the living human brain. We have shown that the MRI signal 

of NM is related to its concentration in the substantia nigra. Nowadays, NM detection by MRI 
can differentiate between PD patients and age-matched healthy controls, and can confirm 

the diagnosis of PD. Studies are in progress to identify changes in substantia nigra NM with 

age in normal subjects to establish a baseline for identifying the early loss of NM in the 
presymptomatic phase of PD. Here, we report how MRI detects NM and how this method 

could be improved. We also suggest that MRI of NM could be used to monitor disease 
progression. In subjects at risk for PD due to gene mutations, exposure to toxins, and other 

risk factors, MRI scans could be performed at regular intervals to provide a preclinical 
method to detect presymptomatic PD. 
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Non-hem iron is intrinsically involved in photosynthesis, a fundamental biological process. It 
is a very conservative component of type II photosynthetic reaction centers (RCs). Although 

the tertiary structure of bacterial RCs is presently known with 1.87 Å [1] resolution, the 

molecular mechanism of some reactions occurring within the photosynthetic centers is not 
completely understood. For example, the electron transfer from QA to QB is gated by 

mechanisms coupled to rearrangements of hydrogen bond networks in the vicinity of the 
QA-Fe-QB complex [2,3] and therefore a proper flexibility of the acceptor side of RCs is 

required to ensure its efficient functioning [4-6].  
 

We concentrated on the role of the non-heme iron (NHFe) in these processes. We found 

that mutations at the L187Phe and M216Leu residua (in bacterial RCs from Rhodobacter 
sphaeroides) located about 7-9 Å from NHFe caused destabilization of the spin state of 

NHFe2+. Low, intermediate, and new high NHFe spin states occurred. Combining results 
obtained from Mössbauer spectroscopy, NFS (nuclear forward scattering), NIS (nuclear 

inelastic scattering), and EPR (electron paramagnetic resonance), we could determine the  

Fe-QA
•- interactions and their influence on the activity of the acceptor side of bacterial RCs 

of type II [6, 7].  
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EPR tomography is recognized as the gold standard in the measurement of the absolute 
level of oxygen in a tissue, which is defined using the measurement of the EPR linewidth of 

paramagnetic spin probes or their relaxation times. Unfortunately, EPR signals measured in 

animals that are alive feature a low signal-to-noise ratio. This strongly limits the reliable 
analysis of data and may even make it impossible to perform. We demonstrate 3D images 

of marker density distribution as well as oxygen concentration, obtained with a sub-
millimeter resolution and in a sub-minute time scale, both performed in vivo on mice using 

advanced EPR imaging technology such as the pulse, rapid scan detection, and fast imaging 
protocols.  

 

The EPR imaging was performed on a commercially available EPR tomograph, ERI TM600 
(Novilet, Poznan, Poland), which is capable of working in a continuous wave or rapid scan 

mode. The high-resolution 3D images of marker density distribution in a mouse body were 
detected and analyzed in 3 s, which allowed one to measure the dynamics of marker 

distribution in a time scale from the moment of injection.  
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We have discovered new pathways of vitamin D3 activation in which carbons in the side 

chain of vitamin D3 at positions 17, 20, 22 and 23 were hydroxylated by CYP11A1 to produce 
a variety  of metabolites, including 20(OH)D3 and 20,23(OH)2D3, which can further be 

hydroxylated by CYP27B1 to produce their C1α-hydroxyderivatives. In addition, CYP11A1 

also initiates lumisterol (L3) and 7-dehydrocholesterol (7DHC) metabolism through 
sequential hydroxylation of the side chain to produce  20(OH)L3, 22(OH)L3, 20,22(OH)2L3, 

and 24(OH)L3, as well as 22(OH)7DHC, 24(OH)7DHC, 20,22(OH)27DHC, and 7DHP, 
respectively. The latter, after exposure to UVB, will change to D3 and L3 configurations. 

These compounds are produced in the human body and are biologically active, having 

antiproliferative, anti-inflammatory, anticancer, and pro-differentiation properties. 
Because the protective role of the classical form of vitamin D3 (1,25(OH)2D3) against UVB-

induced damage is recognized, we tested whether novel CYP11A1-derived D3- and L3-
hydroxyderivatives protect against UVB-induced damage in epidermal human keratinocytes. 

We have shown that 1,25(OH)2D3, CYP11A1-derived D3-hydroxyderivatives, and L3 and its 
hydroxyderivatives exert photprotective effects, including induction of intracellular free 

radical scavenging activities and mechanisms reponsible for attenuation and repair of DNA 

damage. The protection of human 
keratinocytes against DNA 

damage includes Nrf2-
antioxidants response activation 

and p53-phosphorylation as well 

as DNA repair induction. Thus, 
novel derivatives of vitamin D3 

and lumisterol are promising 
photoprotective agents, as 

proposed in the enclosed scheme.  
 

 
[1] Slominski A et al., J. Steroid Biochem. Mol. Biol. 151:25-37, 2015. 

[2] Slominski A et al., Sci. Rep. 5:14875, 2015. 
[3] Slominski A et al., Sci. Rep. 7(1):11434, 2017. 

[4] Slominski A et al.,  Int. J. Biochem. Cell Biol. 44;2003-2018, 2012. 
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The photosensitizer, methylene blue (MB), displays a broad spectrum of therapeutic actions, 

one of which is inhibition of tau aggregation. In the dark, MB reversibly inhibits Torpedo 
californica acetylcholinesterase (TcAChE) with Ki~30 nM. Upon illumination, MB generates 
singlet oxygen, 1O2 (optical and EPR measurements), that inhibits TcAChE irreversibly. 

Binding is accompanied by a bathochromic shift that serves to demonstrate its displacement 
by other reversible inhibitors of enzyme. In the MB/TcAChE crystal structure a single MB is 

seen, stacked against W279 in the peripheral anionic site (PAS), pointing down the gorge 
towards the catalytic anionic site (CAS). The irreversibly inhibited enzyme (stimulated by 

photo excitation of MB)  displays N’-formylkynurenine (NFK) specific fluorescence, confirmed 

using anti-NFK antibodies. Mass spectrometry demonstrated that only two Trp residues out 
of 14—W84 in the CAS and W279 in the PAS—are modified by MB-stimulated photo-

oxidation. Thus, the photosensitizer’s damage is highly localized. It involves release of 1O2 
within the aqueous milieu of the active-site gorge, affecting only adjacent amino acid 

residues. Close inspection of the MB/TcAChE crystal structure [1] reveals two molecules of 

the precipitant, PEG200, one near the top of the gorge and the other lodged between the 
proximal dimethylamino group of MB and the indole of W84. If MB is soaked into crystals 

obtained by precipitation with (NH4)2SO4, it is seen to be positioned deeper in the gorge; 

thus, its partially charged proximal dimethlyamino group makes a -cation interaction with 

W841. This demonstration that the positioning of a ligand within a crystal structure can be 

affected by the precipitant employed bears important implications for structure-based drug 

design and for implementing docking protocols.  
 

 

[1] Bilkis I et al., Curr. Med. Chem. 25:5528-5539, 2018. 
  

https://www.ncbi.nlm.nih.gov/pubmed/?term=Bilkis%20I%5BAuthor%5D&cauthor=true&cauthor_uid=29303072
https://www.ncbi.nlm.nih.gov/pubmed/29303072
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Electron paramagnetic resonance (EPR) plays a crucial role in elucidating the structural and 

functional organization of the photosynthetic apparatus. This communication is focused on 
the study of the regulation of electron and proton transport processes in high plant 

chloroplasts using the following EPR approaches: (i) monitoring the redox transients in the 
photosynthetic electron transport chain, (ii) a spin labeling study of membrane fluidity, (iii) 

generation of the transmembrane pH difference, and (iv) EPR oximetry.  
 

pH-dependent regulation of photosynthetic electron transport. Plastoquinone turnover is the 
rate-limiting step in intersystem electron transport. The light-induced acidification of the 

thylakoid lumen decelerates plastoquinol oxidation by the Cyt b6f complex, impeding the 

intersystem electron flow and triggering the dissipation of excess energy in the light-
harvesting antenna of photosystem II, thereby protecting the photosynthetic apparatus 

(PSA) against a solar stress. The light-induced alkalization of stroma induces activation of 
the Calvin-Benson cycle, promoting efflux of electrons from PSI to NADP+. 
 

Structure-function relationships in chloroplasts are illustrated by consideration of 

temperature-dependent regulation of photosynthetic processes. Electron transport was 

monitored by measuring redox transients of the primary electron donor in PSI, P700. The 
spin labeling technique was applied to detect structural changes in the lipid phase of 

thylakoid membranes. It was demonstrated that the membrane fluidity markedly influences 
the performance of PSA, providing sustainable development of plants upon variations of 

ambient temperature.  
 

Fluctuation of environmental conditions and PSA protection against light stress. The 

responses of the photosynthetic apparatus to changes in environmental conditions 
(fluctuations of the atmosphere gas composition and light intensity) are considered. The 

data presented are discussed in the context of PSA protection upon fluctuations of 
environmental conditions.  

______________________________________________________________________ 
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Although melanin is viewed as a photoprotective pigment that efficiently converts the energy 

of the absorbed photons into heat, the residual photochemistry of the pigment can lead to 
the generation of reactive oxygen species (ROS). Under typical conditions, the 

photoformation of ROS is very low and its biological impact is negligible; however, exposure 

of melanin to excessive doses of UV or short-wavelength visual radiation could induce 
profound physicochemical changes of the pigment, resulting in its enhanced photochemical 

reactivity [1]. 
 

This paper will review recent studies of eumelanin and pheomelanin pigments, in which 
complementary spectroscopic and analytical methods, including X-band and W-band EPR 

spectroscopy, EPR oximetry and spin trapping, time-resolved singlet-oxygen 
phosphorescence, atomic force microscopy, and quantum chemical calculations, were 

employed. These studies were aimed at determining the mechanism of photoaging of 

melanin pigments and, in particular, the role of excited states and free radicals in the aerobic 
photoreactivity of the melanins. 
 

Synthetic pheomelanin and eumelanin subjected to aerobic photolysis underwent partial 

bleaching that was accompanied by significant physical and chemical changes of the 
melanins and a dramatic increase in their efficiency to photogenerate singlet oxygen. 

Although the elevated ability of the experimentally “photoaged” melanins to photogenerate 
singlet oxygen could, in part, be explained by distinct photochemical changes of the melanin 

monomer units, photoinduced fragmentation of the pigment also plays an important role. 
 

Photoaging of natural melanins, if it occurs in the human retinal pigment epithelium and 

skin epidermis, could increase the risk of phototoxic reactions in the melanin containing cells 
compromising their biological functions and, ultimately, leading to pathologies such as age-

related macular degeneration and melanoma 
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A similarity exists between childhood motor deficits caused by a brain injury before birth, 

which is etiologically linked to some forms of cerebral palsy (CP), and genetic mimics of CP 

such as tetrahydrobiopterin deficiency. Hypoxia-ischemia of the fetal brains of rabbits often 
results in hypertonia by mechanisms not known. We hypothesized that a developmentally 

low tetrahydrobiopterin threshold in specific brain regions was necessary for developing 
hypertonia, which is a characteristic sign of CP. To study the tetrahydrobiopterin profile in 

the early molecular driving events of hypoxia-ischemia brain injury, we utilized a magnetic 

resonance imaging (MRI) toolbox by distinctive apparent diffusion coefficient patterns that 
identified rabbit fetuses predetermined to develop postnatal hypertonia after hypoxia-

ischemia. Blinded studies using MRI stratification of fetal brain hypoxia-ischemia following 
uterine ischemia in pregnant rabbits at 79% gestation were performed, along with 

measurements of tetrahydrobiopterin, nitrotyrosine, as a biomarker of reactive nitrogen 
species, and gene expression of biosynthetic enzymes in the cortex, basal ganglia, 

cerebellum, and thalamus, immediately after the hypoxia-ischemia period and 48 hr later. 

Another set of pregnant rabbits was treated with the tetrahydrobiopterin precursor, 
sepiapterin, for one week after the hypoxia-ischemia challenge. Our analysis indicated that 

a combination of four brain regions, the cortex, basal ganglia, cerebellum, and thalamus, 
rather than a region-specific low threshold of tetrahydrobiopterin, contributed etiologically 

to hypertonia. The biggest contribution to hypertonia was traced to variations in the 

thalamus. The reactive nitrogen species marker was increased in the cortex. By 48 hr, 
tetrahydrobiopterin and gene expression levels in the different parts of the brain had 

normalized. Maternal sepiapterin treatment immediately after hypoxia-ischemia ameliorated 
hypertonia and death. These data indicate a major paradigm shift in the understanding of 

origins of motor disorders, establishing more of a connectome mechanism or crosstalk 
between regions for the etiology of hypertonia rather than specific regions contributing to 

hypertonia. Distant redox changes may explain how the regional developmental combination 

in different brain regions for the tetrahydrobiopterin cofactor, along with fetal hypoxia-
ischemia, impairs the normal development of motor pathways in the fetal brain. The possible 

mechanistic pathway involved reactive nitrogen species, possibly mediated by nitric oxide 
synthase uncoupling, as increasing tetrahydrobiopterin immediately after hypoxia-ischemia 

to prevent hypertonia. Our study provides the basis for the use of tetrahydrobiopterin as a 

therapeutic intervention for ameliorating or preventing fetal brain injury, which is highly 
significant. 
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Nitric oxide (•NO) and hydrogen sulfide (H2S) are recognized as important biological 
gasotransmitters involved in cellular signaling through the formation of several important 

protein modifications, such as protein S-nitrosothiols, disulfides, and persulfides. It has been 
postulated that the simultaneous production of these two species leads to the generation of 

HNO, HSNO, SSNO−, and polysulfides, resulting in the formation of a complex reaction 
network [1]. 

 

The chemistry of •NO/H2S/O2 and •NO/RSH/O2 systems will be discussed. We will show that 
the generation of nitric oxide in aqueous solutions of HS− anions or glutathione under aerobic 

conditions at physiological pH leads to the efficient formation of peroxynitrite as a major 
reactive intermediate.  
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Bulky tris(p-carboxyltetrathiaaryl)methyl radicals were offered as a promising source of a 
new generation of spin labels that provide a variety of capabilities and features [1,2]. Here, 

we present the results obtained for a new methanethiosulfonate, maleimide and N-

hydroxysuccinimide derivatives of Finland and OX063 trityls, which react readily and 
selectively with biopolymers at predefined sites in their structure. 

  
 
These labels have been successfully used in applications of DEER (double electron-electron 

resonance) and DQC (double quantum coherence) techniques to nanoscale distance 

measurements in doubly labeled oligonucleotide duplexes, and in elucidation of peptide 
structure based on pulsed ESR spectroscopy and site-directed spin labeling.  
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Developing novel agents exploiting the metabolic and redox differences between normal and 
tumorigenic cells is a subject of intense research aimed at selective deprivation of tumor 

cells of their energy sources or induction of redox stress to limit cancer cell growth [1]. 
Despite the reliance of cancer cells on glycolytic metabolism, in many cancer types 

mitochondria are functional and important for cell survival and proliferation. This led to 

development of novel anticancer strategies, based on targeting cancer cell mitochondrial 
function. One such approach is based on targeting bioactive compounds to mitochondria by 

conjugation to the triphenylphosphonium cationic moiety (TPP+) [2]. It has been shown that 
TPP+-conjugated compounds accumulate selectively in cancer cells in vitro and in tumor 

tissues in vivo.  

 
Here, we report the synthesis, characterization, and application of redox active pyridinium 

compounds linked to the TPP+ moiety, as efficient redox cycling agents, inducing superoxide 
production in pancreatic cancer cells. Because of the presence of a positive charge on both 

the pyridinium and TPP+ moieties, the synthesized compounds carry two positive charges. 
The compounds exhibit a double mechanism of action, including inhibition of mitochondrial 

respiration and redox cycling, resulting in the oxidation of mitochondrial peroxiredoxin 3, 

but not cytosolic peroxiredoxin 1, and in inhibition of the cellular ATP production. This 
confirms that the synthesized compounds selectively affect mitochondrial respiration and 

redox status. The ability of the compounds to stimulate mitochondrial redox stress and 
inhibit energy production results in their antiproliferative potency against pancreatic cancer 

cells. Thus, mitochondria-targeted pyridinium cations represent a novel class of potential 

anticancer agents targeting both cancer cell bioenergetics and mitochondrial redox status. 
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The generation of superoxide radical anion in biological systems is one of the major initiating 

events in the redox biology of NADPH oxidases and mitochondrial redox signaling. However, 

the palette of chemical tools for superoxide detection is very limited, hampering progress in 
understanding the chemical biology of superoxide. Although EPR spin trapping is regarded 

as the most rigorous technique for superoxide detection, rapid reduction of the EPR-active 
superoxide spin adducts to EPR-silent hydroxylamines, or to hydroxyl radical adducts by 

bioreductants, significantly limits the applicability of this technique in biological systems. To 
overcome these limitations, in this work, we report the synthesis and characterization of a 

new mesoporous silica functionalized with a phosphorylated cyclic spin trap (DIPPMPO 

nitrone). The DIPPMPO-grafted silica is a versatile spin-trap agent that enables the 
identification of a wide range of carbon- or oxygen-centered transient radicals in organic 

and aqueous media. Moreover, superoxide was efficiently trapped under in vitro conditions 
in both cell-free and cellular systems. The generated superoxide adduct exhibited an 

exceptional half-life of 3.5 h and a resistance toward bioreductant agents such as glutathione 

for several hours. 
  

