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1. Introduction

For studying the structure of biological and other heterogeneous 
systems at the nanometer scale, X-ray diffraction, cryo-electron 
microscopy, and NMR are most often used. Of course, any 
physicochemical method has its limitations. In the first case, 
crystallization of the substance, a high degree of purification, 
selection of a suitable solvent, and monodispersity of the sample 

are required. Working with small crystals also presents 
challenges. In the second case, difficulties with sample 
preparation also arise and, in addition, there is a risk of damage 
to the sample by irradiation. In the third case, only small-sized 
systems (usually weighing no more than 10 kDa) can be studied.

In this regard, the use of the EPR spin label method in 
structural studies offers some advantages, since it allows one to 
study substances that are closer to the native state. Another 
important factor is the ability to select a specific region of a 
molecule for study. Among the various EPR methods, pulsed 
dipolar EPR spectroscopy (PDS-EPR, or simply PDS) is of 
particular importance. Due to its sensitivity to the nanometer 
range of distances, this method makes it possible to study the 
nanostructures of spin-labeled macromolecular systems. (It 
should be noted that the Förster resonance energy transfer 
(FRET) method can also be used for similar purposes.)

Nanostructures are present in protein systems as secondary 
and tertiary structures, including nanoscale oligomers of protein 
subunits. Nanosized oligomers exist in various objects of 
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supramolecular chemistry. The cell membranes of living 
organisms are themselves nanoscale objects due to the thickness 
of the lipid bilayer that forms them (5 – 7 nm). Moreover, guest 
molecules in these membranes — such as antimicrobial peptides 
and other drug molecules — can form lateral lipid-mediated 
nanoclusters. Nanostructures can also arise in polymers if their 
structure is heterogeneous; for guest molecules, this 
heterogeneity can lead to the appearance of nanoclusters of 
these molecules.

In the PDS, the magnitude of magnetic dipole-dipole (d-d) 
interactions between the spins of unpaired electrons is measured. 
All PDS approaches are based on the phenomenon of electron 
spin echo (ESE). The ESE signal is generated after two or more 
microwave pulses are applied to the spin system of unpaired 
electrons of spin labels in a magnetic field. PDS methods can be 
divided into double-frequency and single-frequency. The first 
type is the double electron-electron resonance method (DEER, 
also known as PELDOR — short for pulsed DEER).1 – 7 The 
second type includes the methods of double quantum coherence 
(DQC),8 – 10 single frequency technique for refocusing dipolar 
couplings (SIFTER),11, 12 relaxation-induced dipolar modulation 
enhancement (RIDME).13 – 16

Single-frequency methods also include the less common 
simple two-pulse ESE method (2p ESE). This method has 
proven effective in studying spin-polarized radical pairs,17 – 22 
and can also be used to study biradicals in thermal equilibrium.23 
Sometimes, other single-frequency methods are also used, e.g., 
the so-called ‘2+1’ method, the DEER method with a magnetic 
field jump, and the method of selective hole burning in the EPR 
spectrum.10, 24, 25

PDS methods are typically used for doubly-spin-labeled 
nanoscale molecules, in which the distances between the labels 
are measured to determine the conformations of the molecules. 
This review is devoted to the study of the supramolecular 
structure of nanoscale oligomers and molecular clusters 
containing more than two spin labels. These issues have 
already  been addressed to varying degrees in several 
reviews.3 – 6, 10, 24, 26, 27 However, at present there is a need for a 
more detailed examination of the possibility of applying PDS 
methods to the study of the structure of such systems, which is 
due to the rather complex methodological problems that arise 
here. The analysis of these issues in the existing literature is not 
entirely sufficient, and in some fundamental aspects it is simply 
absent. And this circumstance may become a limiting factor for 
further research in this area.

2. Methods of pulsed dipolar EPR 
spectroscopy
PDS methods are typically used at low temperatures (below 
80 K) to remove other types of interactions of unpaired electron 
spins that depend on molecular motion. In some favourable 
situations, studies at room temperature are also possible,28 but 
again, in conditions of motionlessness. That is, we are dealing 
with the study of a solid state.

PDS methods are well developed for biradicals (i.e., for two-
spin systems); for the sake of completeness and clarity, we will 
first describe the results known for these systems. We begin 
with a brief description of the theory of d-d interactions.

2.1. D-d interaction

The magnitude of the d-d interaction between two electron spins 
separated by a distance r is determined by the expression:1 – 7
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where g is the g-factor (for nitroxide spin labels it can be 
considered the same for both spins), μB is the Bohr magneton, θ 
is the angle between the vector r connecting the two spins and 
the direction of the external magnetic field B, μ0 is the magnetic 
permeability of vacuum. For the D value, in the case of 
nitroxide spin labels, it is convenient to use the relation (here 
D is in MHz, r is in nm):5

( / )

.

nm

MHz
D

r

52 2
3

= 	 (2)

In continuous-wave (CW) EPR, the d-d interaction leads to 
line broadening. This broadening can be noticeable if it is 
comparable to the intrinsic line width. The value of the latter for 
nitroxides in the solid phase can estimated to be around 
15 – 30 MHz. From formula (2), we then immediately obtain an 
upper limit in CW EPR for the measurable distances rmax of 
about 1.2 – 1.5 nm. It should be noted that, in addition to 
nitroxides, other types of spin labels can be used, for which the 
EPR spectral widths may be either significantly smaller 23, 29 or 
significantly larger 27 than the values specified for nitroxides. 
Accordingly, rmax in CW EPR may be either larger or smaller. 

