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Abstract: This review investigated the developments of Electron paramagnetic resonance such as 

SDSL EPR, pulsed/CW ENDOR, high frequency/ high-field EPR, and ESEEM in biological systems 

such as photosynthesis, metalloproteins, radical enzymes, and phospholipid membranes. EPR 

spectroscopy act as a powerful tool to calculate the dynamics and structure of the biological systems 

from the paramagnetic centers. Applying the EPR measurements on the biomolecules like calmodulin, 

pyruvate kinase, nitrogenase, bromoperoxidase can also help understand their intermolecular behavior. 

The better insight into the detailed kinetics of the protein in the radical state can be evaluated quickly 

with the EPR spectroscopy than that of the XRD or NMR techniques. Hence, the specific potentials, 

principles, technicality, developments, and limitations, of EPR spectroscopy are highlighted here to 

understand its applications in the research and development of bio-medicine.  
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1. Introduction 

X-ray crystallography is the gold standard when it comes to the study of structural 

geometry [1, 2]. It serves as the standard model to determine the structure of a crystal taken as 

the specimen. Nevertheless, it has limited use in the case of studying the species when present 

in intact cells [3]. In this context, researchers prefer electron paramagnetic resonance (EPR) to 

study biological systems out of many methodologies. EPR, also termed Electron spin resonance 

(ESR), has a unique feature of determining distances selectively in paramagnetic species [4], 

and it deserves more extensive usage than it has today. More focus on its broader utility will 

enhance its preference over other techniques. 

An individual characteristic of EPR is its focus on unpaired electrons in the biological 

system, which attributes to its paramagnetic behavior. This method can unfold structural 

information about the immediate vicinity [5]. It helps visualize the dynamics of the 

paramagnetic specimen [6], which can startle other fundamental methods available. The large 

number of different proteins identified through the work of the human genome project (HGP) 

result in an equally large number of questions about protein interaction which can be answered 

using site-directed spin-labeling (SDSL) and EPR [7]. The result of the genome project paved 

a new scope for the EPR study. This progress came as a contradiction as it was predicted that 

EPR has low-range applications. The (SDSL)- EPR primarily depends upon the spin property 
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of electrons. It maps electron-electron spin-spin interactions to measure the distance between 

the two-electron spins [8]. Its application includes investigation of protein recombination, 

change in structural arrangements during protein function, the pattern of the subunits which 

make up the biological bodies, arrangements of membrane proteins, and geometry of the entire 

system [9, 10]. 

X-ray diffraction is well suitable for the species in crystal form. For a stable crystal, it 

can determine the interatomic protein distances. After the low-temperature cryogenic 

treatment, the Cryocooled specimen resolves about 1.2 Å of the protein [11]. There are two 

conditions that x-ray diffraction cannot explain- (a) The normal state structure of the solution 

protein and (b) the electronic configuration of metalloproteins [12]. Even if, in some instances, 

the protein can condense to the crystal form, which functions in a membrane, some parts remain 

inexplicable by the XRD [13]. Single particles of large complex species like the subunits of a 

multi-component device are easy to study due to the method's selectivity. In addition, when the 

anatomical and functional observation of these subunits is also available from the data of other 

techniques like NMR and XRD, it serves as an aid to the present information [14]. 

NMR, a nuclear phenomenon, unlike the EPR, is concerned with the inter proton 

distances. The basic principle remains the same in both methods, yet the primary difference is 

the higher magnetic moment [15]. In NMR, the pulse methods govern the field. In contrast, in 

the case of EPR, continuous wave (CW) remains a preference. The magnetic resonance study 

draws a clear line between the two methodologies. NMR spectra are characterized by samples 

with molar concentration, while EPR spectra typically prefer samples with a concentration of 

less than one nanomole. In NMR, relaxation time ranges from milliseconds to a second. For 

enhancing the signal-to-noise, NMR is using cryogenically cooled resonators to increase the 

QF of the resonator by improving S/N. EPR uses resonators with lower quality factors (QF). 

The imaging of both the methods also shows their peculiar difference indicating the time 

difference in various criteria like gradient rise time, echo time, and even variation in resolution, 

magnet and resonator orientation, magnetic homogeneity, susceptibility, and many more. 

To apply any method, the main criteria are the nature of the sample or simply its state. 

To choose NMR to study the structural geometry of biomolecules like a protein, the 

specifications of the biological sample include the protein of high concentration with having 

minimal conductivity. Calculations and measurements from spectroscopic inferences show a 

lot more motion in protein than known. A sample is not definite with distinct features suitable 

for the above two methods. It varies from proteins in frozen, powders and, crystal forms. 