 
 

 
 

 

 
 

 
 
 
 
 
Figure 1. Spin Trapping Efficiency of Silica-DIPPMPO. 
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Complex I is the largest multiprotein assembly of the respiratory chain and a proton pumping 

NADH:ubiquinone oxidoreductase. It contains one FMN and eight iron-sulfur clusters as 
prosthetic groups. The mammalian version is composed of 44 different subunits adding up 

to a total mass of ~1,000 kDa. Defects of human complex I are a common cause of inherited 
mitochondrial disorders, and complex I deficiencies have been implicated in numerous 

common disorders including neurodegeneration, diabetes, and cardiovascular disease and 

even play a role in cancer and biological aging. 
 

Complex I employs the energy released by the transfer of two electrons from NADH to 
ubiquinone to pump four protons across the inner mitochondrial membrane. Recent high-

resolution structures of mitochondrial complex I obtained by our group and others have 
provided deep insight into the still enigmatic molecular mechanism of this process and 

provide important clues on the regulation of complex I by the so-called active/ deactive 

transition. Energy conversion by complex I is critically associated with the electron transfer 
from a chain of iron-sulfur clusters onto ubiquinone and takes place in the peripheral arm 

of the L-shaped complex. Thus, ubiquinone chemistry plays a pivotal role in the critical steps 
of the catalytic cycle by providing the energy that drives vectorial proton transport at the 

four putative pump sites in the membrane domain complex I. 
 

According to our proposed mechanism, ubiquinone reduction drives a concerted 

rearrangement of three loops associated with the catalytic domain, thereby triggering the 
power stroke transmitted into the membrane domain to drive proton pumping. Since one of 

these loops is also involved in the active/deactive transition, our mechanistic model also 
integrates this regulatory feature of complex I. Arresting one of the loops by an artificial 

disulfide bond reversibly disengages the proton pumps in the membrane from electron 

transfer and ubiquinone reduction clearly demonstrating that loop-mobility is critical for 
energy conversion. 
 

Altogether, recent functional and structural studies corroborate the two-state stabilization 

change hypothesis proposed earlier. According to this mechanism, complex I alternates 
between two structurally defined functional states. Thereby, stepwise reduction and 

pronation of ubiquinone drives the transition between these states exerting strokes 

transmitted at the actual sites of proton pumping in the membrane domain. The entire 
process covers a distance of up to ~200 Å. The proposed mechanism inherently provides a 

thermodynamically feasible rationale for the reverse mode of complex I. 
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A complete photosynthetic apparatus of plants comprises two photosystems separated 

spatially and differed functionally: Photosystem II (PSII) and Photosystem I (PSI). The 
activity of PSII is associated with water splitting that gives rise to the evolution of molecular 

oxygen to the atmosphere. PSI is combined with the activity of ferredoxin NADP reductase. 
Effective operation of both photosystems requires a linear electron transfer from PSII toward 

PSI via the multicomponent electric charge carrier chain. The reaction centers responsible 

for the primary electric charge separation in both photosystems are characterized by 
different energy levels excited specifically by light wavelengths of 680 nm (PSII) and 700 

nm (PSI). Owing to such a difference, a contribution from the two photosystems can be 
resolved in chlorophyll fluorescence emission spectra recorded from intact leaves. 

Interestingly, the contribution of PSII relative to that of PSI is higher at higher temperatures. 

This effect implies the possibility of thermally driven upconversion of low-energy excitations 
driving specifically PSI to the level of excitations that can drive PSII. This concept will be 

presented and critically discussed during the presentation. 
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Cytochromes from bc family catalyze two-electron oxidation of quinol (QH2) and reduction 

of water-soluble protein one-electron electron carriers. Net oxidation of QH2 occurs 

according to Q-cycle. A unique reaction predicted by this mechanism is the electron 
bifurcation at the Qo in which two electrons are transferred from QH2 onto two separate 

cofactor chains: i) low-potential comprised of heme bL and bH and ii) high-potential chain 
comprised of [2Fe-2S] Rieske cluster (FeS) and heme c1. During this process a semiquinone 

(SQo) is transiently formed and its presence is often responsible for energy-wasting 

superoxide release by cytochromes bc. Our recent studies on R. capsulatus cytochrome bc1 
revealed SQo formed at the Qo site can be detected as a paramagnet that is spin-spin coupled 

to the reduced FeS. This SQo-FeS paramagnetic center has distinct EPR properties with the 
most characteristic, frequency-dependent transition at g =1.94 at X-band [1]. We tested the 

effect of SQo-FeS generation on superoxide release by cytochrome bc1 and found that 
variants generating more SQo-FeS release less superoxide [2]. In analysis of redox midpoint 

potentials (Em) of redox couples involving SQo-FeS it was shown that SQo-FeS has higher 

apparent Em when compared to QH2/Q average redox potential of the membranous quinone 
pool [3]. This suggests that SQo-FeS is metastable and acts to trap electrons at the local 

energy minimum until the electrons from cofactor chains are "safely" transferred to the 
respective electron acceptors. In that manner, SQo-FeS suppresses superoxide production, 

possibly modulates its release under physiologically relevant conditions and may take part 

in redox stress signaling [2,3]. 
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The electrochemical parameters of all cofactors of Rieske/cytb complexes from a wide 

variety of phylogenetically distinct organisms were determined over the past decades.  A 

survey [1] revealed that they are fine-tuned to the redox midpoint-potential of the pool-
quinone. Thermodynamic constraints of the Q-cycle mechanism, as stipulated in P. Mitchell’s 

hypothesis, optimization of proton motive force build-up with the available substrates of the 
various bioenergetics reaction chains and the necessity of reactive oxygen species-avoidance 

imposed by the rise in atmospheric O2 2.5 billion years ago could be pinpointed as putative 
evolutionary driving forces that resulted in redox landscapes as observed today. 

Thermodynamic constraints thereby appear as the dominant factor that shaped the redox 

properties of the bioenergetic reaction chains. 
 

Rieske/cytb complexes dispose of 100 to 200 mV driving force for forward electron transfer 

matching exactly the amount of  observed for the parent species. They thus limit and are 

limited by the relative share of  to total proton-motif-force.  

 

 
[1] Bergdoll L  et al., Biochim. Biophys. Acta. 1857:1569-1579, 2016. 
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Radical SAM enzymes [1] use a [4Fe-4S] cluster to cleave S-adenosylmethionine to generate 

the 5’-deoxyadenosyl radical, which abstracts an H-atom from a given rSAM enzyme’s 
substrate to initiate catalysis. In the maturation of the [Fe-Fe] hydrogenase H-cluster, the 

radical SAM enzyme HydG lyses tyrosine to generate the CO and CN ligands of the H-cluster 

of [FeFe] hydrogenase, ultimately building an organometallic Fe(CO)2CN(cysteine) moiety 
that incorporates an iron atom derived from a unique 5-Fe Fe-S cluster [2-7]. How these 

“synthons” are pairwise introduced into the formation of the H-cluster, along with the 
molecular and enzymatic origin of the azadithiolate bridge component of this catalytic 

cluster, is a current experimental focus of the laboratory. We are also revisiting details of 
the initial radical SAM tyrosine radical reactions [2] and trying to understand the yet 

unknown details of CN and CO formation and binding to the “dangler Fe” of the 5-Fe cluster 

with a combination of EPR and other spectroscopies along with computational chemistry. 
 

 

[1] Horitani et al., Science. 6287:822-825, 2016. 

[2] Kuchenreuther et al., Science. 342:472-475, 2013. 
[3] Kuchenreuther et al., Science.  343:424-427, 2014. 

[4] Dinis et al., Proc. Natl. Acad. Sci. U.S.A. 112:1362-1367, 2015. 
[5] Suess et al.,  Proc. Natl. Acad. Sci. U.S.A. 112:11455-11460, 2015.  

[6] Suess, et al., J. Am. Chem. Soc. 138:1146-1149, 2016.  
[7] Rao et al., Nat. Chem. 10:555-560, 2018. 
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Despite considerable advances in medicine, cardiovascular disease is still increasing with 
ischemic heart disease being the leading cause of death and disability worldwide. Thus, 

extensive efforts are continuing to establish effective therapeutic modalities that would 

improve both quality of life and survival in this patient population. One of the approaches 
focuses on enhancing the heart/myocardium’s tolerance to ischemia-reperfusion injury using 

cardiac conditioning. Experimental evidence has demonstrated that all forms of myocardial 
ischemic conditioning (pre-conditioning, post-conditioning, anesthetic preconditioning and 

remote preconditioning) induce very potent cardioprotection in animal models.  However, 

essentially none of these forms of myocardial ischemic conditioning have been effective in 
patients.  Several large multicenter trials have not only proved that ischemic conditioning 

was unsuccessful in cardiac surgeries; they also failed to confirm the presence of initial 
cardioprotection by ischemic conditioning-induced reduction of cardiac troponin release (a 

standard diagnostic indicator of myocardial injury). This lack of success using ischemic 
conditioning in cardiac surgery is likely to be multifactorial, with cardiovascular risk factors 

being one of the main reasons for the lack of its effectiveness. We have used the stem cells 

to address fundamental research questions directly relevant to human health, including their 
challenges, limitations, and potential, along with future prospects.  Recently, human induced 

pluripotent stem cell technology (particularly patient-specific cells) has enabled the modeling 
of human diseases, offering a unique opportunity to investigate potential disease-causing 

genetic variants in their natural environment. 

In addition, the development of an in vitro neurogenesis system using human stem cells has 
opened new research avenues for advancing our understanding of human brain 

development, pain and the issues relevant to anesthetic-induced developmental toxicity in 
human neuronal lineages.  Recent studies showed that general anesthetics can induce 

neuroapoptosis in growing brains. The application of this high throughput, in vitro stem cell 
neurogenesis approach, including the tissue engineered 3D mini brain model, is a major 

stride toward assuring the safety of anesthetic agents in young children.  This in vitro human 

model allows us to (1) screen the toxic effects of various anesthetics under controlled 
conditions during intense neuronal growth, (2) find the trigger for the anesthetic-induced 

catastrophic chain of toxic events, and (3) develop prevention strategies to avoid this toxic 
effect.  Currently, there is not sufficient evidence to determine whether these findings are 

translatable to the millions of young children who receive anesthesia each year. The 

development of the research in stem cell biology and neuroscience will advance our 
understanding of anesthetic neurotoxicity.  The goal would be not only to find the trigger 

for this catastrophic chain of events, but also to prevent neuronal cell death itself. 
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Growing evidence indicate that extracellular vesicles (EVs) produced by most of mammalian 

cells may play an important role as mediators of cell-to-cell communication by transferring 

their bioactive cargo including several mRNAs, miRNAs, proteins and lipids from parental 
cells to recipient cells.  

Recently, stem cell (SC)- derived bioactive EVs have been postulated to represent and 
important arm of SC related paracrine activity following transplantation, which may be 

utilized in tissue repair. Several SC populations, especially mesenchymal stem/ stromal cells 
(MSCs) of various origin and also recently induced pluripotent SCs (iPS cells), have been 

already considered as valuable donor cells for therapeutic EVs with high regenerative 

properties in several tissue injury models.  
In our recent studies employing analytical platforms dedicated for nanoparticle analyzes, we 

found both iPS- and MSC- derived EVs (iPS-EVs and MSC-EVs, respectively) to be enriched 
in several mRNAs, miRNAs and proteins characterizing their parental iPS and MSC cells. Such 

bioactive molecules may be involved in regulating several functions in target cell such as 

cardiac and endothelial cells including their survival in cytotoxic conditions, proliferation and 
differentiation capacity in vitro. Moreover, we confirmed safe regenerative potential of both 

SC- derived EV specimens in murine models of acute ischemic tissue injury including acute 
myocardial infarction (AMI) and limb ischemia (LI) in vivo.  

Thus, SC- derived EVs may represent a novel safe and promising source of cell- free 
specimens for future applications in tissue repair.  
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The esophagus is a non-redundant and a non-transplantable organ. Hence, regenerating 

the esophagus would be ideal for patients with extensive esophageal injuries. Partial-
thickness defects such as after mucosal resection for early cancer can result in refractory 

strictures. Stricture formation can be prevented if autologous pluripotent cells are injected 

at the site of resection as shown in animal studies. Similarly, buccal mucosal cell derived 
sheets can also be applied to the site of injury to prevent fibrosis. This autologous cell sheet 

technology was used in human beings and successfully prevented stricture formation after 
extensive mucosal resections for early cancer. When full-thickness defects like perforations, 

leaks, and fistulae are large or have failed endoscopic management, patients undergo 

esophagectomy, resulting in long-segment, circumferential defects that require colon or 
gastric interposition. These conduits cause significant lifelong morbidities in the majority of 

these patients. To preserve the esophagus, both animal and human studies used allogeneic 
or xenogeneic extracellular tissue matrix (EMC) sutured to the site of injury or placed over 

a stent. Although these techniques were successful in preserving the esophagus, several 
hundreds of patients undergo esophagectomy for esophageal cancer or for benign defects 

such as esophageal atresia in children every year. Re-growing the esophagus to restore 

luminal and functional continuity would be ideal for these patients. Some have used the 
principles of populating ECM with autologous stem cells to grow the esophagus in a 

bioreactor or in the omentum of the animal for transplantation, while others have re-grown 
the animal esophagus in vivo by placing a stent across the  resected esophagus and covering 

it with ECM populated with autologous pluripotent cells. Recently, the first human case was 

reported where a 5-cm segment of the esophagus was regenerated in vivo using non-
biological stents, allogeneic ECM, and autologous platelet-rich plasma to attract stem cells. 

Endoscopic ultrasound showed regeneration of all five layers of the esophageal wall and 
manometry revealed peristaltic activity. In summary, esophageal injuries resulting in partial-

thickness to full-thickness, long-segment circumferential defects can be treated with tissue 
engineering as shown primarily in animal models. Based on the lessons learned from these 

animal studies, extrapolating this technology to human beings is still experimental and initial 

results are promising. 
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Stem cells are able to proliferate and differentiate into several cell types and have been 

broadly investigated as an alternative cell source for tissue engineering and regenerative 
medicine. This study examined the influence of a novel three-dimensional bioartificial 

microenvironment, which is derived from the decellularized liver extracellular matrix (ECM), 
on proliferation, hepatic differentiation, and hepatocyte-specific functions of the stem cells 

(iPSCs and BM-MSCs) during their in vitro culture and differentiation. After long-term in vitro 

cell culture, the viability, hepatogenic differentiation, and metabolic functions of stem cells 
cultured in an ECM-enriched environment were significantly enhanced when compared with 

cells cultured in ECM-free environment.  
 

In addition to the liver engineering application, we assessed the potential of decellularized 
porcine myocardium as a scaffold for thick cardiac patch tissue engineering. With the help 

of a multi-stimulation bioreactor, which was built to provide coordinated mechanical and 

electrical stimulation during cell culture, the decellularized myocardial scaffolds were seeded 
with BM-MSCs and subjected to cardiomyocyte differentiation treatment inside the 

bioreactor. The results from this study showed that the synergistic stimulations might be 
beneficial not only for the quality of cardiac construct development but also for patients by 

reducing the waiting time in future clinical scenarios. 
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Human pluripotent stem cell-derived cardiomyocytes (hPSC-CMs) provide an in vitro model 
for assessing cardiotoxicity and hold tremendous promise as a cell-based therapy to treat 

heart disease, the leading cause of death worldwide. Recent studies have enabled 

generation of virtually pure populations of hPSC-CMs with high efficiency in chemically 
defined and xeno-free conditions [1]. Despite these advances, hPSC-CMs exhibit immature 

structure and functional phenotypes, necessitating efforts to accelerate maturation of these 
cells during biomanufacturing. In this presentation, I will describe metabolomics profiling of 

intercellular metabolites during hPSC-CM differentiation and maturation that identified global 

changes in several metabolic pathways, including phospholipid metabolism and 
pantothenate and coenzyme A metabolism, which showed significant enrichment upon 

hPSC-CM maturation during extended culture [2]. We also identified potential metabolic 
biomarkers of cardiomyocyte maturation both in hPSC-CMs and in developing mouse hearts. 

Finally, we assayed media composition during hPSC-CM differentiation and identified 
metabolite profiles linked to high purity of hPSC-CMs and low purity of hPSC-CMs. Together, 

these results suggest that profiling metabolites in media and cells can be used to monitor 

hPSC-CM yield and cell maturation state during biomanufacturing.  
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Vascular calcification with ageing is a complex process that exhibits a number of 

characteristic morphology patterns in atherosclerotic plaques (ASP). Mechanisms connected 
with ASP formation and calcification as well as reliable factors/markers of their stability are 

considered controversial and therefore require various research tools and approaches for 
their investigation. Plaque tissues of aorta walls from 80 male patients (56 years old) after 

carotid endarterectomy operations were investigated histologically with ultrasound (LOGIQ 

E9, Aplio XG), scanning electron microscopy (SEM, Merlin), electron dispersive spectrometer 
(EDS, AZtec), X‐ray diffraction (XRD, D8‐Advance), thermogravimetry/scanning calorimetry 

(TG/DSC/MS STA-449 Jupiter), and pulsed electron paramagnetic resonance at low and high 
magnetic fields (EPR, Bruker E‐680). The results were compared with calcium phosphates 

(CaP) synthesized in different ways—hydroxyapatite (HA), tricalcium phosphate (TCP), and 

octacalcium phosphate (OCP) doped by various divalent cations in amounts ranging from  

0–20 mol%. Ca, P, O, Na, Mg, Cl, K, and Cu elements were detected in ASP. Using 
SEM/EDS/XRD, the presence of HA was found only in the calcified (Ca/P>1.0) and other CaP 

(close to TCP) in samples with Ca/P <0.6. By EPR, no traces of Cu2+ and Fe3+ ions were 
found, but Mn2+ [1–3] and radiation-induced CO2

− radicals [4] were detected and identified. 