The measured signal in all PDS methods is determined by 
cos(Dt), where t is the delay time between microwave pulses 
(different for different methods). The minimum value of t is the 
pulse duration tp ,5, 30 which can vary slightly for different 
spectrometer versions and different microwave ranges; typically, 
tp is between 10 and 30 ns. From the condition of acquiring a 
phase equal to unity, Dtр ≈ 1, we obtain the minimum distance 
rmin achievable in PDS in the range from 1.5 to 2 nm, respectively. 
The maximum time tmax is a value of the order of the transverse 
relaxation time of spins T2; in frozen organic and biological 
media, this value is of the order of a microsecond (it can vary 
depending on the nearest nuclear environment of the spin 
label — T2 is shortened due to mutual flip-flop reversals of the 
spins of the nuclei 31, 32). At T2 ≈ 10–6 s, from the condition 
DТ2 ≈ 1 we obtain the maximum value of the measured distances 
rmax of the order of 7 nm. If additional efforts are made to 
increase this time (for example, by deuterating the spin label and 
solvent 32), the upper limit of rmax may become noticeably larger.

Due to the signal dependence on time t in the form cos(Dt), 
PDS data processing methods based on the Fourier transform 
can be particularly effective. For narrow distance distributions 
in a pair of spins, this leads to sharp peaks in the frequency 
spectra and, as a consequence, to particularly high measurement 
accuracy, which can be no worse than ± 0.5% of the measured 
distance.19, 23

The total spin Hamiltonian of two spins A and B in a pair is 
given by the expression:
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where wA and wB are the resonant frequencies of these spins in 
the absence of d-d interaction. The first term in parentheses is 
called the secular part of the d-d interaction, the second term is 
called the pseudosecular part. The exchange interaction in a pair 
of spins is neglected here and below: for distances in the 
nanometer range it usually turns out to be insignificant (the 
exchange can manifest itself in nanometer-sized biradicals with 
a system of conjugated bonds 33).

The solution to Hamiltonian (3) can be sought in different 
ways depending on the relationship between the frequency 
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difference Δω = ωА – ωВ and the value of ωdd . In the case when 
Dw2 >> w2

dd (the so-called case of weak coupling of two spins), 
the pseudosecular term in Hamiltonian (3) in the first order of 
perturbation theory makes a small contribution and can be 
ignored. Then the splitting in the spectrum due to the d-d 
interaction is given by formula (1). In the opposite case, when 
Dw2 £ w2

dd (the case of strong coupling), the pseudosecular term 
cannot be discarded and the solution becomes more complicated.

2.2. Double electron-electron resonance (DEER)

The most commonly used PDS method is DEER. This method 
uses pulses at two EPR resonant frequencies, assuming the EPR 
spectrum is broad enough so that the spectral densities of pulses 
at different frequencies do not overlap. At the resonant frequency 
of spins A, an echo signal is observed. At the second resonant 
frequency, the other spins B are exposed to a pulse called the 
pump pulse, which changes their orientation relative to the 
magnetic field. In the DEER experiment, the condition of weak 
coupling between the two spins is usually satisfied, Dw2 >> w2

dd.
Initially, the DEER method was proposed 1, 2 in a three-pulse 

version — two echo-forming pulses at one frequency (usually 
90° and 180°) and a pump pulse (usually 180°) at another 
frequency (Fig. 1 a). The pump pulse is scanned over time t in 
the range from some negative value to t = τ. In these first 
experiments, the observation and pump pulses were generated 
by two different generators fed from different electrical 
networks, and a bimodal resonator 3 was used in which the 
observation and pump pulses were applied to the sample in two 

combined but different resonators in which the microwave fields 
were perpendicular to each other.

Later, when implementing a three-pulse circuit powered 
from a single electrical network and using a conventional 
resonator, it was discovered 34, 35 that when the observation and 
pump pulses coincided in time, the echo signal was distorted. 
This distortion was most likely caused by a sharp change in the 
signal phase.36 This effect was called the ‘dead time’ effect, by 
analogy with the well-known effect of resonator ringing after 
the action of microwave pulses, which prevents the observation 
of free induction and ESE signals immediately after this action. 
However, it should be noted that there is no actual analogy, and 
these are two different phenomena. Resonator ringing after the 
application of microwave pulse is a purely physical phenomenon 
caused by the impossibility of instantaneous attenuation of 
electromagnetic oscillations in the resonator after the termination 
of the microwave pulse. The distortion of the signal in DEER 
experiment when pulses overlap in time (a sharp change in its 
phase 36) is either a technical problem of the imperfection of the 
devices due to the undesirable influence of two powerful pulse 
sources on each other (the so-called ‘electrical interference’) or 
the effect 37 of the non-resonant action of the pump pulse in a 
conventional (single-mode) resonator.

Since the commercial ESE/DEER spectrometers that 
subsequently appeared used only one electrical network for 
power supply and a conventional resonator, this problem of echo 
signal distortion when the observation and pump pulses 
coincided in time became common. It has been proposed 38, 39 to 
eliminate this problem by adding another pulse to the echo-
forming sequence for spins A and recording the signal from the 
resulting refocused echo instead of the primary echo signal 
(Fig. 1 b). It turned out that in this measurement scheme, the 
refocused echo is not distorted as the pump pulse passes through 
the primary echo signal. This four-pulse sequence is currently 
considered standard.7

Then, however, a simple modification of the three-pulse 
DEER experiment was proposed,36 which makes it possible to 
eliminate the ‘dead time’ problem on commercially available 
spectrometers. The modification consists of conducting an 
additional ‘blank’ comparison experiment, in which the pump 
pulse is applied outside the resonant absorption (see Fig. 1 c), 
and then dividing the signals from the working and ‘blank’ 
experiments by each other. It was found that the signal distortion 
is eliminated after this division, which can be explained by the 
identical nature of the signal distortion in these two experiments.40

The results of a detailed comparison of the three-pulse and 
four-pulse DEER methods are shown in Fig. 2.40 As can be seen, 
the data from the two methods do not differ much (some 
difference is due to the non-zero duration of the pulses and their 
different number).