Unique features of EPR that stand as the specialty of the method in its application in biological 

systems include (a) detection of only unpaired electrons. (b) applicable to samples present in 

any phase and temperature. (c) due to large electron magnetic moment, EPR line shapes have 

long-range effects [16, 17]. Thus, EPR comes to rescue the researchers from the dilemma when 

the biological system in hand to study cannot be done with XRD or NMR method or is in an 

environment not suitable for both methods. It is suitable when the protein is present in 

membranes or whole cells and tissues with minimal sample perturbation [18]. 

The researchers studied broad applications of EPR in biological systems, such as (a) 

obtaining structural information of the biological systems from their paramagnetic centers [19]; 

(b) studying molecular dynamics with distance measurements by EP [20]; (c) measuring 

relaxation times of metal ions and organic radicals [21]; (d) EPR helps to analyze the 

intermolecular behavior of the biomolecules like calmodulin, pyruvate kinase, nitrogenase, 

bromoperoxidase, and many more; (e) the application of EPR in the field of biomedicine with 
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the advancement of the method with proper interpretation and analysis of data is a turning event 

of the research [22]. 

Hence, in this review article, we highlighted the range of applications of EPR 

technologies in biological systems like photosynthesis, metalloproteins, radical enzymes, and 

phospholipid membranes. 

2. EPR Probe for Photosynthesis Biosystems 

We all are aware that photosynthesis is of prime importance for its mark in enabling 

the existence of life. It transfers the sunlight into electrochemical energy [23]. It ultimately 

helps these organisms to grow, synthesize, and replicate. The photosynthetic process is 

associated with a vast range of time scales, starting from a few fs to more than 100Ms. As a 

result, photosynthesis is studied in various fields like radiation and condensed matter physics, 

photo and biochemistry, physiology, and botany [24, 25]. 

The primary process in photosynthesis includes the incoming sunlight (can be termed 

as light quanta). It is collected from 'Antenna' and then passed through the reaction centers 

(RC). Type 1 reaction centers (RC), such as photosystem1 (PS1), while in Type 2 RCs are 

bacterial reaction center (bRC) and photosystem 2 (PS2) [26].  

Researchers can choose a suitable method from many available methods to study 

anatomy. Widely used x-ray crystallography was chosen to study the 3D RCs [27]. However, 

it has its limitations. The x-ray crystal structure solution for various RCs was obtained at 

different resolutions. This method is able to give fine measurements of distance and 

orientations of the proteins and cofactor molecules. Still, it lacks revealing information 

regarding dynamics and their conformational variations in RCs. Further, X-ray crystallography 

gives the dark states or ground states; hence difficult to have info about light-mediated 

variations. Application of NMR is difficult in this instance due to the large size RCs and the 

paramagnetic nature of the cofactor molecules. 

 
Figure 1. (a) Reaction center and (b) electron-transfer cofactors of PSI. (Reprinted with permission from 

reference [30]). 

For its unique features and powerful interpretations, EPR is hailed as a suitable 

technique for examining photosynthetic RCs [28]. During photosynthesis, the light-mediated 

transfer in RCs results in known paramagnetic centers [29]. For these site-directed spin labeling 
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(SDSL), EPR proved to be a major achievement in research related to the study of 

Photosynthetic reaction centers (RCs) [30]. 

The locations in the protein selected for the covalent link of the spin-label are mostly 

solvent friendly. As a result, the spin-label accounts for less perturbation in structural and 

functional aspects of Proteins [31]. This new EPR approach, SDSL EPR, is now the preferable 

one. Proteins may be in different states such as soluble or intact to membranes or with any size 

and complexity can be easily studied by this technique leading to its application in various 

biological systems [32]. It has many critical applications like the determination of secondary 

structures of various proteins like bacteriorhodopsin [33], T4 lysozyme [34, 35], Rhodopsin 

[36, 37], and myosin [38]. The x-ray crystallography study of photosystem 1 (PS1) shows its 

clusters structure in Figure 1.   

The main aim of investigating the same system using SDSL EPR spectroscopy was to 

test the PsaC-PsaB contacts with asymmetric C- terminal. Thus, SDSL EPR can determine the 

binding of a PsaC. Thus, this study's result can help understand the mechanism of PsaC. 

Furthermore, this precise result regarding the PsaC bioassembly in PS1 is well obtainable. This 

new approach of EPR, called site-directed spin-label SDSL EPR, shows how it is impossible 

to get this similar preciseness in measurement by applying the widely used NMR spectroscopy 

or Conventional EPR spectroscopy [39]. 

 
Figure 2. W-band ENDOR spectrum a 15N enriched single crystal with six coincidence [40]. Reprinted 

(adapted) with permission from ACS Journal of the American Chemical Society; 

https://doi.org/10.1021/ja962076u. Copyright (1996) American Chemical Society. 