Their EPR spectral and relaxation characteristics depend on the calcification degree, location 

(cap, shoulders, or core of ASP), and ASP stability. Correlations (P<0.05) between the CO2- 
concentration and calcification, relaxation characteristics of Mn2+, and ASP stability were 

found.  
 

The degree of calcification is not an obligatory criterion for plaque stabilization. Other than 
HA in ASP and wall tissues, no CaPs were reliably detected. Paramagnetic centers can serve 

as signaling probes for content and stability of ASP. 
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Exposure to sun radiation is indispensable to our health; however, long-term and high 

exposure could lead to cell damage, erythema, and premature skin aging as well as promote 

skin tumors. An underlying pathomechanism is the formation of free radicals. First, reactive 
oxygen species (ROS) and, then, secondary lipid oxygen species (C-centered radicals, CCR) 

are formed. A high amount of free radicals results in oxidative stress. Effects in different 
skin models such as porcine, murine, and human ex vivo skin and reconstructed human skin 

(RHS) were investigated during and after irradiation using X-band EPR spectroscopy. The 

amount of radical formation was quantified with the spin probe PCA exposed to different 

UVA and sun doses between 0 and 1.5 minimal erythema doses (MED). Furthermore, the 

ROS and CCR radical concentrations were measured with the spin trap DMPO within 0–4 
MED (porcine skin, human skin, and RHS) at low power and 0–1.5 MED with a different UVA 

power (porcine skin). At low radical formation and low power, ROS are mainly formed, and 
no substantial changes are observed in that type of radicals even at a higher dose. 

Furthermore, different skin models produce different amounts of radicals but a similar ROS 

to CCR ratio. RHS exhibits the highest and excised human skin the lowest amounts of radical 
formation [1]. A linear increase in radical production with an increasing dose could be 

observed, which stopped immediately after switching off the light source. In contrast, with 
high power and an increasing dose, changes in radical types appear that continue after 

termination of irradiation.  
 

Fig 1. (A) Comparison of the measured 
relative amount of radical production in % 

of different skin models with the spin 

probe PCA (dose 1 MED). (B) Relative 
radical concentration *OH/*CCR in %, 

measured with DMPO (dose 0.53–1.0 
MED) [1]. 
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Curcumin is a natural, yellow-orange dye widely used as a spice, food coloring, and 
preservative. It is also believed to have therapeutic effects against different disorders. 

Conversely, there are data showing its phototoxicity against bacteria, fungi, and various 
mammalian cells; however, the mechanism of its phototoxic action is not fully understood. 

As a compound insoluble in water, curcumin has affinity to lipids and therefore may associate 

with or accumulate in cell membranes.  
 

Here, we investigated the photochemical activity of curcumin in liposomal model membranes 
and in HaCat cells (keratinocyte cell line from adult human skin).  

 
First, we showed directly (using detection of singlet oxygen [1O2] luminescence at 1270 nm) 

and indirectly (by detection of 1O2 – produced cholesterol hydroperoxides using HPLC  

EC(Hg)) that curcumin generates 1O2 upon irradiation with blue light. This effect was 
observed in organic solvent, liposomes, and HaCat cells. Then, EPR was employed to 

investigate the oxygen photo-consumption in various liposomes containing curcumin. The 
presence of curcumin significantly increased the oxygen consumption rate compared with 

the liposomes irradiated without the dye. In parallel, the changes in the structure of liposome 

membranes caused by curcumin were studied using EPR spin labeling. It was shown that 
curcumin affected different membrane properties such as the polarity, lipid order, and 

mobility of lipid polar head groups. Finally, HaCat cell viability (using the MTT test), their 
mitochondrial potential (as monitored by the JC-1 probe), and their protein oxidation level 

(employing the CBA assay) were investigated after incubating the cells with curcumin and 
irradiation with blue light. All assays showed the strong phototoxic and photooxidative effect 

of curcumin on HaCat cells and their components. 

 
Taken together, both model and in vitro studies showed that curcumin can accumulate in 

skin cells and affect and penetrate the cell membrane to reach the inner structures of the 
cells, generate reactive oxygen species (mostly 1O2) that then oxidize lipids and proteins, 

and reduce the mitochondrial potential. This makes curcumin a potential photosensitizer to 

be used in photodynamic therapy, but if consumed, caution is recommended when exposing 
skin to light. 
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One of the major mechanisms by which reactive oxygen species (ROS) are formed in the 

presence of transition metals is decomposition of hydrogen peroxide called the Fenton 
reaction: Fe(II)/Cu(I) + H2O2 → Fe(III)/Cu(II) + •OH + OH−. Catalytically active metals 

decompose hydrogen peroxide, yielding reactive hydroxyl radical that can react with DNA 
and cause damage primarily to the DNA base units. 
 

The regulation of oxidative stress by the controlled formation of ROS in cancer cells may 

represent an interesting approach to cancer treatment. Many metal-based anticancer drugs 

(e.g., cisplatin) act via the modulation of oxidative stress, leading to increased ROS 
production. Of particular interest are copper complexes containing coordinated non-steroidal 

anti-inflammatory drugs (NSAIDs) since they exhibit redox cycling properties. Indeed, redox 
cycling involving metal-based drugs is considered to be the key mechanism for an increased 

formation of ROS, which in turn may cause cancer cell death, as a result of DNA damage 
[1]. Therefore, we attempt to explore and identify the species involved in these processes 

and investigate the ability of Cu(II) complexes to act as mediators of ROS production by 

means of the Fenton reaction.  
 

Five novel Cu(II) complexes with isonicotinamide (isonia) and NSAIDs as ligands were 
prepared. The complexes were characterized by means of X-ray crystallography and EPR 

spectroscopy. An EPR spin trapping technique using 5,5‐dimethyl‐1‐pyrroline N‐oxide 
(DMPO) as the spin trap was performed with the aim of following the ability of the 

Cu(II)(isonia)NSAID complexes to catalyse the formation of free radicals via the model 

Fenton reaction. Results were quantitatively evaluated using TEMPOL standard as the 
relative concentrations of spin-adducts formed by means of copper-catalysed Fenton 

reaction. Furthermore, the copper redox cycling was investigated using UV/Vis spectroscopy 
and EPR measurements. Redox cycling, resulting in the oscillation between cupric and 

cuprous species, is one of the mechanisms by which copper(II) complexes may induce DNA 

cleavage. This mechanism may involve oxidation of relatively unreactive superoxide radical 
anion to more reactive ROS such as hydroxyl radicals. To obtain direct experimental evidence 

for the reduction of Cu(II) complexes by superoxide radical anions, a specific chelator of 
Cu(I) species, neocuproine, was introduced.   
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Mesenchymal stem cells (MSCs) are considered as the best therapeutic candidates in the 
field of regenerative medicine. The cells were isolated from human Ovarian Follicular Fluid 

(OFF) and grown under in vitro conditions and the morphological analysis showed a 
heterogeneous cell population likely to be fibroblast, epithelial and neuronal like cells. 

Morphologically the fibroblast-like cells were similar to Mesenchymal Stem Cells (MSCs) and 

MSCs were characterized by CD 44 and CD 105 markers using confocal microscopy and flow 
cytometry. Additionally, MSCs stemness, proliferation and colony-forming unit ability were 

examined and also in vitro multi-lineage differentiation potential was analysed. We 
fabricated a scaffold by fusing a natural polymer, Chitosan (CS) and a synthetic polymer, 

Polycaprolactone (PCL) and the scaffold were coated with different concentrations of Zinc 

ions. The physico-chemical and material characterization of scaffold, such as FTIR, XRD, 
SEM, swelling, protein adsorption, degradation and bio-mineralization studies were carried 

out. The biological characterization showed that the scaffolds were compatible with MSCs 
and promoted osteoblast differentiation at both cellular and molecular levels. The scaffold 

increased calcium deposition, analyzed by alizarin red staining and ALP activity at cellular 
level. At the molecular level, the osteoblast markers expression such as Runx2 and type 1 

collagen mRNAs, and osteonectin (ON) and osteocalcin (OC) secretory proteins were 

increased in the presence of scaffold. Overall, the current study recommends that MSCs can 
be easily obtained from human waste OFF, avoiding a painful surgical procedure, and grown 

in standard in vitro conditions. Successful growth of such MSCs on CS/PCL/Zn scaffold opens 
new avenues in utilizing the cell source for bone tissue engineering. 
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Sterically shielded pyrroline and pyrrolidine nitroxides are known to demonstrate the highest 

resistance to bioreduction [1]. Recently, the derivatives of 2,2,5,5-tetraethylpyrroline-1-oxyl 
have been suggested for spin labeling and in-cell EPR/PELDOR studies [2,3]. These 

nitroxides were prepared from 2,2,6,6-tetraethylpiperidin-4-one via bromination and 
Favorskii rearrangement with rather low overall yields. 
 

We have developed an alternative, simple, and efficient method for synthesis of sterically 

shielded nitroxides of pyrrolidine series [4]. The new modifications of this method allowed 

for synthesis of various nitroxides of pyrrolidine and pyrroline series, including reduction-

resistant spin labels and building blocks for bi- and poly-radicals. 
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These days, TEMPO- and/or PROXYL-based derivatives attract considerable attention 

because of their potential applications in chemistry, biology, and medicine [1]. Newly 
synthesized TEMPO bis(amide) and PROXYL bis(amide) compounds are studied using 

Density Functional Theory (DFT) and Bader’s quantum theory of atoms in molecules 
(QTAIM) [2] as well as experimentally via EPR and UV-vis spectroscopy. According to the X-

ray experiment, TEMPO and PROXYL monomer units form dimers in a different fashion. 

Bonding and/or weak interactions between the two monomer units are investigated by 
means of energetics at the DFT level of theory and via QTAIM bond critical points analysis. 

Calculated nonrelativistic and relativistic g- and A-tensors are compared with obtained EPR 
parameters. 

 

 
 Figure 1: Structure of TEMPO (left) and PROXYL (right) derivatives 
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Nitroxides are efficient spin probes for visualization of redox status in neurodegenerative 
disorders accompanied by oxidative stress, using EPR, MRI, or OMRI techniques. 

Unfortunately, nitroxide spin probes are rapidly reduced to diamagnetic compounds by 
biogenic reductants and/or enzymatic systems. 2,2,5,5-Tetraethyl-substituted pyrrolidine 

nitroxides are the most resistant to reduction. Their in-cell lifetimes are comparable to those 
of trityl radicals [1]. The novel nitroxides of the 2,2,5,5-tetraethyl-pyrrolidine series have 

been synthesized, including those with targeting groups for intracellular accumulation. EPR 

has been used to study the pharmacokinetics of the new spin probes in mice. Some of the 
probes were found capable of permeating the blood-brain barrier. In vitro experiments on 

mouse tissue homogenates showed that the new nitroxides are stable enough to be used in 
EPR imaging. 
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This study presents an application of pulsed dipolar electron-electron resonance (PELDOR) 

spectroscopy combined with site-specific nitroxide labeling of biomolecules to probe the 
conformation of short RNA duplexes inside Xenopus lævis oocytes, a commonly used 

eukaryotic cell model system. The question that is addressed is whether the intracellular 
environment, where effects such as macromolecular crowding or intermolecular interactions 

are present, affects the structure of the studied double-stranded RNAs with respect to what 

is determined in a buffered solution. 
 

The proposed approach relies on the determination of distance restraints from the 
measurement of the electron-electron dipolar coupling between pairwise introduced 

nitroxide-based paramagnetic tags. Distances in the 2–5 nm range can routinely be 

accessed; furthermore, under suitable conditions, information about the conformational 
dynamics of the system under investigation can be gained. Due to the fact that only 

paramagnetic species can be detected, the used technique is blind to all the unlabeled 
cellular components surrounding the molecules of interest. 

 
The required site-specific labeling of the studied RNA duplexes was obtained following two 

different routes: either the specific reactivity of the amino group of 2’-NH2-uridines 

introduced in the sequences was used to link a suitably functionalized paramagnetic tag to 
already synthesized RNA strands [1], or an analogue of a uridine already containing the spin 

label attached to the C5 position of the uracil base was synthesized and introduced via solid 
phase synthesis [2]. These strategies differ in flexibility and in the point of attachment of 

the linker connecting the tag to the target. The characteristics of the intracellular 

environment furthermore require the development of nitroxide-based tags that are resistant 
toward chemical reduction; this has been achieved by replacing the gem-dimethyl groups 

normally flanking the N–O moiety with gem-diethyl ones [3]. 
 

The results show a clear, reproducible shift of the mean inter-spin distance upon 
internalization of the labeled RNA duplexes inside cells, an effect that could not be 

reproduced upon incubation in the presence of cytoplasmic extract. 
 

 
[1] Saha S et al., Chem. Commun. 51:13142-13145, 2015. 
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Nanozymes are the functional inorganic nanomaterials (pure, composite, or hybrid nature) 

that mimic chemical reactivity of the selected enzymes [1]. They are emerging as novel 
artificial enzymes due to their unique properties compared with the natural enzymes and 

classic artificial enzymes. Nanozymes exhibit improved thermal stability and wide 

temperature windows, various structures and compositions, and tailored properties 
(including magnetic and electronic). Although they are more cost-effective and robust than 

protein enzymes, they can suffer from a lack of specificity. Until now, lots of nanomaterials 
have been studied to mimic various natural enzymes such as peroxidase or catalase activity 

for a wide range of chemical and catalytic applications [2]. 
 

In this contribution, we show unexpected activity of non-redox, amorphous oxides of the 
late transition metals of IV and V groups, in the generation of reactive oxygen species (ROS) 

via H2O2 decomposition. The reactivity of amorphous ZrO2, HfO2, Nb2O5, Ta2O5 oxides and 

their composites with redox transition metal oxides (CeO2, Co3O4, CuO, Fe3O4, Fe2O3) were 
investigated by means of EPR/HYSCORE and auxiliary spectroscopic (Raman, UV-Vis, XPS) 

techniques combined with zeta-potential and dissolved O2 measurements. The catalysts 
were investigated with TG-MS, XPS, TEM/STEM, and EDX/EELS techniques. As test 

reactions, activity in the decolouration of water-soluble dyes was examined.  
 

The redox active materials exhibit typical Fenton-like reactivity, while for the non-redox, 
amorphous oxides, formation of ROS is not trivial and involves interfacial electroprotic 

reactions [2]. We showed that •OH and O2
–• radicals can be formed simultaneously during 

the reaction of H2O2 with surface of amorphous oxides (ZrO2, Nb2O5) and their relative 
concentration could effectively be controlled by varying the pH of the reaction medium. The 

reaction follows the electroprotic mechanism HO2
– + H2O2 = O2

–• + •OH + H2O. It is found 
that O2

–• species are stabilized on the surface of the amorphous supports, as indicated by a 

characteristic EPR and HYSCORE spectra. Generation of •OH radicals has been confirmed by 

means of EPR using DMPO spin trap and additionally by a test reaction with OPD substrate 
by means of UV-Vis spectroscopy proving peroxidase-like activity. By increasing the pH of 

the system, its reactivity changed into catalase-like activity featured by production of O2, 
which exceeded ROS formation. Further discussion is connected with enhancing peroxidase 

activity thanks to the formation of amorphous-crystalline composites based on the 

amorphous active supports and redox nanocrystals with Fenton-like reactivity (Fe3O4, 
Co3O4). 
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The physicochemical properties of the lipid bilayer/water interface determine the bilayer’s 

mechanical characteristics; phase state; and permeability to water, ions, and other small 
molecules. Also, they determine the binding of proteins and peptides to the bilayer and 

affect bilayer fusion. Because a lipid bilayer constitutes the main structural element of the 

biomembrane, the state of its interface affects the functioning of the membrane proteins 
and the overall ability of the membrane to fulfill its biological functions. In this computational 

study, the properties of the interfacial region of the monogalactolipid (MGDG) bilayer 
determined using molecular dynamics (MD) simulation with atomic resolution and graph 

theory are compared with those of the phosphatidylcholine (DOPC) bilayer. The MGDG and 

DOPC molecules significantly differ in the chemical structures of their head groups: that of 

MGDG contains -D-galactose, and that of DOPC contains phosphorylcholine. In contrast to 

DOPC, MGDG can form inter-lipid hydrogen bonds at the interface, whereas DOPC is able to 

make inter-lipid charge pairs. Because these interactions have different energies and ranges, 
it is expected that organization of the interface in the MGDG bilayer differs from that in the 

DOPC bilayer. The aim of this study was to search for the pattern of lipid-lipid links at the 

bilayer interface and its stability, and to describe it with a few parameters that are relatively 
easy to obtain. To reach this aim, graph theory—which utilizes information concerning all 

types of inter-lipid interactions, their average lifetimes and energies, and the number of 
individual interactions made by a given lipid molecule at a given time—was used. This way, 

the organizations of the interfacial regions of the bilayers comprising MGDG and DOPC are 

described and compared apart from their biochemical context. The main conclusion drawn 
from this study is that the network of inter-lipid interactions is significantly stronger, more 

extended, and branched in the MGDG bilayer than in the DOPC bilayer. This result supports 
such experimentally measured properties of the MGDG bilayer as the tighter packing of the 