Figure 2 a shows that there is no gap in the data between the 
measurements at t < 0 and at t > 0. That is, the ‘dead time’ 
problem is indeed eliminated in this modified experiment. Of 
course, this signal distortion issue has nothing in common with 
the unavoidable problem of resonator ringing when observing 
free induction and ESE signals. Therefore, in our opinion, it is 
better not to use the term ‘dead time’ in DEER in order to avoid 
confusion between two fundamentally different phenomena.

When comparing the three- and four-pulse experiments, the 
following must also be taken into account. In the three-pulse 
setup, the pump pulse passes through the first echo-forming 
pulse, which creates difficulties in the theoretical description of 
spin dynamics, since the spins are simultaneously exposed to 
microwave fields of different frequencies. In the four-pulse 
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Figure  1.  Timing diagram of pulse sequences for (a) three- and (b) 
four-pulse experiments in DEER. In the first case, the primary echo 
signal is measured, in the second, the refocused echo  is measured. 
(c) The EPR spectrum in integral form for a nitroxide biradical with 
the positions of the observation and pump pulses along the field indi-
cated, including the case of a ‘blank’ measurement in the three-pulse 
case (see text).
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setup, similar difficulties arise in the theoretical description of 
the primary echo at one frequency during the passage of a pump 
pulse at another frequency. Therefore, in both cases, the above-
mentioned condition Dtр << 1 must be met; that is, the pulse 
durations must be sufficiently short.

The theoretical description of the DEER effect under the 
indicated condition is the same for the three- and four-pulse 
experiments. For the sake of clarity, we will consider the three-
pulse experiment. Each spin in a solid is subject to inhomogeneous 
broadening, which gives it a specific individual resonant 
frequency ω0 . In a coordinate system rotating with the frequency 
of the alternating magnetic field ω, the phase acquired by spin A 
before the action of a 180° pump pulse at the frequency of spins 
B at time moment t < τ is (Dw0 ± 1/2 ωdd)t (here, Dw0 = ω0 – w, 
the sign ± is determined by the spin B projection). After this 
action, the d-d interaction changes sign so that ± changes to +–, 
and the acquired phase just before the second echo-forming 
pulse at the frequency of spins A at time moment τ takes on the 
value

Dw0t ± 1/2 wddt +– 1/2wdd(t – t). 

At the moment 2τ of the echo signal formation, the phase 
acquires the value p +– wdd t (the disappearance of Dω0 here is an 
important property of the spin echo phenomenon), so the 
measured signal is proportional to cos wdd t. This result means 
the modulation of the signal when time t changes with frequency 
wdd, which allows us to measure the magnitude of the dipolar 
broadening wdd. Completely similar formulas also apply to the 
four-pulse experiment; in the notation of Fig. 1, time t just needs 
to be replaced with t'.

The time dependence of the measured DEER signal V(t) is 
determined by two contributions: the intramolecular contribution 
VINTRA(t), arising from the interaction of spin labels within the 
molecule, and the intermolecular contribution VINTER(t), arising 
from the interaction of spin labels in different molecules. These 
two contributions are assumed to be independent, so that V(t) is 
a product:

V(t) = VINTRA(t)VINTER(t). 	 (4)

The intermolecular contribution VINTER(t) can be obtained 
from additional experiments with single-label molecules or 
estimated from the asymptotic behavior of V(t) at large t. Most 
often, it is approximated by a simple exponential (see also 
below).

Due to the large EPR linewidth, in real situations, only a 
fraction of the partner spins B is excited by the pump pulse. We 
denote this fraction by λB; it is called the excitation efficiency. 
Then, VINTRA(t) is determined by the expression:

VINTRA(t) = 1 – λB + λB cos ωdd t.	 (5)

(VINTRA(0) can be considered equal to unity without loss of 
generality). At large times t, the cosine in equation (5) oscillates 
rapidly and averages to zero:

VINTRA(∞) = 1 – λB.	 (6)

Therefore, λВ is also called the modulation depth. The 
experimentally obtained dependence VINTRA(t) can be 
transformed into a normalized form:
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with VN (0) = 1, VN (∞) = 0. Examples of normalized VN (t) were 
shown in Fig. 2 b.

Except of obtaining the magnitude of the dipolar broadening, 
wdd , DEER method allows also studying the relative orientation 
of two spin labels, which is achieved by taking measurements 
for different frequency differences for the echo-detection pulses 
and the pump pulse.7, 27, 41

2.3. DQC, SIFTER and RIDME

A disadvantage of the DEER method is that it is only applicable 
to EPR spectra that are wide enough for the two frequencies ωA 
and ωB to be separated sufficiently. In the X-band, this typically 
means an EPR spectrum width of at least 2 mT. To overcome 
this drawback, various single-frequency PDS methods have 
been proposed.
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Figure  2.  Comparison of the 
results of a three-pulse (3p) and 
four-pulse (4p) experiments for 
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at the top right.40 (a) The origi-
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both methods. The inset shows the 
distance distribution function. See 
text for all details.
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In the DQC 8 – 10 method, a spin system in a magnetic field is 
exposed to a series of four or more microwave pulses with 
rotation angles of 90° or 180°. Unlike the DEER method, a 
simple vector model of the phenomenon is no longer possible; 
a density matrix approach is required for a theoretical 
description. For two spins, the density matrix has dimensions 
4 × 4. In thermal equilibrium, before the pulses are applied, 
only the diagonal elements, corresponding to the populations 
of the four possible states, are nonzero. The energy splitting 
between the lowest and highest levels is approximately equal 
to two Zeeman quanta. Microwave pulses lead to the 
appearance of nonzero off-diagonal elements; the pulse 
amplitudes and phases are selected so that after the last pulse, 
an observable transverse magnetization signal appears, 
proportional to the coherence of the upper and lower levels. 
This coherence oscillates for spins A and B with a total 
frequency ωA

dd + ωB
dd (with a double frequency 2 ωdd for 

identical spins A and B), which is the basis for the application 
of the method.