3. EPR probe for the detection of Metalloproteins in biological systems 

Metalloproteins, proteins embedded with metal ions or metal clusters, have been an 

intriguing topic to study for past years. Metalloproteins consist of paramagnetic metal centers 

present in the functional part of the protein, which can be easily studied by using EPR 

spectroscopy [41]. EPR reveals information regarding the protein structure and its function. 

Metal complexes showing G-anisotropy are correctly investigated at the low EPR frequencies 

(Liquid helium or liquid Nitrogen) [42]. Furthermore, spectra lines become broad at high 

frequencies with that high sensitivity, and a higher concentration of samples becomes 
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mandatory. A few methods are being combined to get precise information that is easy to 

interpret and analyze to address this high-frequency effect. 

 Dipolar spectroscopy is employed to determine the paramagnetic metal centers. 

Hyperfine spectroscopy measures the interaction between an unpaired electron spin and nuclear 

spin. It, therefore, helps in characterizing the local structure of the metal center's ligand sphere 

precisely. However, the study becomes complex and hectic when many paramagnetic species 

are present in the protein, leading to an overlapped spectrum [43]. So, the EPR spectroscopy, 

with its different approach and suitable magnetic field strength and temperature, makes the 

detailed study clear. Thus, the collective study employing the mentioned spectroscopies with 

the High-frequency EPR spectroscopy leads to an excellent study of the structure and functions 

of metalloprotein complexes. 

Many applications have been studied using this spectroscopy. It was found by applying 

dipolar spectroscopy and Hyperfine spectroscopy to metalloenzymes that the EPR method, 

with its high potential, has some limitations when applied to biological systems. This ultimately 

leads to high-field EPR spectroscopy based on time relaxation. HF-EPR spectroscopy as a 

probe in a biological system is widely studied in metalloproteins consisting of Manganese 

(Mn), Copper (Cu), and Iron (Fe). 

 
Figure 3. The determination methods, interactions, and the length scale with SOMO of radical enzymes. 

(Reprinted with permission from reference: [44]). 

3.1. HF-EPR spectroscopy on biological systems containing Mn proteins 

The High-frequency experiments such as the HF-EPR experiment with frequencies 

nearly 95 GHz need a resolution of the g-tensor anisotropy. In the case of metalloproteins, g-

strain broadening increases with the field. Due to the dominance of the Zeeman interaction, 

high field and high frequency are required. The advantages include enhanced g-resolution and 

better sensitivity using HF-EPR. In addition, the multi-frequency approach is suitable for the 

proteins containing Mn. 

Six lines were derived from the study for Manganese composition or Mn(II) due to the 

interaction. The narrow line increases the sensitivity of the EPR measurements. It serves as an 

anomaly to the precise measurement by making it an impurity while preparing the biological 

samples, and it becomes significant as the field increases. The study showed that the 
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cytochrome C oxidase has binding from the copper A site. Researchers performed HF-EPR at 

139 GHz on the frozen protein [45]. 

3.2. HF-EPR spectroscopy on Cu proteins. 

Blue color proteins are found to be active in the bacterias' redox chains. The Cu in 

protein has five ligands. The ENDOR method was applied to both naturally abundant as well 

as to 15N enriched samples at 1.2K. The spectrum recorded for the enriched 15N sample can 

be seen in Fig. 2. The contribution coming from the 5 N can be seen here. 

Further, accurate g-values can be calculated with the use of single-crystal EPR. The 

vital information regarding electron transfer (ET) can also be obtained. Other Cu centers with 

ET are binuclear copper A and mixed valence. Nitrous oxide reductase copper A center info 

can be obtained with pulsed ENDOR at 95 GHz [46]. 

3.3. HF-EPR spectroscopy on Fe proteins. 

Specific information on NO binding complexes, myoglobin, and hemoglobin 

containing Fe3+ can be obtained by performing HF-EPR studies. Here the media to disentangle 

spectra can also be obtained. HF-EPR provides additional information. The iron site of this 

new species was identified using ENDOR with multi-frequency at 4 K. 

The low-frequency X band part of the spectra is complicated to study the iron centers 

due to Zero-field splitting. But with the increase of the order of the frequency, the spectra 

become easier to analyze within 70 to 400 GHz. The origin of the paramagnetic metal center 

can be formulated with HF EPR on proteins. In some experiments, it was inferred that iron 

center is not the origin of paramagnetism from the g-anisotropy in EPR measurement at the W 

band. Instead, Fe was identified in the radical center at amino acid [47]. 