MGDG molecules, the smaller area/MGDG, and the higher value of the bending rigidity 
modulus when compared with those of the DOPC bilayer, and it agrees well with the 

tendency of the MGDG to form the inverse hexagonal phase in water. 
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Iron-catalyzed, free radical-mediated lipid peroxidation may play a major role in tumor cell 

killing by photodynamic therapy (PDT), particularly when membrane-localizing 

photosensitizers are used. Many cancer cells exploit endogenous iNOS-generated NO for 
pro-survival/expansion purposes and for hyper-resistance to therapeutic modalities, 

including PDT. In addition to inhibiting the pro-oxidant activity of Fe(II) via nitrosylation, NO 
may intercept downstream lipid oxyl and peroxyl radicals, thereby acting as a chain-breaking 

antioxidant. We investigated this for the first time in the context of PDT by using 
POPC/Ch/PpIX (100:80:0.2 by mol) liposomes (LUVs) as a model system. Cholesterol (Ch or 

[14C]Ch) served as an in-situ peroxidation probe and protoporphyrin IX (PpIX) as 

photosensitizer. PpIX-sensitized lipid peroxidation was monitored by two analytical methods 
that we developed: HPLC-EC(Hg) and HPTLC-PI. 5α-hydroperoxy-Ch (5α-OOH) accumulated 

rapidly and linearly with irradiation time, indicating singlet oxygen (1O2) intermediacy. When 
ascorbate (AH) and trace lipophilic iron [Fe(HQ)2] were included, 7α/β-hydroperoxy-Ch 

(7α/β-OOH) - previously appearing at late stages due to 5α-OOH isomerization - 

accumulated exponentially, indicating ongoing membrane-damaging chain lipid 
peroxidation. With AH/Fe(HQ)2 present, the NO donor SPNO had no effect on 5α-OOH 

formation, but dose-dependently inhibited 7α/β-OOH formation due to NO interception of 
chain-carrying oxyl and peroxyl radicals. Similar results were obtained when cancer cells 

were PpIX/light-treated, using SPNO or macrophages as the NO source. These findings 
implicate chain lipid peroxidation in PDT-induced cytotoxicity and NO as a potent antagonist 

thereof by acting as a chain-breaking antioxidant. Thus, unless NO formation in tumors is 

suppressed, it can clearly compromise PDT efficacy. Supported by NIH grant CA70823 
(A.W.G.) and NCN grant 2017/27/B/NZ/02620 (W.K.). 
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Giant unilamellar vesicles (GUVs) are used extensively as models that mimic cell membranes. 
The cholesterol (Chol) content in the fiber cell plasma membranes of the eye lens is 

extremely high, exceeding the solubility threshold in the lenses of old humans. 

Methodologically improving the preparations of model lipid bilayer membranes with high 
cholesterol content would be significantly helpful to study of the properties of these 

membranes. Lipid solutions containing 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine 
(POPC) and Chol were fluorescently labeled with phospholipid analog 1,1’-dioctadecyl-

3,3,3’3’-tetramethylin docarbocyanine perchlorate and spin-coated to produce thin lipid 

films. GUVs were formed from these films using the electroformation method. Results were 
obtained with fluorescent microscopy method. The success of the electroformation method 

was assessed for different electrical parameters and different Chol concentrations. A wide 
range of frequency-field strength combinations was explored: 10-10,000 Hz and 0.625-9.375 

V/mm peak-to-peak and optimal values for GUVs preparation were found to be around 10-
100 Hz and 1.25-3.75 V/mm. Chol:POPC mixing ratios (expressed as a molar ratio) ranged 

from 0 to 2. We showed that increasing the Chol concentration decreases the size of the 

GUV, but this effect could possibly be reduced by choosing the appropriate frequency-field 
strength combination. 
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Three major features distinguish fiber cell plasma membranes from other biological 
membranes: (1) drastic changes in the phospholipid (PL) composition that occur with age, 

(2) extremely high cholesterol (Chol) content, and (3) a lack of protein turnover and lack of 
their transport from the old (nucleus) to the more recently synthetized (cortex) regions and 

vice versa. These drastic, age-related changes in lipid composition, together with the lack 

of protein turnover, certainly impair the homeostasis of the fiber cell membranes and lens. 
The disturbed homeostasis may result in lens damages associated with cataracts. Thus, 

it is no surprise that during evolution, a special mechanism was designed to counteract this 
impairment. In fiber cell membranes, Chol not only saturates the PL bilayer , it also 

forms Chol bilayer domains (CBDs). The main hypothesis of this presentation is that 
high Chol content and the presence of CBDs play a significant function in maintaining 

the homeostasis of the fiber cell plasma membrane, the fiber cell itself, and the whole 

lens, and thus in maintaining lens transparency. We suppose that due to permanent 
saturation of the fiber cell membranes with Chol, the physical properties of the membrane 

do not change with the PL composition. To secure permanent saturation with Chol, fiber cell 
plasma membranes must be oversaturated with Chol to the level that pure CBDs form. CBDs 

provide the buffering capacities for Chol in the surrounding PL bilayer, ensuring its saturation 

with Chol. The saturating Chol content increases the barrier to oxygen permeation into 
the lens interior as well as the membrane hydrophobicity, which decreases permeation 

of polar molecules across the membrane. High Chol content leading to the formation 
of CBDs and eventually Chol crystals should not be regarded as a major predisposition 

for the development of age-related cataracts. The presented hypothesis is supported 

by results obtained with EPR spin labeling, confocal fluorescence microscopy, and 
molecular dynamics simulation. 
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Lipid hydroperoxides (LOOH) can be generated under oxidative stress conditions via 1O2 

adduction or as intermediates in chain peroxidation. They may undergo 2-electron 
reduction/detoxification catalyzed by glutathione peroxidase 4 (GPx4) or initiate and expand 

chain reactions by undergoing one-electron reduction. Studies carried out in the authors’ 

laboratories have revealed that these secondary reactions are not necessarily restricted to 
the immediate membrane environment of a nascent LOOH but can extend to other 

membrane compartments via spontaneous or protein-assisted LOOH translocation. This 
transfer is particularly effective for cholesterol 7α/β-hydroperoxides (7-OOH). They can be 

distributed within the cell via a natural cholesterol (Ch) trafficking pathway, representing a 

type of “stealth” delivery. This is mediated by steroidogenic acute regulatory (StAR) proteins. 
These proteins play a crucial role in Ch trafficking by delivering it to/into mitochondria, where 

it is processed according to cell type and function. In steroidogenic cells, steroid hormone 
synthesis depends on this trafficking, whereas in vascular macrophages it normally delivers 

Ch to mitochondria to initiate export via the reverse cholesterol transport pathway. We have 
found that StAR family proteins not only deliver Ch to/into macrophage mitochondria, but 

also deliver 7-OOH, which induces peroxidative damage that impairs normal cell function. 

This could ultimately lead to a wide range of pathologies, including infertility in diabetes and 
atherosclerotic plaque buildup in cardiovascular disease. 
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The production of reactive oxygen species, ROS, plays an important role in light-mediated 

oxidative stress and eustress. As a tool to study the general mechanisms of oxidative stress, 
including cellular signaling pathways, light also allows for spatial and temporal control of 

ROS production.   
 

Although the ROS relevant for oxidative stress are diverse, singlet molecular oxygen, 

O2(a1g), has unique features. In particular, it can be selectively produced at the expense 

of other ROS. Thus, even though the reactions of O2(a1g) spawn other ROS (e.g., peroxyl 

radicals), the light-initiated selective production of O2(a1g) at time = 0 becomes a useful 

space- and time-resolved mechanistic tool. 
 

In this lecture, I will summarize some of our recent work on the space- and time-resolved 

production of O2(a1g) in single cells.   
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As early as 1972, Vakhnina and Ruuge showed that an EPR signal with a g-factor of 2.03 

appears when nitrite is present in the mitochondria of the rat liver [1]. Thus, the formation 
of dinitrosyl iron complexes (DNIC) in mitochondria was recorded for the first time. We have 

established that S-nitrosothiols can also participate in the formation of DNIC in mitochondria 
from the hearts of rats. The source of iron in the formation of these complexes can be iron-

containing mitochondrial proteins [2]. The level of DNIC depends on the partial pressure of 

oxygen and the reactions in which superoxide is produced by the mitochondrial respiratory 
chain. However, superoxide can stimulate the formation of DNIC. Conversely, it was shown 

that in various model systems containing DNIC with thiol ligands, superoxide, alkoxy, and 
alkyl peroxyl radicals were effectively scavenged. In addition, these complexes inhibit lipid 

peroxidation in mitochondrial membranes and low-density lipoproteins. 
 

It has been found that the product of the single-electron reduction of nitric oxide—the 
nitroxyl anion (NO−)—can play an important role in the formation of DNIC with various 

ligands. The NO− is most effectively involved in the formation of DNIC associated with 
ergothioneine, carnosine, and ADP. It is notable that in the presence of the donor of NO−, 

the carnosine-containing DNIC can be regenerated after destruction by ROS. 
 

The formation of nitrosylated hemoglobin (HbNO) in human erythrocytes is observed in the 
presence of NO donor diethylamine NONOate, whereas the contribution of DNIC with 

glutathione to this process is insignificant. It should be noted that HbNO is formed by the 

destruction of hemoglobin-associated DNIC under the action of superoxide [3], but not 
under the action of hypochlorous acid (HOCl). However, DNIC with glutathione effectively 

protect red blood cells from HOCl-induced hemolysis. In these experiments, phagocytic 
respiratory burst conditions were simulated. Earlier, it was found that DNIC are formed when 

generating activated macrophages [4]. 
 

The data obtained demonstrate that the formation of DNIC is important in protecting cells 
against oxidative stress. 
 

 

Acknowledgements: This work was supported by the Russian Foundation for Basic Research 

(grant nos. 18-015-00125 and 19-015-00444). 
 

[1] Vakhnina LV and Ruuge EK, Biofizika (Moscow) 17:690-692, 1972. 
[2] Ruuge EK et al., Curr. Top. Biophys. 29:37-45, 2005. 

[3] Shumaev KB et al., Method. Enzymol. 436:445-461, 2008. 
[4] Vanin AF et al., Biochim. Biophys. Acta 1177:37-42, 1993. 



 104 

Dinitrosyl Iron Complexes with Thiol-Containing Ligands 
as a Basic “Working Form” of Nitric Oxide in Living 

Organisms 
 

Vanin AF. 

 

N.N. Semenov Federal Research Center of Chemical Physics, Russian Academy of 
Sciences; Institute for Regenerative Medicine, I.M. Sechenov First Moscow State 

Medical University, Moscow, Russia 
 

 
I shall present data testifying that the conversion of free radical nitric oxide (NO) molecules 

to nitrosonium ions (NO+), which are necessary for the realization of one of the NO biological 
effects (S-nitrosation), may occur in living organisms after binding NO molecules to loosely 

bound iron (Fe2+ ions) with the subsequent mutual one-electron oxidation-reduction of NO 

molecules (their disproportionation). Inclusion of thiol-containing substances such as iron 
ligands into this process prevents hydrolysis of NO+ ions bound to iron, thus providing the 

formation of stable dinitrosyl iron complexes (DNIC) with thiol ligands. In living organisms, 
such complexes act as donors of NO and NO+, providing stabilization and transfer of these 

agents via the auto- and paracrine pathways. Without loosely bound iron (labile iron pool) 

and thiols participating in the DNIC formation, NO functioning as one of universal regulators 
of diverse metabolic processes would be impossible.  

 
Taking into account these results as well as the data demonstrating examples of the 

regulatory and cytotoxic action of chemically synthesized DNIC with thiol-containing ligands 
on living organisms, which imitate the biological activity of endogenous NO, and high 

amounts of mono- and binuclear endogenous DNIC formed in animal tissues, it may be 

concluded that DNIC with thiol-containing ligands indeed represent a basic “working form” 
of endogenous NO in living organisms.  
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Hypoxia is a main parameter which characterizes the development of many diseases as 
cancer, diabetes or heart failure. The tissue repair requires a restoration of the damaged 

vasculature which does not succeed to alleviate hypoxia thus maintains the pathologic 

features of the vessels.  
 

Among the strategies to repair angiogenesis and revert hypoxia, the endothelial cell-
mediated gene transport, tissue targeting and hypoxia-conditioned expression appear very 

promising for: 1) the high degree of selectivity in the targeting of the hypoxic pathologic 
tissue, 2) the vessel repair efficacy by incorporation into the endothelial wall, 3) the hypoxia 

regulated expression of the therapeutic gene and 4) the resulting functionalization of the 

vessels. 
 

Data obtained in the treatment of melanoma and breast carcinoma indicate a strong 
modulation of the tumor microenvironment due to the controlled alleviation of  hypoxia. We 

confirmed functionalization of pathologic vasculature and consequently restoration of 

immune responses and reversal tumor resistance. 
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Abstract This work takes advantage of two-site rigidly bound labels to the calcium binding 

protein, α-lactalbumin.  By use of W-band DEER, highly accurate distances can be measured 
to Gd(III) specifically bound to the calcium binding site.  

I.  INTRODUCTION  

The development of the thiol specific spin label, (1-Oxyl-2,2,5,5-tetramethyl-delta-3-
pyrroline-3-methyl) methanethiosulfonate (MTSL)was the beginning of a renaissance in 

applications of EPR to protein structure. More recently, researchers have attempted to 
'double' mutate proteins and measure distances between the aminoxyl group on the two 

MTSL moieties. 
II. DISTANCE MEASUREMENTS 

A. Double labels 

More recently, researchers have attempted to 'double' mutate proteins and measure 
distances between the aminoxyl group on the two MTSL moieties. However, since the spin 

label is not specifically, nor rigidly oriented on the protein, the uncertainty in the resultant 
distance(s) can be as large as the spin label itself. While several advances have been made 

in molecular modeling and energetics approaches, the problem was solved by designing 

labels that bind rigidly and hopefully uniquely.  Measuring distances between an aminoxyl 
radical and paramagnetic metal ion (point dipole) offer additional advantages in refining the 

distance constraints. 
We took advantage of these two aspects with α-lactalbumin, a four disulfide containing 

protein, which has one highly constrained, easily reduced disulfide bridge between Cys 6 – 
Cys 120  that was spin labeled with 3,4-Bis-(methanethiosulfonylmethyl)-2,2,5,5-

tetramethyl-2,5-dihydro-1H-pyrrol-1-yloxy radical (bis MTSSL, pyrrolinyl) without any 

mutagenesis needed.   
The second advantage is that this is a calcium binding protien that specifically binds 

lanthanide ions to it’s srong metal ion binding site. Hence no site directed mutations were 
necessary and we could spin label what was essentially the native protein  W-band DEER 
results at 10 K were obtained with a dual-mode cavity that matches the ∼700 MHz frequency 

separation between the Gd3+ and nitroxide maxima. 
Acknowledgements: Daniella Goldfarb, Yoav Barak, Raanan Carmieli, Thorsten Bahrenberg, 

Anna Gharibyan. Funding:  Wenner-Gren Senior Visiting Scholar, Umea University; Joseph 

Meyerhof Visiting Professorship, Weizmann Institute of Science, Rehovot  
 

[1] References Goldfarb, D, Phys. Chem. Chem. Phys. , 16:9685, 2014 

  



 109 

 

The New Theory of Stage Apoptosis 
 

Chaikovskaia N 

 

LLC Oxygen, Smolensk, Russia 
 

 

There is no unique model of the human body, nor even an understanding of how it functions 

in health and disease. More and more, our studies are limited by cell or tissue culture models, 
which often zero in on one specific aspect of function or disease. Review of ancient medical 

knowledge, from different times and locales, indicates that much of this knowledge is still 

applied today. A certain regularity necessary for the healing process emerges from this 
knowledge today—namely the purification of the body from toxins. Generally then, health 

versus disease depends on whether an organism has enough resources to maintain natural 
defense (homeostasis) throughout its systems.  
 

The last link in cell damage of any etiology is free radical oxidation.  
 

Thus, our understanding of what constitutes a healthy human, the predisease stage, and 

other disease stages was formed, and with it the concept staged apoptosis. The basis of this 
overall concept is that a healthy human is able to activate protection systems and purify 

itself. In the case of persistent suppression of homeostasis systems, with a subsequent lack 

of toxin removal, the health condition moves to a predisease stage followed by later stages 
of disease, resulting in apoptosis. We can follow all of these changes by analyzing peroxide 

homeostasis parameters. It is herein proposed that these disease stages can be identified 
by studying peroxide homeostasis together with classical clinical analysis and investigations 

of telomere changes in the organism’s process of apoptosis. From these studies, the 
selection of possible individual activation factors of body protection could lead to a healthier 

level and increase longevity with a higher quality of life.  
 

Based upon an organism’s ability to remove endo- and exogenous toxins of different 

etiology, we can assign three stages of excretion and displacement of unbalanced 
homeostasis that reflect the stages of health. Predisease is manifest in stage 4, and full-

blown disease at stages 5 and 6. If normal defense reactions are inhibited, then predisease 
begin to develop.   
 

The measurement of antioxidant status is significantly important in diagnosis, prognosis, 

and treatment, and allows us to define the level of organism damage based on the stage 
apoptosis theory. Selection of proper treatment mechanism(s) that activate self-protection 

forces may push the organism to an earlier apoptosis stage, resulting in significant 

prolongation and improved quality of life.  
 