The SIFTER 11, 12 method is an analogue of the solid-state 
echo method in NMR. Compared to the basic solid-state echo 
pulse sequence in NMR, it adds two 180° pulses, which reduce 
the incomplete excitation effects of the EPR spectrum. The 
theoretical description of the effect here, as in the DQC method, 
is only possible using the density matrix formalism.

The advantage of both methods, DQC and SIFTER, 
compared to DEER is, as already mentioned, their 
applicability to narrow EPR spectra. However, when studying 
narrow lines, one serious problem arises, viz., the need to take 
into account the strong coupling between spins (when 
Δω2 £ ω2

dd) given by the pseudosecular terms in the d-d 
interaction Hamiltonian (equation (3)). This necessity can 
significantly complicate the interpretation of the data,16 
firstly, due to the complexity of the calculation scheme itself, 
and secondly, due to the fact that an additional parameter 
appears: the ratio of the EPR spectrum width Δω to the 
magnitude of the d-d interaction ωdd . A certain solution to 
this situation is the transition from the standard X-band EPR 
to EPR in high fields (Q-band, etc.).

RIDME method 13 is also single-frequency. It is based on the 
observation of the stimulated ESE signal in a three-pulse 
sequence, 90° –  t – 90° – t – 90° – t – echo. Here, as in DEER, the 
theoretical description is simple and clear. Between the second 
and third pulses, spin B changes its orientation along the 
magnetic field due to longitudinal spin-lattice relaxation. The 
effect of this process on the stimulated ESE signal results in a 
contribution to the signal proportional to cos wdd t, similar to the 
other PDS methods. This provides information about the d-d 
interaction. The difference from the DEER, DQC and SIFTER 
methods is that in RIDME the effect arises from natural 
stochastic processes of spin relaxation, rather than from applied 
microwave pulses, so the advantage is the larger fraction of the 
excited B spins, which is independent of the EPR spectrum 
width of B spins. This advantage plays a decisive role in the case 
when this width is large: significantly larger than the available 
amplitude of microwave pulses.14

It is noted 5 that the simple multiplication of intra- and 
intermolecular contributions according to formula (4), valid for 
the DEER case, is not entirely justified for DQC and SIFTER 
methods. This fact complicates the application of these methods 
to the study of multi-spin systems. Some ways to overcome this 
difficulty were however indicated,42 and analytical expressions 
for the DQC signal for a system with N dipolar-coupled spins 
were obtained.

2.4. Two-pulse electron spin echo (2-p ESE)

The ESE signal, on the measurement of which all PDS methods 
are based, in its simplest two-pulse version is also sensitive to 
the d-d interaction.43 This was first shown experimentally a long 
time ago, in a study 44 of the pairs of SO4

– radicals formed after 
UV photolysis of a potassium persulfate single crystal. The 
mechanism of this sensitivity is exactly the same as in the DEER 
experiment: the second pulse in the two-pulse sequence, in 
addition to its role of inverting the phase of the spin evolution 
necessary for the formation of the echo signal, also changes the 
sign of the d-d interaction — similar to the pump pulse in DEER.

Accordingly, the theoretical description 44 of the experiment 
is the simplest, leading to an analytical expression for the 
dependence of the ESE signal E(τ) on the time between two 
pulses τ. In the case of weak coupling, when Dw2 > w2

dd , these 
expressions are reduced to a form completely analogous to 
formula (5) for the DEER signal:23

E(τ) = 1 – λA + λA cos ωdd τ	 (8)

Here, instead of the efficiency of excitation λВ of spins B in a 
pair, the efficiency λА of excitation of the observed spins A 
themselves appears (the observed spins A and excited spins B 
here are the same). And instead of scanning time t in the DEER 
experiment, the 2p ESE experiment assumes scanning time τ.

The mechanism by which the ESE signal is sensitive to d-d 
interactions is called ‘instantaneous diffusion’,43 since under the 
influence of microwave pulses, the d-d interaction in a pair of 
spins instantly changes sign (if we neglect the duration of the 
pulses). However, it should be noted that all effects in PDS are 
also based on the phenomenon of ‘instantaneous diffusion’ (in 
RIDME, the d-d interaction changes sign due to spin reorientation 
during spin-lattice relaxation). Therefore, using this term 
specifically for the 2p ESE method is not entirely appropriate, as 
it artificially separates this method from other PDS methods.

Implementing a simple 2p ESE method is complicated by 
several factors. First, there is the aforementioned ‘dead time’ 
phenomenon after the pulses are applied, during which 
measurements are impossible due to resonator ringing. Secondly, 
in addition to the d-d interaction, the ESE signal is also affected 
by various thermal processes leading to transverse relaxation, 
the contribution of which is difficult to take into account. 
Thirdly, magnetic nuclei in the surrounding environment (most 
often protons) interacts with unpaired electrons also via the d-d 
mechanism, resulting in the so-called Electron Spin Echo 
Envelope Modulation (ESEEM) effect, which can significantly 
mask the effects of the d-d interaction of electron spins.

In fact, to overcome all these difficulties in the simple 2p 
ESE method, the DEER, DQC and SIFTER methods were 
proposed, which are much more complex, both in experimental 
implementation and in theoretical description.

Nevertheless, 2p ESE has been successfully applied to a 
number of specific systems. Its use, as mentioned above, has 
proven exceptionally fruitful for spin-correlated radical 
pairs,17 – 22 due to a number of favourable accompanying 
circumstances. First of all, for such pairs, the exact value of the 
echo signal amplitude at zero delay between pulses is known: it 
is simply zero because the cosine dependence on time t here is 
replaced by a sine dependence. This fact significantly reduces 
the severity of the dead time problem, since the rather vague 
problem of extrapolating a signal to zero time turns into a much 
more specific problem of interpolation. Then, for these radical 
pairs, the distances between two radicals (2 – 3 nm) are such that 
the influence of thermal relaxation on the signal decay due to 
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d-d interactions is not so great. Then, the ESEEM effects are not 
as significant due to the spin polarization of the surrounding 
nuclei. Finally (and this is very important), the microwave 
pulses in these experiments had an amplitude large enough to 
excite the entire EPR spectrum.