4. EPR probe for Biological Systems with Radical Enzymes  

Paramagnetic centers are also present in the modified state of the amino acid known as 

the radical enzyme. Inactivation of the enzymes also can cause radical states. These 

paramagnetic centers present in the radical enzyme can be determined using the research 

method like EPR, NMR, x-ray diffraction [48-50]. Specifically, for the protein in the Radical 

state, HF- EPR spectroscopy is preferable, which provides better insight into the detailed 

kinetics [51, 52]. The isotropic hyperfine couplings with nuclei result in unpaired electrons 

here. The singly occupied molecular orbital (SOMO) shown in Figure 3 is a universal 

characteristic of the shift in g values. These g shifts decrease with the increasing perturbation 

energy between the excited and ground state. Some exceptions are also there, for instance, 

cysteine radicals because of the existence of the degenerate state. Higher frequencies and fields 

are required for the precise measurements of the radical enzymes [53]. 

The paramagnetic centers have a direct linkage with the hyperfine couplings. However, 

high precision ENDOR techniques are required to analyze if the coupling is small. These 

paramagnetic centers overlap to a larger extent in non-conducting matrices with an observable 

value of coupling. 

The prototype of the radical enzyme is known as ribonucleotide reductase (RNR). In 

all living cells generation of deoxynucleotides from the nucleotides helps to catalyze the 

reaction. The mechanism can be understood in Figure 4. EPR spectroscopy helps to explore 

the class I RNR from tyrosyl radicals for the first time. The HF-EPR also can be a useful probe 
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to determine the substrate and protein intermediate radicals. The essential for catalysis RNRs 

can be of 4 types. But in all four types, the nucleotide reduction scheme has been observed with 

radical dependents. 

 
Figure 4. The tyrosine radical and tryptophan radicals 94 GHz HF- EPR. (Reprinted with permission from 

reference [54]). 

5. EPR probe for Biological System of Phospholipid membrane 

From times immemorial, it is evident that the living organisms depend upon the 

membranes which confine the individual cells and the organelles present within the cell. Study 

shows that around 30% of the human protein is membrane-bound. Membrane proteins are 

known to receive signals from the cell's exterior and transmit internally for intracellular action. 

It, therefore, enables a controlled material exchange, information, and energy transfer across 

the membrane [55]. It also accounts for the cell shape, stability, fusion, or division of 

membranes, organelles, and cells. 

The SDSL EPR can be applied on the phospholipid membranes without any 

environmental aspects or size limitations. One can use the SDSL EPR to get the structural 

insights into the membrane-embedded protein by following the essential steps for obtaining 

information like dynamics, water or membrane accessibility, and the inter spin distances. First, 

the mutagenesis and the process of labeling are done. The commonly followed method 

introduces cysteines at different sites and attaches the Nitroxide label covalently through 

various functional groups shown in Figure 5 [56]. These probes have been using nitroxide spin 

labels for more than 30 years [57-59]. Anisotropic strong hyperfine couplings of N at low field, 

whereas G tensor part can be seen at higher magnetic fields [60-62]. But both the interactions 

are highly sensitive to the polarity and dynamics of the solvent [63-65]. Hence the pre-requisite 

part is the basic knowledge of the nitroxide spin-label of the molecular motions [66-69]. The 

CW-EPR with three lines for the nitroxide in water can be seen in Figure 5 (b) [56]. The present 

HF-EPR can provide more insight into the structural characterization with long-range 

interactions. 
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Figure 5. The dynamics encoded Nitroxide probes (A) scheme; (B) energy scheme; (C) CW EPR X-band 

spectra. (Reprinted with permission from reference [56]). 

6. Summary and Perspectives 

             In summary, applications of electron paramagnetic resonance (EPR) technologies in 

biological systems like photosynthesis, metalloproteins, radical enzymes, and phospholipid 

membranes have been presented in this review work. The researcher demonstrates the 

effectiveness of the EPR techniques to obtain structural information of such biological 

systems from their paramagnetic centers. The distance measurements can also achieve the 

molecular dynamics of such systems through EPR. EPR techniques can also be implemented 

to the transition metal ions and organic radicals to calculate the relaxation mechanisms. 

Applying the EPR measurements on biomolecules like calmodulin, pyruvate kinase, 

Nitrogenase, Bromoperoxidase can also help understand their intermolecular behavior. For its 

unique features and powerful interpretations, EPR spectroscopy can be used as a suitable 

method for examining photosynthetic reaction centers. High-frequency EPR spectroscopy is 

also a suitable probe in the biological system to study the metalloproteins consisting of 

manganese (Mn), copper (Cu), iron (Fe). The better insight into the detailed kinetics of the 

protein in the Radical state can be evaluated easily with the EPR spectroscopy than that of the 

XRD or NMR techniques. The SDSL-EPR can also be applied on the membrane proteins to 

determine water accessibility and dynamics with higher sensitivity. Hence, the analysis and 

interpretation of the EPR data on the biosystems can act as a turning point for the research 

and development in biomedicine. 
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