In conclusion, any disease can be characterized as pathogenically complex, but key to the 
vast array of etiologic factors that cause disease is a protective system of endotoxicosis and 

oxidative stress, due to free radical oxidation products. Each stage of health, predisease, 
and full-blown disease can be identified by measuring antioxidant activity and lipid peroxide 

homeostasis. This represents a new and exciting way to determine disease development 
and means of intervention.  
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Melanin is believed to play a photoprotective and antioxidant role in pigmented tissues. This 
function is ascribed mainly to eumelanin. On the other hand, pheomelanin is more 

photoreactive and can exhibit phototoxic action. This can be especially important in the case 

of hair and skin melanin, which are copolymers of both of these types of melanin.  Moreover, 
all natural melanins contain transition metal ions that may significantly modify the resultant 

properties of this polymer. The aim of this research was to study iron binding by 
pheomelanin and investigate the effect of iron on selected properties of this melanin. All 

natural melanins are insoluble in water and they contain proteins and lipids. Therefore, we 

used a synthetic model of pheomelanin (CDM), prepared by enzymatic oxidation of DOPA in 
the presence of cysteine. The iron effect was studied by comparing control CDM with CDM 

enriched with 1% (w/w) of iron. The optical properties of melanins were examined by UV-
vis absorption spectrophotometry. Iron binding by melanin was studied by electron 

paramagnetic resonance (EPR) spectroscopy. The stability of iron complexes with melanin 
was verified by the addition of ligands such as DTPA and cyanide. The size of the melanin 

particle was measured by dynamic light scattering. The photostability of CDM was examined 

by monitoring changes of selected physicochemical parameters of melanin induced by its 
irradiation with 400 nm (265  mW/cm2) of light. EPR spectroscopy showed that CDM with 

iron exhibited a broadened EPR signal, which saturated at higher microwave power. The 
EPR signal of iron bound to melanin was a characteristic line (g=4.3) typical for high-spin 

iron (III). This signal was similar to that of iron bound to eumelanin, although it was weaker. 

Neither DTPA nor cyanide caused any significant decrease in the iron (III) signal, even 
though these ligands induced a substantial increase in amplitude and decrease in the width 

of the EPR signal of melanin. CDM with iron exhibited an increased optical absorption and 
was noticeably darker than the control CDM. Irradiation of CDM was accompanied by a 

gradual decrease in its optical absorption and EPR signal intensity. Iron accelerated light-
induced melanin degradation after an initial activating period of the photolysis. The addition 

of DTPA or cyanide to photolyzed iron-containing CDM caused a significant decrease in the 

EPR signal of the iron. The obtained data suggest that a substantial amount of iron bound 
to melanin is localized inside the melanin polymer. Eternal subunits of melanin also 

participate in the binding of iron ions, particularly at pH=7.4. Although iron bound to melanin 
has little effect on the initial stages of the photodegradation of CDM, the effect of iron 

becomes more pronounced at later stages of melanin photolysis. It seems that photolysis of 

CDM increases the exposure of the subunits that are responsible for iron binding.  
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In the recent past, nitroxyl (HNO, IUPAC name azanone), the protonated product of one-
electron reduction of nitric oxide (•NO), has gained considerable attention due to exhibiting 

a broad spectrum of pharmacological effects. Contrary to nitric oxide, HNO is a strong 

electrophile that is highly reactive toward thiols. Modifications of thiol residues on proteins 
are thought to account for some of the cardiovascular actions of azanone.  

 
Lately, we have described the competition kinetic method for determining the rate constants 

of HNO reactions with its scavengers [1]. It is based on two parallel HNO reactions—one 
with the scavenger (e.g., thiol/thiolate) and one with molecular oxygen 

(k = (1.8 ± 0.3) × 104 M-1 s-1) [1]—in the presence of boronic acid. A comparison of 

equations expressing initial rates of boronic acid oxidation in the absence and presence of 
thiol compounds allowed us to determine the ratios of rate constants of the HNO reaction 

with selected thiols to the rate constant of the HNO reaction with molecular oxygen. We 
have observed that the rate constants of HNO scavenging by RSH depend on the pKa value 

of thiol. The higher was the pKa value, the slower was the reaction. Therefore, we concluded 

that the HNO reaction with the thiolate anion (RS–) is more facile than with its protonated 
form (RSH). Here, we present data on the effect of pH on the rate constant of HNO 

scavenging by selected thiols. 
 

 
Scheme 1. Schematic presentation of possible reactions in examined system. 

 

 

[1] Smulik R et al., J. Biol. Chem. 289:35570-35581, 2014. 
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EPR oximetry has been established as a viable method for measuring the tissue oxygen level 

(partial pressure of oxygen, pO2) in animal models; however, it has not yet been established 
for measurement in humans. EPR oximetry requires an oxygen-sensing paramagnetic probe 

(molecular or particulate) to be placed at the site/organ of measurement, which may pose 

logistical and safety concerns, including possible invasiveness of the probe-placement 
procedure, lack of temporal stability and sensitivity of the probe for long-term (repeated) 

measurements, and possible toxicity of the probe in the short- and long-term. 
 

 
 

Previously, we developed an implantable oxygen-sensing probe, called OxyChip, which we 

have successfully established for oximetry in preclinical animal models [1]. Currently, the 
OxyChip is being evaluated in a limited clinical trial in cancer patients. A major limitation of 

the OxyChip is that it is a large implant (1.4 mm3 0.6x5.0 mm) and hence not suitable for 
measuring oxygen heterogeneity that may be present in solid tumors, chronic wounds, etc. 

Here, we describe the development of a substantially smaller version of the OxyChip (0.07 
mm3 0.3x1.0 mm), called the microChip, which can be placed in the tissue of interest using 

a 23 G syringe-needle, which is routinely used in the clinic with minimal invasiveness. Using 

in vitro and in vivo models, we have shown that the microChip provides adequate EPR 
sensitivity, stability, and biocompatibility and enables robust, repeated, and simultaneous 

measurement from multiple implants (without magnetic field gradients) providing mean and 
median pO2 estimates in the implanted region [2]. The microChip will be particularly useful 

for those applications that require repeated measurement of mean/median pO2 in superficial 

tissues and malignancies. 
 

 

Acknowledgements: The study was supported by National Institutes of Health grants R01 
EB004031 and P01 CA190193. 
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[2] Kmiec M et al., Biomed. Microdevices. 21:71, 2019. 
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The stretched exponential function (SEF) was used to analyze exponential-like saturation-
recovery (SR) EPR signals of lipid spin labels in the bilayer portion of intact eye lens fiber 

cell membranes, membranes made from the total lipid extracts from fiber cells, and model 
membranes made from commercially available phospholipids. The SEF method provides 

additional insight into this complex system compared with mono- or multi-exponential 

analyses of SR EPR signals [1]. This approach removes the requirement for a specific number 
of discrete exponentials, as well as the assumption that domains are homogenous. The SEF 

provides two parameters, the characteristic relaxation time T1str and the heterogeneity 
parameter β. These parameters may be used in a multivariate analysis or to construct a 

continuous probability distribution of rates in a sample using a function given by Johnston 

[2]. We applied this method to differentiate intact membranes derived from different eye 
lens regions. We concluded that the membranes from nuclear regions are more rigid and 

more heterogenous than those derived from cortical regions. Here, we report the results of 
experiments investigating the effect of the introduction of molecular oxygen on SR with SEF 

analysis. Oxygen is a known agent for discriminating the domains in the EPR of spin-labeled 
membranes. It provides a relaxation pathway that depends on the product of local 

concentration and the local diffusion coefficient of molecular oxygen within each domain. 

We found that molecular oxygen enhances membrane heterogeneity. It allows separation 
of membrane fluidity and heterogeneity sensed by the rotational motion of lipid spin labels 

from membrane fluidity and heterogeneity that depends on translational diffusion of small 
molecules such as molecular oxygen. Use of phospholipid spin label probes, SR EPR, 

stretched exponential analysis, and discrimination by oxygen transport offers a powerful 

approach to analysis of complex samples derived from biological tissue. 
 

 

Acknowledgements: This work was supported by National Institutes of Health under grant 
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[1] Stein N et al., Appl. Magn. Reson. 50(7):903-18, 2019. doi: 10.1007/s00723-019-01119-
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[2] Johnston DC, Phys. Rev. B. 74(18):184430, 2006. 
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Superoxide radical anion is formed as a result of one-electron reduction of molecular oxygen. 

It is assumed that, in the human body, the main sources of O2
•− are the respiratory chain 

located in the mitochondria and NADPH oxidases (NOX). Increased activity of NADPH 
oxidases is associated with  pathological conditions, which result in the development of 

cardiovascular or neurodegenerative diseases. NOX activity can be measured by detecting 

superoxide anion radical with the aid of chemiluminescence probes, e.g., luminol, L-012, or 
CLA. 

 
The CLA probe is an analogue of the luciferin, a bioluminescent compound isolated from the 

sea firefly Cypridina hilgendorfii. Unfortunately, a significant limitation of usage of this probe 
is the process of its autoxidation in aerated solutions. The transfer of the electron to oxygen 

leads to the formation of two reactive individuals: the CLA radical and the superoxide radical 

anion. It is postulated that those two radical species react to form hydroperoxide as an 
intermediate and the further transformations of that hydroperoxide lead to decarboxylation 

and formation of the final product in an excited state (Scheme 1). 
 

 
Scheme 1. Autooxidation of the CLA probe 

 

Here, we report the study on the mechanistic aspects of CLA oxidation. The autoxidation of 
the CLA probe was studied at different pH levels, and the reaction of the probe with 

superoxide was investigated along with the effect of superoxide dismutase, catalase, 
ebselen, and boron compounds. The radiolysis technique was used to characterize the one-

electron oxidation product of CLA. 
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Both nitric oxide (NO) and hydrogen sulfide (H2S) are important gasotransmitters that are 
involved in the signaling of a number of physiological responses, e.g., vasodilatation, 

angiogenesis [1].  

 
The mechanism of the reaction of NO and H2S is still not clear. It has been postulated that 

interaction of these two molecules under aerobic condition leads to various intermediates: 
azanone, nitrosopersulfide, polysulfides, and others [2,3]. Conversely, incubation of NO with 

other sulfhydryl compounds (e.g., glutathione or cysteine) in the presence of oxygen leads 

to the formation of nitrosothiols, azanone and disulfides [3]. 
 

Here, we show that in NO/O2/Na2S and NO/O2/thiol systems, peroxynitrite is formed very 
efficiently. In aerated solutions of NO donor (PAPA NONOate) and Na2S or thiols 

(glutathione, cysteine, N-acetyl-cysteine, captopril and dithiothreitol), the boronate probe 
PC1 is oxidized to resorufin, the formation of which can be monitored and quantified 

spectrophotometrically at 573 nm (ε = 64000 ± 1000 M-1cm-1). 

 

 

[1] Kolluru GK et al., Redox Biol. 1:213-318, 2013. 

[2] Kevil C et al., Chapter 5 in: Nitric oxide, Elsevier, 57-83, 2017. 
[3] Bari SE, Olabe JA, Chapter 14 in: Gasotransmitters in plants, Springer, 289-328, 2016. 
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A growing body of evidence indicates that mitochondria play a key role in cancer progression 

and response to treatment. Inhibition of the oxygen consumption rate of tumor cells by 
several drugs has been shown to enhance the efficacy of radiation therapy by increasing 

tumor pO2 and subsequently stabilizing radiation-induced DNA-damage [1]. 
 

Mitochondria also are the major producer of superoxide and other downstream reactive 

oxygen species in the cell, the main source of superoxide being complexes I and III. Large 
amounts of superoxide produced in excess may trigger cell death, but superoxide at 

moderate levels has been suggested to be a key driver promoting cancer cell migration and 
metastasis [2]. Therefore, it is important to study these dual dose-dependent effects when 

considering the effect of a drug as a potential radiosensitizer in radiation therapy. So far, no 
technology is able to assess simultaneously the consumption of oxygen and the leakage of 

superoxide from the electron transport chain. 

 
The “EPR mitochondrial toolbox” relies on the use of two EPR spin probes (15N-PDT and 

14N-CMH) labeled with different nitrogen isotopes, which allows the simultaneous 
measurement of two nitroxide EPR spectra, and thereby enables dynamic and simultaneous 

measurement of the mitochondrial oxygen consumption rate and superoxide respectively in 

isolated mitochondria. Perdeuterated nitroxides such as 15N-PDT are very sensitive probes 
to measure oxygen levels in medium using EPR oximetry. On the other hand, CMH is the 

best EPR tool to detect sensitively and specifically superoxide in complex biological media, 
as demonstrated recently by Scheinok [3] in our lab. First, this toolbox was tested on a 

validated model that mimics mitochondrial function (respiration and superoxide production) 
using hypoxanthine and xanthine oxidase, where xanthine oxidase catalyses the oxidation 

of hypoxanthine into xanthine generating superoxide. Second, it was tested on a “whole 

cell” model of superoxide production using RAW 364.7 macrophages treated with phorbol 
myristate acetate, stimulating the NADH oxidase to consume oxygen and produce 

superoxide. This innovative approach will allow the effects of compounds on the electron 
transport chain to be studied in order to prove their efficiency in alleviating tumor hypoxia 

and to measure their potential impact on metastasis induction. 
 

 
[1] Jordan B, Sonveaux P, Front. Pharmacol. 3:94, 2012. 

[2] Porporato PE et al., Cell Rep., 8(3):754-766, 2014. 
[3] Scheinok S et al., Free Radic. Res. 52(10):1182-1196, 2018. 
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Introduction: Cancer cells are able to form metastases in a multi-step process where 

transforming growth factor β (TGF-β) and cell migration play an important role. The aim of 
this study was to investigate two approaches to enhance tumor metastasis in orthotopic 

murine breast cancer model and the changes they introduce in the tumor microenvironment 
in vivo.  

Methods: C57bl mice (N = 30) were inoculated into the mammary fat pad with E0771 murine 
breast cancer cells. Three variants of cells were used. The first one was cultured in standard 

conditions (control, N = 10), the second one was treated with TGF-β (1ng/ml) for 4 weeks 

(N = 10), and the last one was clonally selected by double transmigration through 
microporous membranes (N = 10). In vivo experiments involved tumor vasculature 

assessment with 3D ultrasound Power Doppler imaging, 2D tumor redox state imaging with 
electron paramagnetic resonance (EPR) technique and two spin probes (one extra- and one 

intracellular), tumor pO2 measurement with EPR oximetry and Oxychip as an oxygen sensor 

and EPR measurement of pH and glutathione concentration using RSG and RSSR probes 
respectively. Additionally, ex vivo epithelial-mesenchymal transition (EMT), angiogenesis 

and oxidative stress biomarkers were assessed. 
Results: The highest number of metastases was found in mice inoculated with cells after 

clonal selection. However, mice injected with cells after the TGF-β treatment were also 
characterized by elevated metastatic potential compared to the control group. Results from 

EPR measurements and Doppler ultrasonography show significant differences between 

metastatic and non-metastatic tumors. These findings are in agreement with 
immunohistochemistry and Western blot data showing enhanced oxidative stress, 

microvascularization and EMT markers in more invasive tumors. 
Conclusion: Both clonally selected invasive cells and the cells treated with TGF-β gave rise 

to more metastatic tumors compared to the control. More aggressive tumors were 

characterized by a slower growth rate, higher vascularization, and indications of oxidative 
stress. 
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The antimicrobial action of peptides in bacterial membranes is commonly related to their 

mode of self-assembly, which results in pore formation. To optimize the peptide antibiotic 
therapeutic use, a study of the concentration dependence of the self-assembly process is 

desirable. For several peptides belonging to the class of peptaibiotics, we investigated this 

dependence in a wide range of peptide concentrations. Pulsed double electron-electron 
resonance highlighted the onset of peptide oligomerization above some critical peptide 

concentrations. Electron spin echo (ESE) envelope modulation (ESEEM) for D2O-hydrated 
bilayers shows that oligomerization is accompanied by peptide reorientation toward a 

transmembrane disposition. For spin-labeled stearic acids (5-DSA) embedded, the study of 
concentration dependence of ESE decays and of ESEEM in the presence of a deuterated 

peptide analog indicates that above the critical peptide concentration the 5-DSA molecules 

are attracted by peptide molecules, forming nanoclusters. As the 5-DSA molecules represent 
a model for the behavior of fatty acids participating in bacterial membrane homeostasis, 

such peptide-capturing action may represent an additional mechanism of their antibiotic 
activity. These measurements were performed for the peptaibiotics trichogin GA IV, 

alamethicin, tylopeptin B, and chalciporin A, with the similar results obtained in all cases. 
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It has been postulated that the age pigment lipofuscin mediates photochemical reactions, 
which can contribute to oxidative stress in the outer retina. Chronic oxidative stress may 

lead to the onset of age-related macular degeneration (AMD). Lipofuscin is a composite 

granule with several chromophores, including a pyridinium bis-retinoid A2E, which, 
according to the common belief, is responsible for photoreactivity and phototoxicity of this 

age pigment [1]. Even though in simple model systems the photochemical reactivity of A2E 
has been shown to be moderate or rather low [2], it exhibited significant phototoxicity in 

retinal pigment epithelium cells in vitro [3]. This vitamin A-derivative accumulates with 

senescence in retinal tissues and by forming adducts with biomolecules, may induce 
potential phototoxicity.  