For ordinary systems in thermal equilibrium, the 2p ESE 
method can also yield good results. This is achieved by 
measuring the time dependences of the signal obtained for two 
different excitation efficiencies and then dividing them by each 
other.23 Firstly, the resulting ratio can be found for zero time in 
a number of cases:45, 46 that is, the extrapolation problem again is 
transformed into an interpolation problem. Secondly, division 
eliminates the problem of rapid transverse relaxation, since it 
manifests itself as an identical factor for the both time 
dependences. Thirdly, the ESEEM effects are also significantly 
reduced after division. And finally, the available microwave 
pulses in many cases make it possible to excite the entire EPR 
spectrum (or one of its components).23, 45

For systems with a uniform distribution of nitroxide label 
spins, it has been shown that 2p ESE and DEER give consistent 
results.47 This is not surprising given the above-mentioned 
similarity of  the manifestation of the mechanisms of d-d 
interaction in the two methods.

2.5. Distance distributions

2.5.1. Biradicals

In biradicals and doubly spin-labeled molecules, due to the 
flexibility of the structure and delocalization of the electron 
density, the interacting spins A and B are not at a strictly defined 
distance from each other. Their mutual spatial distribution is 
characterized by the distribution function P(r). This function is 
normalized as P r dr 1

0
=

3 ^ hy . For a biradical, instead of equation 
(5), we write

VINTRA(t) = 1 – λB(1 – f (t))	 (9)

where
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Note that f (0) = 1.
The theoretical function f (t) may be identified with the 

experimentally obtained normalized intramolecular contribution 
VN (t) (see equation (7)). An example of calculations using 
equations (9) and (10) of the functions VINTRA(t) for a biradical is 
shown in Fig. 3 a. In these calculations, the function P(r) was 
assumed to be Gaussian with a maximum at a distance of 3 nm 
and a width of 0.075 nm.

The Fourier transform of (10) is written as
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is the kernel of the integral equation (11). Note that F(n) is 
normalized, 

–3

3y F(n)dn = 1. For biradicals, F(ν) has the 
characteristic form shown in Fig. 3 b, called the Pake resonance 
pattern or Pake doublet.3 – 7

For the Pake doublet, there are two narrow peaks symmetrical 
with respect to the zero frequency, which arise when the 

magnetic field of the spectrometer B is oriented perpendicular to 
the vector r connecting the two spins. The position of the peaks 
in frequency is determined with good accuracy by equation (2); 
this accuracy would be absolute for an extremely narrow 
distribution. The two peaks would then appear as two 
singularities (hereinafter, these peaks will be called singularities 
for any sufficient narrow distributions). In Fig. 3 b, the maxima 
of the function F(ν) occur at frequencies of ± 1.74 MHz, hence 
from equation (2) we obtain r = 3.1 nm, which does not differ 
much from the true value of 3 nm.

Thus, a simple frequency-domain analysis of DEER data 
allows us to estimate the position of the maximum of the distance 
distribution function P(r) with good accuracy. The width of the 
distance distribution can also be estimated from the broadening 
of the maximum peak (using simple calculations for model 
distributions).19, 20

Equations (10) and (11) in the time and frequency domains, 
respectively, represent Fredholm integral equations of the first 
kind for the function P(r). Solving these equations is an ill-
posed problem: small fluctuations in the experimentally 
measured function VN (t) can lead to significant changes in the 
solution. This difficulty is overcome by imposing certain 
constraints on the solution, such constraints are called 
regularization. Currently, the most commonly used is the so-
called Tikhonov regularization, where a constraint is imposed 
on the smoothness of the desired function.48 – 50 Note that a 
number of other approaches to finding the function P(r) have 
also been proposed,51 – 57 based on other regularization methods.

The author of this review prefers to use regularization by 
approximating the solution by a sum of Gaussian functions 
(multi-Gaussian approximation), with fitting the calculation 
results to the DEER spectrum in the frequency domain.56 
Gaussian distribution is very common in nature, so this approach 
has a quite solid basis. This regularization easily copes with the 
presence of a combination of narrow and wide peaks in the P(r) 
function (Tikhonov’s regularization has problems with this: it 
broadens narrow peaks and narrows wide ones). Furthermore, 
searching for a solution in the frequency domain allows us to 
reproduce the singularities of the Pake pattern, what is an 
important criterion for the correctness of the solution. Then, 
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Figure  3.  (a) Calculated time dependences of the DEER signal for a 
3 nm long biradical with a Gaussian distance distribution of 0.075 nm 
width for two different excitation efficiencies λВ (0.25 and 0.5). The 
dashed lines show the asymptotic limiting values at large times (di-
polar modulation depth). (b) Fourier transform of these dependences, 
normalized according to equation (7) (the same for both λВ).
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residual ESEEM effects are immediately visible in the frequency 
spectrum and can be easily removed. Finally, the multi-Gaussian 
approximation does not require the development of specialized 
software, as it can be easily implemented by a researcher with 
some knowledge of computational mathematics and minimal 
programming skills. This independence from standard software 
allows the calculation scheme to be easily modified for any 
change in the measurement scheme, for example, when taking 
into account dead-time effects in 2p ESE.23

2.5.2. Nanoclusters, multi-spin effects

For a nanocluster of N molecules, in the case where the pump 
pulse excites several spin partners B at once, equation (5) must 
be multiplied to take into account all pairs of spins in the cluster, 
with subsequent averaging of the result:

( ( ( ))cosV t
N

t1 1 1INTRA
j i

N

i

N

B ijl w= - -
!