 
In this study, we investigated the photochemical reactivity of bis-retinoid A2E and its adduct 

with bovine serum albumin using EPR-spin trapping, EPR-oximetry, and oxidation of the CBA 
probe. Obtained data suggest that A2E exhibited modified photoreactivity after complexation 

with model protein and generated an increased level of reactive oxygen species, particularly 

singlet oxygen upon irradiation with blue light. 
 

 

[1] Sparrow J et al., Invest. Ophthalmol. Vis. Sci. 40(12):2988-95, 1999. 

[2] Pawlak A et al., Photochem. Photobiol. 77(3):253-8, 2003. 
[3] Schutt F et al., Invest. Ophthalmol. Vis. Sci. 41(8):2303-8, 2000. 
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Honey bees play a crucial role in the nature by pollinating wild flowers. Over the last years, 
there has been an increasing concern regarding the honey bee colony decline. Pesticides or 

environmental effects may target the biochemistry of insect chitin and cuticle coating.  [1-

3]. The use of advanced imaging technique (such as micro-CT) has been proposed to explore 
honey pathologies [4]. Here, we propose the use of EPR imaging as a tool to image the 

melanin-chitin complex as part of the exoskeleton of the honey bee. While EPR imaging of 
melanin has been so far explored in the context of melanoma characterization [5-7], it may 

offer new opportunities in research on honey bee and other insects. We will present EPR 
spectra and high resolution 2D and 3D images of melanin obtained at 9 GHz on freeze-dried 

honey bees.   

 

 
 

 
[1] Ritter W, et al. Honey bee diseases and pests: a practical guide. Food and Agriculture 

Organization of the United Nations, 2006. 

[2] Garcia-Gonzalez E., et al. Paenibacillus larvae chitin-degrading protein PlCBP49 is a key 
virulence factor in American Foulbrood of honey bees. Plos Pathogens 2014; 10: e1004284 

[3] Herbert EW, et al. The effect of a chitin synthesis inhibitor on honey bees. Apidologie 
1986, 17, 73-76. 

[4] Buttzloff PR. Micro-CT Imaging of Denatured Chitin by Silver to Explore Honey Bee and 

Insect Pathologies. PlosOne 2011; 6: e27448.  
[5] Vanea E, et al. Molecular electron paramagnetic resonance imaging of melanin in 

melanomas: a proof-of-concept. NMR Biomed. 2008; 21:296-300. 
[6] Godechal Q, et al. Optimization of electron paramagnetic resonance imaging for 

visualization of human skin melanoma in various stages of invasion. Exp Dermatol. 
2012;21:341-6 

[7] Desmet CM, et al. Towards in vivo melanin radicals detection in melanomas by electron 

paramagnetic resonance (EPR) spectroscopy: a proof-of-concept study. Free Radic Res. 
2019;53:405-410. 
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EPR signals measured in animals that are alive feature a low signal-to-noise ratio (S/N). This 

strongly limits the reliable analysis of data and may even make it impossible to perform. 
Improving S/N spectra is a very important issue in EPR spectroscopy and imaging 

techniques. We demonstrate a method to process multiple harmonics of an overmodulated 
EPR spectrum to calculate the first-derivative EPR absorption and dispersion component, 

where the obtained EPR line shape is not disturbed by the influence of the modulation 

amplitude. The proposed expansion module and dedicated algorithm developed by the 
Novilet company allows the selection of a second modulation amplitude up to 40 times 

higher than the natural line width of the probe without spectral distortion. The expansion 
module allows one to measure the EPR signal even with an amplitude of modulation higher 

than the magnetic field scan without any negative effect on the reconstructed line shape. 
The S/N of the obtained EPR spectra improves in an order of magnitude compared to 

conventional phase sensitive detection. 

 
The new expansion module with a multiharmonics analysis (MultiQ) is presented, which 

allows one to obtain a pure absorption EPR signal with an S/N of EPR spectra almost two 
orders of magnitude higher than classically observed. The analysis was performed on a 

commercially available EPR tomograph ERI TM600 (Novilet, Poznan, Poland), a L-band 

Bruker spectrometer, and a Miniscope MS200 in combination with a Novilet multiharmonics 
eSPECT+ expansion module. 
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Reactive oxygen species (ROS) and reactive nitrogen species (RNS) significantly affect many 

cellular functions. They have been involved in both pathogenic cellular damage processes 
and physiological cellular redox signaling and regulation. For these reasons, the detection 

of these species is vital. Fluorescent probes have emerged as a versatile tool for the 

detection of ROS/RNS. The number of fluorogenic probes designed and synthesized for the 
detection of ROS/RNS is relatively large [1-2]. Most of the described fluorescent probes do 

not fulfill the requirements. 
  
In this study, benzo[a]phenoxazine was selected as a fluorophore due to its desirable 
photophysical properties, such as strong fluorescence with the maximum located in the red 

region of the spectrum; high molar coefficient; high fluorescence quantum yield; better 

photostability; and nontoxicity compared with other dyes [3]. 
 

The novel benzo[a]phenoxazine-based boronate probe (a 4-(pinacol boronate)benzyl 
derivative of benzo[a]phenoxazine [BOR-Bz-POX]) and its potential reaction products with 

ROS/RNS were synthesized [4]. Their properties were characterized by the combination of 
nuclear magnetic resonance, mass spectrometry, electronic absorption, and steady-state 

fluorescence spectroscopy. The reactivity of the probe toward peroxynitrite, hypochlorite, 

and hydrogen peroxide was evaluated. The identification of the primary product formed 
during the oxidation of the novel benzo[a]phenoxazine probe was performed by HPLC 

analyses. Electron paramagnetic resonance spin-trapping experiments combined with the 
molecular weight of radical adduct obtained by LC-MS analysis unequivocally showed the 

formation of the phenyl radical during the oxidation of BOR-Bz-POX probe by peroxynitrite. 
The results of the spectroscopic studies and HPLC analyses under various conditions clearly 

indicate that the presented benzo[a]phenoxazine derivative is a good candidate for potential 

application as a ratiometric fluorescent probe for the detection of selected ROS/RNS.    
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Myelin is a system of natural membranes surrounding the axons of vertebrates. It mainly 
consists of lipids to isolate the axon. Due to its isolating properties, it accelerates the 

transmitted signal via saltatory conduction. Myelin is primarily held together by the proteins 

Myelin Basic Protein (MBP) and Protein Zero (P0) abundant in the central nervous system 
(CNS) and the peripheral nervous system, respectively. The degree of myelination of human 

axons is important for different diseases like morbus Charcot-Marie-Tooth and multiple 
sclerosis, so unravelling the role of lipids and proteins in the system is a key factor for 

understanding those diseases. 

 
To mimic myelin, a model membrane system is necessary that consists of flat and stacked 

lipid bilayers with all sides accessible for the proteins. Here, we will present our approach to 
this challenge and some current progress. 

 
A model membrane system that fulfills both requirements is a lipid nanodisc. Because we 

want to do protein characterization, the typical use of membrane scaffold proteins is not 

suitable. Therefore, we used membrane solubilizing polymers to cut out spots of artificial 
myelin-like vesicles. The major challenge in doing this is the composition of the myelin-like 

lipid mix. The main component of the CNS mix is cholesterol (44 mol%) and additionally 15 
mol% of the lipids are negatively charged [1]. Those components do not go well with the 

known solubilizing polymers. 

 
In this study, we used DIBMA [2] and a zwitterionic polymer provided by the workgroup of 

Prof. S. Keller to form polymer encapsulated nanodiscs of the CNS myelin lipid mix. We 
studied their size with dynamic light scattering, atomic force microscopy, and electron 

microscopy, and we used electron spin resonance spectroscopy to characterize the lipid 

environment in the nanodiscs utilizing spin labeled lipids.  
 

With our work, we want to set up a lipid model system that can be used to study the myelin 
proteins MBP and P0 to get insight into the interplay between different proteins and lipids in 

the formation of myelin. 
 

 
[1] Inouye H et al., Biophys. J. 53:247-260, 1988. 

[2] Oluwole AO et al., Angew. Chem. Int. Ed. 56:1919-1924, 2017. 
 

  



 126 

Research of Nucleic Acids in Blood Neutrophils of 
Patients with Toxic Nephropathy 

 

Klyuyev DA1, Muravlyova LYe1, Molotov-Luchansky VB2, Demidchik LA1 

 
1Department of Fundamental Medicine, Karaganda Medical University, Kazakhstan 

2Department of Primary Health Care, Karaganda Medical University, Kazakhstan 
 

 

The objective of our study was to evaluate the nucleic acid content in the blood neutrophils 
of patients with nephropathy with toxic kidney damage. 

 

The patients were classified into four groups: group 1 - patients with acetic acid poisoning 
without toxic kidney damage, group 2 - patients with alcohol poisoning without toxic kidney 

damage, group 3 - patients with acetic acid poisoning and toxic nephropathy, group 4 - 
patients with alcoholic poisoning and toxic nephropathy. Blood from healthy donors was 

used for control. The content of DNA, RNA, and the acid-soluble fraction of nucleic acid 

derivatives (ASF) was determined. 
 

The analysis showed that group 1 had a slight decrease in the content of ASF and RNA. At 
the same time, the DNA content in the neutrophils of the blood of patients in group 1 was 

greatly increased compared with the control indicators. In contrast, in group 3 (poisoning 
with acetic acid with toxic nephropathy), there was a slight increase in the content of ASF 

and RNA with a moderate decrease in the DNA content. 

Changes in the content of nucleic acids in groups 2 and 4 were less pronounced. In group 
2, the content of ASF and RNA practically did not differ from the control indicators, while 

the content of DNA moderately decreased. In group 4, there was a more pronounced 
decrease in DNA content compared with group 2, which had equal concentrations of RNA 

and ASF. Thus, we showed the difference in the concentrations of nucleic acids in the case 

of poisoning, depending on the presence of kidney damage.  
 

Based on the data obtained, we can assume that differences in the concentrations of nucleic 
acids in the blood neutrophils of patients with acetic acid and alcohol poisoning are due to 

the different mechanisms of the toxic actions of these substances, as well as differences in 
their metabolic inactivation by cells (in particular, neutrophils). Thus, the increase in the 

DNA concentration in the neutrophils of patients in group 1 may be due to acetylation of 

bases and an increase in DNA resistance to degradation, despite the fact that less resistant 
ASF and RNA are catabolized faster, which leads to a decrease in their concentration. Alcohol 

had practically no effect on the metabolism of nucleic acids with an independent action, but 
the development of nephropathy caused the same changes as in the case of acetic acid 

poisoning. Thus, neutrophil involvement has been shown in the mechanisms of nephropathy 

development in patients with nonspecific toxicants. 
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Melanins, a class of biological pigments present in pigmented cells, have specific 
radioprotective and scavenging properties with an impact on both cells biological properties 

and the potential anti-tumor therapy outcome. Uveal melanoma is the most common 
intraocular tumor, however, there is still no efficient therapy that would improve condition 

of patients with distal metastases.There is a need of new research models, which better 

reflect the clinical conditions. One of our approaches is to create PDXs (Patient Derived 
Xenografts) mouse model, based on heterotransplants derived directly from the patients.The 

next step is stabilization of the cell lines derived from the PDX and creating the three-
dimensional in vitro models, that reflects characteristics of the UM in better way than 2D 

culture, especially in terms of cell migration and metastasis. New models also take into 
account differences in pigmentation between lines, which can be relevant in the context of 

anticancer therapies. In this study we use two cell lines derived from the PDX(UM15.4.1, 

UM15.6.3), which exhibit differences in the cell morphology and cell-to-cell binding. The 
melanin content of investigated uveal melanoma cellswas quantified by EPR spectroscopy. 

To increase the sensitivity of EPR determination of melanin in fully hydrated samples, 
measurements were carried out in liquid nitrogen using a quartz finger-type dewar. The 

melanin concentration in the examined samples was determined by comparing double 

integrals of their EPR signals with synthetic dopa melanin. The obtained results indicates 
that the main type of melanin in our cultured cells is eumelanin. The physicochemical 

properties of the pigmentin uveal melanoma cells may influence their biomechanical 
properties and in consequence, migration and metastasis.  
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Pathological vasculature and hypoxia are related to tumor resistance. First, due to changes 

in tumor environment (e.g., glycolysis), and second due to poor drug delivery possibilities 
and radio-resistance. The hypoxic fraction of the tumor is more likely to contain cancer 

steam cells and cancer cells with the invasive phenotype (promotion of epithelial-
mesenchymal transition by hypoxic condition). One of the strategies to overcome tumor 

hypoxia by vasculature normalization is administration of hemoglobin modifier. One of the 
most promising compounds to test is inositol trispyrophosphate (ITPP), which was shown to 

stably increase oxygen tension and blood flow in melanoma and breast cancer syngeneic 

models [1,2]. 
 

The aim of this study was to optimize ITPP treatment for orthotopic 4T1 mammary 

carcinoma in Balb/c mice. At the same time, the local tumor pO2 levels and big vessel 

network were investigated to better understand the mechanisms of action of ITPP.  
 

4T1 cells were injected into Balb/c inguinal mammary fat pad. The OxyChip crystals were 

inoculated intratumorally 4-5 days after tumor inoculation. Next, a 4-5 days gap was 

performed for crystal stabilization. ITPP was injected 3 times/mouse (96 h apart, 1.5 g/kg 
per injection). The EPR-USG imaging sessions were performed before and immediately after 

first ITPP injection and 2, 6, 10 days after that. pO2 measurements were performed on an 
L-band (Bruker Elexsys-II E540, Germany) CW EPR spectrometer. To study big, functional 

vasculature, the VEVO ultrasound machine equipped with 3D motor was used (VisualSonics, 

Canada).  
 

The significant increase of tumor tissue oxygenation was observed 24 h after the second 

ITPP injection. The collected data suggest transient pO2 increases in the tumor, to values 

adequate to healthy tissue (25-30 mmHg). The observed effect can be explained by 
vasculature normalization in the tumor. 
  

The collected data allow us to better understand crucial factors for ITPP treatment 

optimization. In the future, tissue oxygen partial pressure can be used as a biomarker to 
plan and evaluate ITPP treatment. What is more, the time window with normalized 

vasculature can be used with secondary treatment applications, e.g., chemotherapy, to 
overcome the tumor with better drug distribution.  
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Oxidative stress is expressed by an increased concentration of free radicals promoting an 
imbalance between the body’s antioxidant (AO) defense system and reactive metabolites. 

Cigarette smoking is a widespread habit. During cigarette smoking 1015 – 1017 free radicals 

per puff are produced, enhancing oxidative stress related diseases.  
 

In our study, the impact of cigarette smoking on the cutaneous AO system was investigated 
and compared with its impact on the body (blood). To broaden the knowledge about the 

synergistic interaction between endogenous AOs and those ingested with food (exogenous 
AOs), the basic and acute impact of cigarette consumption on the cutaneous AO system was 

investigated on moderate (<10 cigarettes/day) and strong smokers (>10 cigarettes/day). 

Nonsmokers served as the control group. EPR spectroscopy was used to determine the 
cutaneous AO status noninvasively. Using resonant Raman spectroscopy, the concentration 

of cutaneous carotenoids was recorded. To investigate the level of the endogenous AO 
glutathione (GSH), tape strips from the skin were analyzed. In parallel, blood samples were 

taken and examined for carotenoids, GSH, and expression of selected stress-associated 

genes. The cutaneous AO system of smokers is fundamentally different than that of 
nonsmokers. The level of exogenous AOs correlates negatively with the consumption of 

cigarettes. In contrast, the overall AO status in smokers correlates positively, which can be 
explained by a significant increase in the body’s own protective mechanisms (here: GSH). 

AOs supplied with food are preferably used to combat free radicals induced by active stress 

situations because of their rapid availability in blood. The increased endogenous AO status 
in the skin serves to maintain the general redox homeostasis and acts as a “buffer system.” 

A change in the gene expression of stress-associated genes could not be detected 4 h after 
cigarette consumption.  
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EPR spectroscopy is one of the techniques that provides direct information about free 

radicals in biological systems. However, X-band EPR studies often require sophisticated 
sample preparation protocols that could potentially affect oxidative stress effects in biological 

samples. Furthermore, due to the EPR resonator dimensions, application of X-band EPR to 

in vivo studies is limited, and usually the ex vivo studies using tissues and their homogenates 
are performed. 

 
The zebrafish (Danio rerio) embryo model is one of leading models used to study 

developmental biology, toxicology, and molecular genetics. In addition, the zebrafish is 
increasingly used to generate models of human diseases, including those in which oxidative 

stress is an important factor. 

 
Here, we combine X-band EPR and multiharmonic analysis with eSPECT+ to study the 

oxidative stress in vivo in the zebrafish embryo model. 4hpf zebrafish embryos were 
incubated in the 1 mM – 10 mM solution of spin traps (DMPO [5,5-dimethylpyrroline-N-

oxide], POBN [α-(4-pyridyl N-oxide)-N-tert-butylnitrone], and  PBN [α-phenyl N-tert-

butylnitrone]). A number of systems (Fenton, PAA/MnO2, H2O2, CuCl2) were used to induce 
oxidative stress in the zebrafish embryos. 

 
In the case of CuCl2-induced oxidative stress, the DMPO spin trap gave an EPR singlet line. 

The Fenton reaction was relatively safe for zebrafish embryos, whereas PAA/MnO2 (after 
several minutes of contact time) was toxic to zebrafish embryos. The optimal EPR 

spectrometer parameters, both safe for zebrafish embryos and sufficient to get EPR 

spectrum, were up to 16 scans by 11 s, 10 mT sweep, and 0.03 mW power. The maximum 
nontoxic concentrations of the spin agent were 10 mM, 5 mM, and 5 mM for DMPO, POBN, 

and PBN, respectively. 
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Myeloperoxidase (MPO) is a mammalian heme peroixdase that at physiological conditions 
produces halogenating oxidants such as hypochlorous acid using chloride anion (Cl─) and 

hydrogen peroxide (H2O2) as substrates. The oxidants generated by MPO neutralize the 
invading pathogens closed in the phagosomal compartment of neutrophils. Simultaneously, 

the MPO-derived oxidants generated by the MPO released to the extracellular matrix is an 

essential cause of initiation and propagation of inflammatory diseases. Thus, the idea of 
selective and specific inhibitors of MPO as potential therapeutic agents has been developed. 

 
In order to correctly identify the potent specific inhibitors of MPO, the systematic screenings 

of large libraries of compounds using the appropriate methodology has to be performed. 
Here, we propose the development of a new MPO inhibitor screening assay based on the 

use of chosen boronate probes. The optimal methodology established in the course of 

research will be discussed. A comparison of the assay with other available MPO inhibitor 
screening assays will be presented, and validation of the selected probes in enzymatic 

systems containing MPO/H2O2/Cl─ with the use of well-known commercially available MPO 
inhibitors, e.g., hydrazides such as  

4-aminobenzoic acid hydrazide, will be performed. 
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Melanin pigments are believed to protect the skin and eyes against the adverse effects of 
solar radiation. Melanin, in particular the brown-black eumelanin, is viewed as an effective 

photoprotective agent against solar radiation due to its ability to absorb and dissipate light 
in the UV-VIS range and scavenge reactive oxygen species (ROS). Although eumelanin is 

perceived as an efficient photoprotectant, pheomelanin, on the other hand, seems to 

generate ROS, particularly singlet oxygen, and demonstrates lower quenching efficiency [1]. 
Synthetic melanins of different DOPA-melanin/CDM-melanin ratio were used in the 

experiments. 400 nm LED diode was employed to perform degradation of the pigments. EPR 
was used to determine the degree of melanin degradation. EPR oximetry was used for 

detection and analysis of type I and type II photoprocesses induced by irradiation of melanin 

with blue light. Time-resolved near-infrared luminescence was employed to determine the 
photoformation of singlet oxygen between 320 and 600 nm and the quenching performance 

of photodegraded pigments. Collectively, our data show that degradation of melanin leads 
to more efficient photogeneration of singlet oxygen, a lower rate of oxygen consumption, 

and lower scavenging activity of the pigment. 
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The formation of extracellular microparticles by platelets and trophoblast cells, and their role 
in the preeclampsia progression are currently under discussion [1]. The aim of our research 

was to study the level of oxidized-modified proteins and the ability of red blood cells (RBCs) 
of preeclamptic women to form microparticles.  
 

We examined 55 pregnant women who were divided into two groups. The first group 
enrolled 20 women who had arterial hypertension before pregnancy and were diagnosed 

with preeclampsia during the examination period. The second group enrolled 35 women 
who developed preeclampsia after only 20 weeks of pregnancy. A third, control group 

enrolled 15 healthy women. The ability of the RBCs to form microparticles was estimated by 
the protocol of Sheremetyev et al. [2]. The reactive protein carbonyl derivatives (RPCDs) 

are the most stable products of the protein oxidative modification. The RPCD concentration 

in erythrocytes was detected following the protocol of Levine et al. [3]. Membrane-bound 
hemoglobin is considered to be a variant of the modified protein. It was detected following 

the protocol of Toktamysova & Birzhanova [4].   
 

The ability of RBCs to form extracellular microparticles in the first and second groups of 
subjects was significantly higher compared with the control group (by 3–3.5 times and by 

4–5 times, respectively; p<0.02). 
 

The level of membrane-bound hemoglobin in erythrocytes of second group of subjects was 

higher compared with the control group (by 2 times, p<0.02) and the same as that of the 
first group of subjects. We also observed that the RPCD concentration increased 

significantly, especially in the erythrocytes of the second group of subjects (p<0.02).  
 

Our results demonstrated the relationship between the ability of RBCs to form microparticles 
and an increase in the oxidized-modified proteins in RBCs. In our opinion, the increased 

ability of RBCs to form microparticles can be considered an indication of erythrocyte 

instability and may lead to hypercoagulation, which contributes to preeclampsia progression. 
 

 

[1] Gilani SI et al., Curr. Hypertens. Rep. 18(9):68, 2016. 
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Although the primary biological function of retinal photoreceptors is to absorb light and 

provide visual information, extensive exposure to intense light could increase the risk of 

phototoxic reactions mediated by products of rhodopsin (Rh) bleaching that might 
accumulate in photoreceptor outer segments (POS). Here, we asked whether products of 

Rh photobleaching could contribute to dysfunction of the retinal pigment epithelium (RPE) 
under in vitro photic-stress conditions, and whether quercetin (Q) can modify the phototoxic 

potential of Rh photobleaching products. ARPE-19 cells or Q-enriched cultures first were 

preloaded with Rh-rich POS isolated from bovine retinas and irradiated with green light (520-
580 nm) to photobleach Rh, and subsequently with blue light (425 nm) to excite retinoids. 

Survival of cells was determined by MTT assay. Changes in mitochondrial membrane 
potential (MMP) were assessed by JC-1 staining. Cells and model systems were also analyzed 

for the presence of protein hydroperoxides using the fluorogenic CBA (coumarin boronic 
acid) indicator. The effect of photic stress on specific and nonspecific phagocytosis of the 

cells was analyzed by flow cytometry. Photoreactivity of Rh-rich POS and POS enriched with 

Q was analyzed by measuring oxygen photoconsumption employing EPR oximetry. 
Irradiation or ARPE-19 cells containing Rh-rich POS with green light and subsequently with 

blue light induced a dose-dependent cytotoxicity accompanied by measurable reduction in 
the MMP of cells. Photodynamic treatment mediated by Rh-rich POS significantly inhibited 

the specific phagocytosis of POS and nonspecific phagocytosis of polystyrene beads. In both 

cases, inhibition of phagocytosis was transient and largely recoverable by 24 hours. Photic 
stress mediated by the Rh-rich POS induced peroxidation of cellular proteins and BSA (bovine 

serum albumin) in model systems. The observed rates of photo-induced oxygen uptake 
indicated that photobleaching of Rh-rich POS was accompanied by formation of products 

with substantial aerobic photoreactivity. Enrichment of cells with quercetin lowered the 

detectable photoreactivity of Rh photobleaching products and reduced the inhibitory effect 
of retinoid-mediated stress on POS phagocytosis. The data support the hypothesis that 

products of Rh photobleaching, formed in POS, may also be present in RPE, where they 
could contribute to chronic oxidative stress and deterioration of the ability of cells to 

phagocytize POS. Quercetin may efficiently diminish the phototoxic action of retinoids, hence 
preventing possible deterioration of the key function of retinal pigment epithelium cells. 
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Due to their high membrane potential, mitochondria accumulate lipophilic cations that are 
able to diffuse directly through mitochondrial membranes. This gives the possibility of 

targeting bioactive compounds to mitochondria by conjugation to the lipophilic 

triphenylphosphonium cationic moiety (TPP+) using alkyl linkers.  
 

Here, we report the synthesis and characterization of several redox-active pyridinium 
compounds, linked to the TPP+ moiety as efficient redox cycling agents able to induce 

superoxide production inside the mitochondria. Due to the presence of a positive charge on 
both the pyridinium and TPP+ moieties, the synthesized compounds carry two positive 

charges, which may affect their ability to cross the lipid membranes. Here, we show that 

the studied redox-active pyridinium cations react with NADH, forming their reduced forms. 
The acid-base properties of the studied cations may also play an important role in the 

transport of those compounds through the lipid membranes.  
 

 

 

  



 136 

EPR Studies on DMPC Model Membranes Containing 
Lutein and Palmitic Acid 

 

Reszczynska E1, Duda M2,3, Wisniewska-Becker A2  

 
1Department of Plant Physiology, Faculty of Biology and Biotechnology, 

 Maria Curie-Sklodowska University, Lublin, Poland 
2Department of Biophysics, Faculty of Biochemistry, Biophysics and Biotechnology, 

Jagiellonian University, Krakow, Poland 
3Malopolska Centre of Biotechnology, Jagiellonian University, Krakow, Poland 

 

 

Palmitic acid is one of the most important components of plant cell membranes, naturally 
occurring in the form of free fatty acids or esterified fatty acids, e.g., with carotenoids. 

Esterification of lutein with fatty acids results in its higher bioavailability, which means its 

better dispersion, solubilization, and incorporation into the micelles during digestive process 
in humans. The possible influence of the above on the accumulation of carotenoids in some 

tissues, such as retina of the human eye (in macula lutea) and on their protective role 
against the high energy blue light, are also considered. However, the effect of free palmitic 

acid or its ester forms with carotenoids on membrane structure and its relevance to lutein 
solubility is not yet explained.  

 

In the presented study, DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) multilamellar 
liposome membranes were formed and supplemented with lutein, palmitic acid, or both, and 

subsequently subjected to the measurements by an electron paramagnetic resonance (EPR) 
technique using lipid spin labels with a nitroxide moiety attached to different carbons along 

the alkyl chain (5,10,16-DOXYL PC). This allowed us to get preliminary information on local 

fluidity, polarity, and lipid phase transition in the investigated membranes.  
 

First, changes in the temperature of the phase transition (Tm) were detected. The addition 
of palmitic acid to the DMPC membrane shifted the phase transition to a higher temperature 

and increased membrane stiffness above the Tm. Then, a significant decrease of polarity 
was observed in the center of the membranes containing both lutein and palmitic acid.  

 

Lower polarity and fluidity within the membranes containing both lutein and palmitic acid 
may result in better protection of the membrane against oxidative stress. Synergistic effects 

of both compounds may also indirectly prove better solubility and distribution of lutein within 
the membrane in the presence of the acid. However, a satisfactory explanation still requires 

further investigation, also using lutein fatty acid esters.  
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The high content of polyunsaturated fatty acids in the retina and the presence of 
endogenous sensitizers and high oxygen tension, combined with prolonged exposure to 

short-wavelength visible irradiation, increase the risk of oxidative damage to the retina. 

Chronic oxidative stress has been postulated to play an important role in the development 
of age-related macular degeneration [1]. 

 
Tauroursodeoxycholic acid (TUDCA), a hydrophilic bile acid containing taurine conjugated 

with the ursodeoxycholic acid, has been known and used since ancient times as a therapeutic 
compound in traditional Chinese medicine [2]. Recently, significant interest has been shown 

in TUDCA as a neuroprotective agent, including use for visual disorders. It has been shown 

that TUDCA efficiently protects photoreceptors against photodamage [3]. However, the 
exact mechanism of its action has not been elucidated. 

 
In this work, we investigated the antioxidant activity of TUDCA and its impact on the 

structural properties of model photoreceptor membranes of different compositions using 

electron paramagnetic resonance spectroscopy and a spin-labeling technique. The results 
show that TUDCA induces distinct changes in the polarity and fluidity in all investigated 

model membranes, which  depend on the cholesterol content of the membranes. In addition, 
TUDCA exerts antioxidant properties, protecting the studied membranes against free radical-

induced oxidation. 
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Superoxide is a reactive oxygenated species mainly produced by the electron leak from the 
mitochondrial transport chain (complexes I and III) and NADPH oxidases family. Recently, 

mitochondrial superoxide was suggested to be implicated in cancer metastasis [1]. 

Mitochondrial superoxide is difficult to detect due to its intracellular localization and short 
lifetime. To assess the modulation of the mitochondrial superoxide level, there is a crucial 

need to develop new tools allowing its sensitive and specific detection. The first aim of the 
study was to systematically compare the existing EPR approaches for detecting superoxide 

in terms of sensitivity and specificity. Three main classes of EPR probes were used in the 

comparison, including paramagnetic superoxide scavengers (such as nitroxides TEMPOL and 
mitoTEMPO as well as trityl CT-03), a spin trap (DIPPMPO), and diamagnetic superoxide 

scavengers (such as cyclic hydroxylamines CMH and mitoTEMPO-H). We analyzed the 
reactivity of the different probes in the presence of a constant production of superoxide or 

hydroxyl radical in buffers and cell lysates. We also assessed their performances to detect 
superoxide produced by macrophages stimulated by phorbol 

12-myristate 13-acetate (PMA). A second aim was to 

synthesize a new probe targeting the mitochondria by linking 
a triphenylphosphonium moiety to CPH and to assess their 

performance in detecting mitochondrial superoxide in cancer 
cell lines. 
 

 

Our comparison study demonstrated that DIPPMPO and CMH 

were the two best candidates as they both showed a high 
stability in complex media (lysates) and allowed a sensitive 

and specific detection of superoxide in the PMA-stimulated 

macrophages. We then synthetized a new mitochondria-
targeted hydroxylamine: mitoCPH (Fig. 1) the provided a 

higher sensitivity than the existing one in PBS to detect 
superoxide (Fig. 2).  
 

We are now testing mitoCPH on wild-type SiHa cells and 

highly metastatic SiHa cells to confirm the implication of 
mitochondrial superoxide in cancer metastasis. 
 

 

[1] Porporato PE et al., Cell Reports. 8:754-766, 2014. 

  

Fig. 1: mitoCHP 

Fig. 2: Comparison of 
superoxide detection by 
hydroxylamines in PBS 
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In a typical continuous-wave (CW) electron paramagnetic resonance (EPR) experiment, a 
spectrum is collected as a continuous signal over 

the full spectrum and then repeated for averaging 

(Fig. 1; x[i]). However, the signal is typically time 
invariant, and therefore, can be collected in a 

number of unique ways. Here, we show that up to 
factor of 10 in signal-to-noise improvement is 

possible by collecting an EPR spectrum with a 

reduced sweep width (Fig. 1; L) and stepping the 
center (Fig. 1; xk̃[i]) through the whole spectrum, 

filtering each segment (Fig. 1; H[ω]), and then 
averaging together (Fig.1; y[i]). By optimizing the 

sweep width and step size, a signal-to-noise 
increase compared to filtering and averaging CW 

data for the same data acquisition times is 

achieved. We call this method, illustrated in Fig. 1, 
the segmented-overlap Fourier-filtering and 

averaging (SOFFA) data acquisition method. 
 

Four processes encompass the SOFFA data 
acquisition method: (i) oversampling spectral 

segments, (ii) Fourier block-filtering of individual 
segments, (iii) segment-overlap averaging, and (iv) decimation of the combined 

oversampled data. To illustrate the usefulness of the SOFFA method, three experimental 

examples are shown. Conventional CW EPR is compared with SOFFA-CW of a single reduced 
[4Fe-4S]+ cluster (S = 1/2) at concentrations of 1 mM, 100 µM, and 10 µM, showing an 

average increase in concentration sensitivity by a factor of 6. Experimental comparison of 
CW and SOFFA non-adiabatic rapid scan (SOFFA-NARS) data with similar filter parameters 

and field-modulation amplitude demonstrates a factor of 10 in signal-to-noise improvement 

for a 150 µM site-directed spin-labeled hemoglobin in 82% glycerol at 18°C. Conventional 
and SOFFA rapid scan (SOFFA-RS) data were collected for a minuscule amount of lithium 

phthalocyanine and a factor of 10 in SNR improvement is demonstrated.  
 

This method can be implemented to perform real-time segmented processing and, combined 
with more sophisticated averaging methods, will push the state-of-the-art sensitivity in EPR 

spectroscopy.  
  

 

Acknowledgements: This work was funded by the European Union Horizon 2020 Marie 
Skłodowska-Curie Fellowship (Act-EPR; No. 745702) and the Max Planck Society. 

  

 
Fig. 1. Segmental data collection. 
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Melanoma is a highly aggressive cancer that exhibits metastasis to various critical organs. 
One of the most characteristic features of melanoma is its ability to synthesize melanin 

pigment. However, for mostly unknown reasons, pigmentation of melanoma cells seems to 

be disrupted in standard 2D culture. This significantly limits research in the field of melanoma 
because of melanin’s unique properties, such as broadband absorption, ability to scavenge 

free radicals, and photoprotective function, among others. Importantly, most of the available 
data published so far on melanoma was made using nonpigmented cells. This seems 

particularly disadvantageous when studying potential photosensitizers for possible 
photodynamic treatment of melanoma. Here, we show a unique 3D model for studying 

pigmented melanoma tumors based on the culture of melanoma cells on a chorioallantoic 

membrane (CAM) of a fertilized chicken egg.    Our results demonstrate that implementation 
of melanoma cell spheroids into the CAM membrane retains their pigmentation. X-band and 

W-band EPR spectroscopy and chemical degradation methods show that the composition of 
the melanin is almost identical with that of the original cells. Moreover, formation of blood 

vessels in the tumors indicates that the CAM-based model is a good model for studying 

melanoma progression and can be successfully implemented in different experiments for 
melanoma research.  
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Because the resonator is a part of electron paramagnetic resonance (EPR) signal detection, 

the design of resonators with improved characteristics is in the scope of interest. In 
particular, most of the EPR resonators used at X-, Q-, and W-bands have inhomogeneous 

microwave magnetic field (B1) over the resonator working length. That decreases the signal 
intensity in both CW and pulse EPR measurements for samples where length exceeds 

homogeneity of the B1 field (i.e., increases the measuring time for appropriate signal-to-
noise ratio) as well as it might results to uncertainties in quantitative measurements.  