^ h %/ 	 (13)

From this equation it follows that when t → ∞

V 1INTRA B
N 13 l = - -^ ^h h 	 (14)

This limit is easily measured in an experiment, and from it 
one can obtain the number N of particles in a cluster.

If the task is to find the distribution functions P(r) between 
different spins in a cluster, the approach described above for 
biradicals can be used. It is also necessary to keep in mind the 
appearance of so-called multi-spin effects in DEER, which arise 
due to the multiplication of cosines in equation (13) and the 
resulting appearance of combination frequencies. It follows 
from equation (13) that multi-spin effects should be small at low 
lB.58, 59

The manifestation of multi-spin effects in DEER can be 
illustrated by comparing the data for a biradical and a triradical 
in the form of an equilateral triangle with the same side length as 
in the biradical (this approach was proposed in studies 58, 59). 
Indeed, in both cases, all distances are identical, but in the first 
case, multi-spin effects are absent. The results of such 
calculations performed by the author of this review using 
formulas (1) and (13) for the time dependences of the DEER 
signal and the Fourier transform of the normalized functions 
VN (t) of these dependences (see (7)) are presented in Fig. 4. 
Calculations were performed for the biradical distance and the 
equilateral triangle side length, both equal to 3 nm, and for two 
λB values (0.25 and 0.5), which lie in the range of those most 
commonly used in real experiments for nitroxides. In these 
calculations, the positions of the spin label were distributed 
according to a Gaussian law with a width of 0.075 nm.

From Fig. 4 a, it is evident that the dipolar modulation depth 
shown by the dashed lines increases with increasing λB and that 
this depth is consistent with formula (14). From Fig. 4 b, it 
follows that singularities also arise for the triradical, and at the 
same frequencies as for the biradical. Singularities for the 
triradical obviously arise when the magnetic field B is oriented 
in one of the three planes perpendicular to the three sides of the 
triangle.

At a small λB = 0.25, the Fourier spectra for the biradical and 
triradical (see Fig. 4 b) are almost identical, which means that 
multi-spin effects are small. However, as λB increases to 0.5, the 
two spectra begin to differ, primarily at their edges, around the 
doubled frequencies for the singularity (shown by arrows). This 
is obviously due to the influence of combination harmonics, i.e., 
multi-spin effects. It is interesting to note that exact frequency 
doubling should occur for vector B, which lies along the 

intersection line of the three aforementioned planes. The nature 
of this doubling is easy to understand: for N = 3 and θ = π/2, a 
term proportional to cos2Dt appears from formula (13). This 
appearance of additional peaks in the Fourier transform should 
lead to the appearance of a false or ‘ghost’ peak for the 
distribution function P(r) at a distance smaller by 3 2  times the 
distance for the ‘true’ peak in P(r).

The calculation results for other polygons: a square, a regular 
pentagon and a regular hexagon, inscribed in a circle with the 
same radius of 2 nm, are shown in Fig. 5. To minimize multi-
spin effects, a small value of λB = 0.14 is used in the calculations. 
The calculations were performed for spin labels located exactly 
at the vertices of the polygons; exponential apodization with a 
time of 0.5 μs was then applied to the obtained signals in the 
time domain.
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efficiencies λВ (0.25 and 0.5). The dotted lines show the asymptotic 
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normalized signals VN (t); the data for λВ = 0.25 are shifted upward for 
clarity of presentation. Arrows correspond to the doubled frequency 
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From the data in Fig. 5 a, it can be concluded that here is 
also a good agreement between the asymptotic value of 
VINTRA(t) for large t (modulation depth) and formula (14). For 
the Fourier spectra in Fig. 5 b, all spectra show only 2 clearly 
visible peaks in each of the positive and negative frequency 
ranges (2 pairs of symmetrical peaks). According to 
formula (2), the low-frequency peaks between ± 0.60 and 
± 0.80 MHz correspond to r ≈ 4 nm, i.e., the diameter of the 
circle or the total size of the system. The high-frequency peaks, 
as is easily seen, correspond to the minimum distance between 
the spin labels. Indeed, for a square, the frequency of these 
peaks, ± 2.11 MHz, according to equation (2), corresponds to a 
distance of 2.91 nm, which is close to the length of the side of 
the square of 2.83 nm. For a pentagon, these frequencies are 
± 3.84 MHz, with the resulting distances being 2.27 nm that is 
close to the pentagon side length of 2.35 nm. For the hexagon, 
these peaks are at a frequency of ± 6.3 MHz, for which, 
according to equation (2), r = 2.02 nm is obtained, which 
corresponds with good accuracy to the length of the sides of 
the hexagon (2 nm). The intermediate frequency peaks 
corresponding to intermediate distances are superimposed on 
the sharp decline from the central peak and are therefore 
practically invisible. From this we can conclude that for N > 3, 
two peaks are clearly observable in each frequency region: the 
peak at low frequency roughly corresponds to the size of the 
system, and the peak at high frequency corresponds to the 
smallest distance between the spins.

For clusters in biological systems, one can hardly expect a 
regular geometry of the relative arrangement of spin labels. A 
more adequate model would be one that includes an element of 
randomness in such arrangements. Figure 6 shows the 
calculation results for a hexagon of 2 nm radius in which the 
spins are randomly distributed around the circumference. Here, 
only peaks remain at low frequencies, namely ± 0.85 MHz. The 
presence of this peak is explained by the fact that the circle 
diameter is the only allocated distance in this model.

In order to clarify the influence of multi-spin effects on the 
DEER of nanoclusters with a large number of spin labels, the 
author of this review carried out calculations for different λВ 
values. The results are also presented in Fig. 6. It can be seen 
that although λВ varies over a fairly wide range, almost an order 
of magnitude, these results depend on λВ weakly and the cluster 

size can be judged virtually without regard to this parameter. 
The reason for this is quite clear: the combination frequencies, 
due to their wide spread, only broaden the lines without changing 
their positions. The weak dependence on λВ was also noted 
above for the equilateral triangle (see Fig. 4).

It is also evident from Fig. 6 b that as λВ increases, the splitting 
in the centre is smoothed out. This, of course, occurs due to the 
presence of combination frequencies. Similar smoothing can 
also be expected for small λВ in the case of a distribution by the 
diameter of the circle used in the calculations.59 This smoothing, 
of course, does not affect the possibility of determining the size 
of the system from the DEER data: this size can be estimated 
simply from the peak width (for example, at half-height), which 
is weakly affected by λВ (see Fig. 6 b). A comparison of Fig. 6 b 
with Fig. 5 b for a hexagon shows that the presence of 
combination frequencies and the distribution of positions do not 
significantly affect the peak width at its base (approximately 
from –8 to 8 MHz).

From the data in Fig. 5 a for the modulation depth and the 
data in Fig. 6 b for the Fourier transforms, it can be concluded 
that for nanoclusters, the reliably measurable quantities are the 
number of particles in the cluster N, the total size of the 
nanocluster, and the characteristic distance between the particles 
in it.

The conclusion drawn from the analysis of the Fourier spectra 
about the only small influence of multi-spin effects means that 
the choice of small λВ is generally not so important for obtaining 
the necessary information. This is in accordance with the view 
expressed in the literature 58 that the contribution of multi-spin 
effects is most noticeable only for highly symmetric and 
relatively rigid systems, while they can often, but not always, be 
negligible in asymmetric systems.

It should  also be noted that the DEER of nanoclusters may 
exhibit rather specific effects, for which the general formula (13) 
is no longer sufficient. A detailed discussion of these effects is 
provided below in Subsection 3.3.5.

2.5.3. Uniform spatial distributions

From formula (13), the intermolecular contribution VINTER(t) can 
be obtained if the geometry of the relative positions of the spins 
is known. For the case of a uniform spatial distribution of spins 
in 3-dimensional space, the following equation holds:1 – 7
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where С is the volume spin concentration.
For biological membranes, it is natural to assume a 

2-dimensional distribution. The analogue of formula (15) for a 
uniform distribution of spins in a plane and for an equally 
probable direction of the magnetic field relative to this plane is 
the formula:60
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where s is the surface concentration.
Let us also consider the case of a regular spin arrangement in 

a plane. Calculations here are also carried out by formula (13). 
For a regular two-dimensional hexagonal lattice with different 
parameters a, the results are presented in Fig. 7.

Note that for the data presented in Fig. 7, at small times t, 
from the expansion of the cosines in equation (13), one can 
obtain a simple quadratic time dependence of the form
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Figure  6.  (a) Calculated time dependences of the normalized DEER 
signal VN(t) for a hexagon inscribed in a circle with a radius of 2 nm 
and a random distribution of vertices, for the specified values of λB . 
(b) Fourier transforms of these dependences.
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is the second moment of the frequency distribution of the d-d 
interaction. This type of functional dependence significantly 
distinguishes the regular spatial distribution at small times t 
from the cases of uniform random distribution (cf. 
equations (15)  and (16)). Note that the uniform distribution 
allows for very small distances between spins, leading to an 
infinite second moment.

3. Research results

3.1. Synthetic oligomers

Specially synthesized nanometer-sized oligomers with known 
structures were used in a number of studies to test the 
applicability of PDS methods. The most commonly used method 
was the four-pulse DEER. Data on the distances between spin 
labels and their distributions were obtained from the found time 
dependences of the function VN (t) which were analyzed 
employing Tikhonov regularization, mainly using a specially 
designed software tool.48

In a work,61 symmetrical and asymmetrical triradicals, as 
well as a tetraradical, specially synthesized on the basis of 
nitroxide monoradicals, were studied. Two biradicals were 
synthesized for comparison. The measurement yielded the 
expected distances (2.2 – 3.8 nm) for all of these compounds, 
with an accuracy of ± 0.5 nm. The number of spins N, found 
using formula (14), was 2.1 for both biradicals, 3.1 and 3.0 for 
the symmetric and asymmetric triradicals, and 3.9 for the 
tetraradical (i.e., the error in determining N is no more than 3%). 
Multi-spin effects were not considered in this study.

In a work,62 similar systems were also studied: triradicals 
with the geometry of equilateral, isosceles and scalene triangles 
(the lengths of the sides range from 3.2 to 4.2 nm). Here, the 
attention was drawn for the first time to the fact that in multi-
spin systems, contributions to the signal from sum and difference 
combinations of dipolar frequencies can arise, which leads to 
artifacts in determining distances in the form of additional false 
peaks (subsequently called ‘ghost’ peaks).58 Interestingly, it 
turned out that for an equilateral triradical, the false peak actually 

appears at a distance 3 2  times smaller than the ‘true’ one; see 
Subsection 2.5.2 (although this fact is not noted in this 
publication). It has been shown that these artifacts can be taken 
into account in experiments with variable pump pulse efficiency 
λВ by changing the pulse duration: the shorter the duration and, 
accordingly, the pump efficiency, the less the influence of 
artifacts.

In a follow-up study,58 DEER of multi-spin systems was 
considered in more detail. To suppress multi-spin effects (false 
or ‘ghost’ peaks), an approximate ‘power scaling’ procedure 
was proposed in the data analysis, by raising the function 
VINTRA(t) to the power ζN = 1/(N – 1). This approach does not 
require a reduction in λB . It was tested through computer 
simulations for cases of multimers with two to five spins, with 
interspin distances from 3 to 7.5 nm. It was shown that 
suppression of multi-spin effects works well for symmetric 
geometries and rigid molecules. For N > 4, a combination of 
decreasing λВ and ‘power scaling’ is recommended. Multi-spin 
effects in DEER were also discussed in the paper,59 where it was 
proposed to take multi-spin correlations into account based on a 
direct calculation of the DEER signal.