 

Herein, we demonstrate the approach that allows improvement of the B1 homogeneity of 
dielectric ring resonators at X-band. The approach is based on developments discussed 

previously [1-2] and is in the controllable varying of the outer diameter of the dielectric 
insert (namely the dielectric insert “shaping”). We discuss the effectiveness of different 

shaping strategies and challenges that appears at design of shaped dielectric inserts as well 

as compare different shaped resonators at X-band with standard ones. Shaped resonators 
are manufactured from bismuth germanate single crystals, which is a promising material for 

EPR dielectric resonators [3].   
 

 

[1] Hyde JS, Mett RR, Appl. Magn. Reson. 48:1185-1204, 2017.  
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Reactive oxygen species (ROS) and reactive nitrogen species (RNS) have emerged as 
important mediators of cellular signaling and damage [1]. ROS and RNS comprise different 

species with very diverse chemical reactivities, lifetimes, and target specificities in the 
extracellular and intracellular milieu [2]. The term ROS typically refers to superoxide radical 

anion, hydrogen peroxide (H2O2), or hydroxyl radical, and the term RNS refers to 

peroxynitrite (ONOO—) and nitrogen dioxide radical. Rigorous identification of those species 
is crucial for understanding their roles in cellular signaling and pathology. 

 
Pyrroline derivatives have long been the focus of many studies due to their importance in 

the organic materials of nonlinear optics. One such group of compounds is tricyanopyrroline 

derivatives, which have electron-withdrawing substituents in their skeleton [3]. The 
synthesis of tricyanopyrroline derivatives is carried out in a two-step reaction using 

Knoevenagel condensation. In the first step, the reaction of malononitrile dimer with ethyl 
pyruvate yielded intermediate (tricyanopyrroline ), which in the next step, condensed with 

different compounds (e.g., with the aldehydes). 
  

As part of the research, we received a new boronate probe (TCP-BOR) and potential 

products of the probe reaction with H2O2 and ONOO— [4]. We have successfully applied the 
TCP-BOR probe for H2O2 and ONOO— detection using UV-Vis spectroscopy and high-

performance liquid chromatography. EPR spin-trapping experiments combined with the 
molecular weight of radical adduct obtained by liquid chromatography–mass spectrometry 

analysis unequivocally showed the formation of the phenyl radical during the oxidation of 

TCP-BOR probe by ONOO—. The ONOO—-specific product formed in the minor radical 
pathway can serve as a fingerprint of ONOO—. 
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In search of factors determining the effectiveness of cancer therapy, we considered 
nitrosylhemoglobin (HbNO). We compared the intensities of electron paramagnetic 

resonance (EPR) signals of various iron-nitrosyl complexes detectable in the presence and 
absence of excessive exogenous iron(II) and diethyldithiocarbamate (DETC) in three types 

of murine tumors—leukemia L5178Y, amelanotic melanoma Cloudman S91, and Ehrlich 

carcinoma (EC)—growing in DBA/2 or Swiss mice. The results were analyzed in the context 
of tumor blood supply determined immunohistochemically with the antibodies against CD31, 

and macroscopically. Strong HbNO EPR signals were found in melanoma, i.e., in the tumor 
with a huge amount of hemorrhagic necrosis. They could be intensified due to mechanical 

homogenization of the tumor. Strong signals of NO complexes with iron and DETC 

(Fe(DETC)2NO) could be induced in poorly vascularized EC. In L5178Y, the intensity of the 
HbNO signal correlated with Fe(DETC)2NO, and in addition, signals of nonheme-iron-nitrosyl 

complexes Fe(RS)2(NO)2 could be detected. We postulate that HbNO EPR signals emerge 
during active destruction of well-vascularized tumor tissue as a result of hemorrhagic 

necrotization which, in turn, facilitates NO generation in a positive feedback. The presence 
of EPR signals of various iron-nitrosyl complexes is full of biological meaning and defines the 

quality and quantity of complicated tumor-host interactions.  
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Oxygen is one of the three factors, besides photosensitizers and light from appropriate 

wavelengths, necessary for photodynamic therapy (PDT) to cause toxic effects, yet the 
therapy itself can deplete or enhance tumor oxygenation. In tumor tissue, PDT leads to the 

killing of tumor cells, destruction of endothelial cells, and vasculature collapse, and induces 
strong immune responses. All these effects may influence the oxygenation level, although 

vasculature changes mainly have an impact on the partial pressure of oxygen (pO2) level. 

There is a need to measure changes in tumor oxygenation after chlorophyllide-based PDT 
and explore its utility for predicting long-term response to treatment. 

 
EPR provides direct, quantitative, and noninvasive pO2 measurements in the same animal. 

A solid-state spin probe lithium phthalocyanine, implanted into the tumor, estimated local 
changes in tissue oxygenation and enabled direct, minimally invasive, and repetitive 

measurements. Chlorophyll derivatives turned out to be effective photosensitizers in pilot in 

vitro and in vivo studies. 
 

Tumor growth inhibition was observed only if pO2 was increased immediately after PDT. 
Following pO2 in the tumor tissue noninvasively after PDT reflected the effect of PDT on 

vasculature, and later revealed the regrowth of functional vasculature in the tumor. The 

results indicate a significant relationship between pO2 changes in tumors and the efficacy of 
therapy. EPR oximetry using a local spin probe is useful to assess pO2 in the same region of 

the tumor over the course of tumor growth and during response to treatment. Monitoring 
of PDT-induced changes in tumor oxygenation may be a valuable prognostic indicator and 

could be used to identify potentially resistant tumors.  
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Melanin is widely known as a photoprotective agent in cells, but with increasing age its 
properties change, decreasing the ability to scavenge reactive oxygen species and to 

sequester metal ions. The photoreactivity of melanin also increases, leading to 
photogeneration of superoxide and singlet oxygen1. Melanin in the retinal pigmented 

epithelium (RPE) is especially prone to photoinduced modifications due to high oxygen 

concentration and intense visible light from focal irradiation. RPE melanosomes accumulate 
age-related physicochemical changes because no metabolic turnover of melanin occurs in 

retinal pigmented epithelium. In our previous work we’ve shown interaction of melanin 
radical and dysprosium ions used as a relaxation agent2. In this study we employed 

saturation recovery EPR with oxygen as a relaxation agent for characterizing its interaction 
with melanin radical centers. Our preliminary results show decrease in spin-lattice relaxation 

times with increased concentration of oxygen. Since molecular oxygen is also a substrate of 

the oxidative reactions of melanin, an increased availability of oxygen in relation of the 
melanin radical centers, may lead to increased generation of reactive oxygen species. Using 

samples from human donors of different age, we also observed the effect of donors age, 
which could indicate differences in the morphology of melanin granules and internal 

structure of the melanin. To examine if such changes affect the photogeneration of singlet 

oxygen by melanosomes, 1270 nm characteristic luminescence was measured in suspension 
of melanosomes isolated from human donors of different age, after photoexcitation with 

nanosecond laser pulses. The data did not show any significant differences between the 
examined age groups. 
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MitoSOX Red (Mito-HE) is a commercial probe widely used to detect the superoxide radical 
anion (O2

•–) within the mitochondria by fluorescence [1]. In the presence of O2
•–, Mito-HE 

undergoes a hydroxylation reaction yielding red fluorescent 2-OH-Mito-E+, a stable product 

that can be used as a specific marker for O2
•–. The Mito-HE probe consists of a hydroethidine 

moiety that is linked to a triphenylphosphonium cation (TPP) through a 6-carbon alkyl linker. 

The TPP moiety is used to accumulate the probe inside the mitochondrial matrix in response 
to the negative mitochondrial membrane potential [2]. We focused on the modulation of the 

alkyl chain linker, which affects the lipophilicity of the probe, to improve the probe uptake 

and modulate the site of mitochondrial sequestration. Therefore, we synthesized a series of 
Mito-HE derivatives bearing various numbers of carbon atoms in the alkyl linker (n = 2, 4, 

6, 10). These new probes and their oxidation products have been synthesized and 
spectroscopically characterized. As expected, the length of the alkyl chain linker does not 

significantly alter the fluorescence proprieties of the superoxide-specific products. The 
efficiency of the Mito-HE derivative probes to trap O2

•– has been evaluated by HPLC in the 

cell-free system using hypoxanthine/xanthine oxidase and in intact MiaPaCa-2 cells. We 

conclude that the synthesized probes enable the detection of O2
•– in cell-free and cellular 

systems. Our results also show that the extent of accumulation of the probe in MiaPaCa-2 

cells affects the level of the products formed and is proportional to the lipophilicity of the 
probe, which is controlled by the length of the alkyl linker. 
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It is well known that dinitrosyl iron complexes with thiol-containing ligands (DNIC) are the 

most important natural forms of nitric oxide (NO) accumulation in mammalian organisms 
[1]. The administration of such complexes with low-molecular (glutathione or cysteine) 

ligands, which was carried out by intravenous, subcutaneous, intraperitoneal, or 

intramuscular injections, resulted in continuous hypotensive action and formation of protein-
bound DNIC in both blood and organs [1,2]. 
 

The objective of the present study was to investigate the action of DNIC with N-acetyl-L-

cysteine lipophilic ligands after transdermally administrating them into the rat organism. In 
all experiments, the mean aortic pressure was monitored and the DNIC was measured in 

whole blood. Meanwhile, the total amount of NO in rat organs (heart, lung, liver, and kidney) 

was estimated using lipophilic complexes of Fe ions with diethyldithiocarbamate (Fe-DETC2) 
as spin traps for NO. The DNIC and NO-Fe-DETC2 spin adducts were recorded using EPR 

techniques. 
 

We have shown that DNIC with N-acetyl-L-cysteine ligands in model systems can be 
characterized by a singlet EPR signal with g=2.03. These complexes also act as rather stable 

origins of NO and exert a well-defined antioxidant effect. Another part of the present study 

showed that transdermal administration of the DNIC into the rat organism resulted in a 
rather small, prolonged decrease of mean aortic pressure values (<10%). Meanwhile, under 

these conditions, protein-bound DNIC in rat blood was not observed. However, transdermal 
administration of this substance resulted in a substantial increase in the concentration of 

NO-Fe-DETC2 spin adducts in the rat lung and liver, while such changes were not obtained 
for the heart and kidney. 
 

Thus, transdermal administration of DNIC with the lipophilic N-acetyl-L-cysteine ligand 
resulted in an obvious increase in the total amount of NO in the lung and liver, while it did 

not cause formation of a substantial amount of DNIC with proteins in rat whole blood. 
 

 

Acknowledgements: This work was supported by grant nos. 18-015-00027 and 19-015-
00444 from the Russian Foundation for Basic Research. 
 

[1] Vanin AF, Nitric Oxide: Biol. Chem. 54:15-29, 2016. 

[2] Timoshin AA et al., Eur. J. Pharmacol. 765:525-532,2015. 

  



 148 

The Influence of Cholesterol in a Myelin-Like Bilayer on 
Myelin Basic Protein 

 

Träger J1, Harauz G2, Hinderberger D1  

 
1Physical Chemistry Department, Martin-Luther-Universität Halle-Wittenberg, Halle 

(Saale), Saxony-Anhalt, Germany 
2Department of Molecular and Cellular Biology, University of Guelph, Guelph, 

Ontario, Canada 
 

 

Myelin basic protein (MBP) is an intrinsically disordered protein of interest in the research 
on elucidating multiple sclerosis, in particular on the progression of this highly debilitating, 

demyelinating autoimmune disease. However, the exact order of events in the conformation, 

orientation, and self-assembly of MBP on a single membrane surface is not known.  
 

Former studies have shown that the composition of the monolayer and the amount of protein 
within are important for the outcome and may be a good indication of the role in lipid bilayers 

such as myelin [1,2]. Studying the specific role of each of the single lipids in the myelin in 

monolayers showed that the adsorption process is determined by protein interaction and 
lipid condensation due to electrostatic interactions [3]. In this former study, cholesterol was 

found to have a minor role compared with other lipids. It is puzzling that the amount of 
cholesterol in the natural membrane composition is very high, reaching 44%. To resolve this 

question, here, we have moved from studying monolayers to studying bilayers in order to 
investigate the interactions between a lipid bilayer (with different amounts of cholesterol) 

and MBP. 

 
EPR spectroscopy can give insight into the inter- and intramolecular bindings and the 

distance between spin-labeled positions [4]. The applied lipid mixture was a combination of 
different natural lipids similar to the cytoplasmic leaflet of myelin with varying cholesterol 

contents. Interestingly, the native amount of 44% cholesterol in the membrane seems to 

be important for the interaction between the lipid membrane and protein and shows unique 
features, which are presented. 
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Natural melanins belong to the group of natural organic polymers present in almost all 
groups of living organisms. One of their functions is to create color. The research is focused 

on the influence of the quantity and quality of melanin on the hue. The differences in the 
chemical structure, degree of polymerization, the surround are factors affecting the 

observed color [1]. A change in color may be a signal indicating overproduction of melanin 

associated with a pathological condition in the biological system [2]. The color was 
quantitated by the RGB parameter values of images of filter paper with melanin solutions 

blotted (known qualitatively and quantitatively). Synthetic analogues of natural melanin 
were used in the study. Human melanins are divided to eumelanin and pheomelanin, both 

of which have their synthetic analogues (dopa melanin and cysteinyldopa melanin). EPR 
spectroscopy is the best technique in analytical studies of melanins due to the characteristic 

spectrum of both eumelanin and pheomelanin. Based on the EPR spectrum, it is possible to 

conclude about the presence and also about the leading share of one of the polymers. 
Melanins were obtained following literature formulations [3]. In the conducted tests, 

EPR was used as a method confirming the correctness of the synthesis. Then, to analyze 
the color, solutions of known composition were prepared, applied to the filter paper in 

amount of 5 µl and then after drying, the color parameters - RGB and its components were 

determined using ImageJ software. The influence of the dopa melanin synthesis pathway 
on the observed color, color parameters of dopa melanin- cysteinyldopa melanin copolymers 

obtained by different routes were described. Color depends on the way of synthesis of 
polymer, in two components systems hue does not depend on eu/pheo ratio linearly. The 

small admixture of eumelanin in pheomelanin-containing systems is the reason for 
noticeable changes in color. This phenomenon is observed to a much lesser level in systems 

containing more eumelanin. 
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Recently, many studies have focused on the usage of blue light of λ=450 nm in combination 

with photosensitizers to treat surface skin disorders including cancers. Riboflavin (Rfl), which 
is nontoxic in the darkness, may act as a photosensitizer upon absorption of UVA and blue 

light, but its efficiency is limited due to its susceptibility to photodecomposition. The 
analogue of Rfl, 3-methyl-tetraacetylriboflavin (3MeTARF, see below), with acetyl 

substituents in the ribose chain, which inhibits the intramolecular processes leading to 

degradation, shows higher photostability as the sensitizer. Thus, 3MeTARF reveals higher 
photochemical resistance, remaining a good singlet oxygen generator [1-3]. 

 
The objective of the undertaken study was to elucidate mechanisms of 3MeTARF 
photoreactivity under blue light in comparison with its mater compound Rfl, using direct 

singlet oxygen phosphorescence detection at 1270 nm, EPR spin trapping, and oximetry. 
Additionally, we tested both Rfl and 3MeTARF phototoxicity against melanoma (WM115) and 

normal cells as well as human keratinocytes (HaCaT). Further, we studied the mechanism 

of photodynamic cell death. Our studies confirmed that 3MeTARF remains stable upon blue 
light activation and is a more efficient photosensitizer than Rfl. 
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Among in vivo models for oxidative stress/antioxidant studies, the Danio rerio (zebrafish) 

embryo model recently has been gaining attention. Compared with other animal models, the 
zebrafish model is cheaper, faster, and very robust. The results obtained with this model 

could be extended to higher vertebrates. 
 

Oxidative stress studies in the zebrafish embryo model currently are based on monitoring 

the survival rate and the development of distortions/disorders, microscopic observations of 
the morphological changes with the aid of various oxidation-sensitive fluorescent probes, 

and studies of the separated tissues with X-band EPR. 
 

Although EPR is one of a few techniques that provides direct information about the formation 

of free radicals and their type, as of now, the use of standard X-band EPR requires tissue 
samples that are pretreated before the measurements are taken. Preparative procedures 

such as homogenization or extraction could lead to the decay of the originally formed free 
radicals or generation of additional radical adducts. 

 
In this work, X-band EPR (with a benchtop spectrometer) using spin probes was applied to 

the zebrafish embryo model. In addition, we tested the toxicity of the commonly used spin 

probes as well as the effect of the EPR measurements on the mortality of D. rerio embryos. 
The 4hpf zebrafish embryos were incubated in solutions of two spin probes— TEMPOL (4-

hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl) and 3-carbamoyl-PROXYL (3-carbamoyl-
2,2,5,5-tetramethyl-1-pyrrolidineoxy)—in concentrations ranging from 1 mM to 10 mM. We 

observed a triplet EPR signal in 1-3 dpf zebrafish embryos in vivo from 1 mM and 2.5 mM 

of 3-carbamoyl-PROXYL and TEMPOL spin probes, respectively. The short exposure, up to 
120 s, and low power, 0.03 mW, were necessary for the zebrafish to survive. Adaptation of 

the spin probe EPR systems for zebrafish could contribute to further studies of mechanisms 
of various diseases associated with oxidative stress as well as studies of the in vivo 

antioxidant properties of various compounds. 
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