DEER methods in the X- and Q-bands of EPR frequencies 
were applied to a synthetic oligomer of tetrahedral structure 
with nitroxides at four vertices and, accordingly, with four 
identical interspin distances of 3.7 nm.63 It turns out that for this 
tetrahedral system, the ‘1/3 2  rule’ formulated in Section 2.5.2 
for the position of the false peak also works (although this is not 
noted in this paper). To reduce artifacts due to multi-spin effects, 
both a reduction in λВ and a correction procedure for the 
experimental data using the above-mentioned ‘power scaling’ 
were used. A recommendation is given for the combined use of 
both approaches, subject to the condition λВ < 1/(N – 1). An 
alternative way to reduce the influence of multi-spin effects by 
rearranging the positions of the pump and echo-forming pulses 
in the EPR spectrum is also indicated.

The capabilities of DEER of nitroxide spin labels in the 
Q-band of EPR frequencies were studied 64 to determine the 
number of spin labels bound in oligomers. For this purpose, 
specially synthesized molecules with the number of spin labels 
from 2 to 6 and with inter-label distances from 3 to 5 nm were 
used. Due to the wide width of the EPR spectrum in the Q-band, 
the λB value was quite small, around 0.1, which allowed to avoid 
the multi-spin effects. The DEER method was shown to be 
potentially applicable to all these systems.

It was also found 64 that the intensity of the primary ESE 
signal decreased strongly with increasing number of bound 
spins N. This decrease was explained by the influence of the d-d 
interaction in the system of observed spins A, which arises when 
more than one spin is excited. This effect has been previously 
discussed in theoretical papers,65, 66 from the results of which it 
can be concluded that with decreasing time τ (or τ' ) and with 
λA < λB , this influence also becomes small.

In addition to the widely used nitroxide spin labels, spin 
labels based on trityl radicals have recently come into use. A 
systematic evaluation of the efficiency of various PDS methods 
(DEER, RIDME, SIFTER and DQC) for measuring interspin 
distances using trityl labels in Q-band EPR was conducted.67 In 
this study, two bistrityl molecules and one tristrityl molecule are 
used as model systems. The tristrityl molecule (a nearly 
equilateral triangle with sides of approximately 3.5 nm) allowed 
to study the influence of multi-spin effects. Due to the narrow 
EPR signal of trityl and, as a consequence, the high efficiency of 
microwave excitation λВ , the observed effects of d-d interaction 
turned out to be significantly stronger than in nitroxide under 
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Figure  7.  Calculated time dependences of the DEER signal for a 
regular hexagonal lattice with the indicated different parameters a. 
The excitation efficiency λВ = 0.1. The dashed line corresponds to the 
case of a Gaussian distribution of the spin positions relative to the lat-
tice sites with a standard deviation of 0.4 nm.
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otherwise identical conditions. On the other hand, a larger value 
of λВ in the case of a tristrityl system leads to significant multi-
spin effects, also observed in DEER and in the SIFTER and 
DQC methods. The application of the RIDME method to 
systems with one type of spin label (trityl in this case) and a 
narrow EPR spectrum in this work was considered unjustified 
(which does not exclude the possibility of its use in the case of 
wide EPR spectra).

Thus, based on the results of studies of synthetic oligomers of 
known structure, it can be stated that DEER does indeed allow 
obtaining useful structural information about nanosized 
oligomers. These results are generally consistent with the 
theoretical description presented in Section 2.5.2. However, it is 
necessary to take into account the complicating factor of the 
interaction of the spins of A with each other which is not 
described by the fundamental equation of the theory (13). This 
important issue is discussed in detail below, in Subsection 3.3.5.

3.2. Oligomers in protein systems

The protein systems studied used spin labels based on (1-oxyl-
2,2,5,5-tetramethyl-3-pyrrolin-3-yl)methylmethanethio
sulfonate (MTSSL), which attach selectively to the thiol groups 
of specially prepared cysteine mutants of the protein systems 
studied (the so-called site-directed spin labeling).

Structure of MTSSL
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In all cases, the four-pulse DEER method was used, and data 
on the distribution of distances between spin labels P(r) were 
obtained using Tikhonov regularization for the time dependences 
of the function VN (t).48 A number of studies of oligomers in 
protein systems have been performed for objects with geometry 
already known from crystallographic data. That is, these studies, 
as well as the works on the study of synthetic oligomers 
described in the previous subsection, are primarily of a 
methodological importance.

In work,68 tetramers of the potassium ion channel KcsA were 
studied. The obtained distance distribution functions have 
maxima at 2.2 and 3.1 nm. Carrying out measurements for 
different frequency differences for the echo-forming pulses and 
the pump pulse allowed to draw conclusions about the relative 
orientation of the spin labels in the tetramer. It was found that 
the spin labels are oriented at an angle of 65° relative to the 
central axis of the channel.

The rod-shaped bacterium Escherichia coli contains as its 
main component the translocation channel Wza, an octameric 
outer membrane protein with a molecular mass of 320 kDa and 
a known closed-state crystal structure. A spin-labeled analogue 
of this system was prepared.69 Eight labels in a regular octamer 
have four distances between them. The found P(r) functions for 
two protein modifications have maxima between 2 and 6 nm. 
This result, which the authors termed a ‘distance fingerprint’ of 
the studied system, is in good agreement with the characteristics 
of the crystal structure obtained from X-ray scattering data and 
provides a basis for studying conformational changes during 
interactions with partner proteins.

A heptameric mechanosensitive channel in the low-
conductance biological membrane (MscS) opens in response to 
increased bilayer tension and thus performs a critical function in 
E. coli. The data obtained for this system (distribution maxima 
at distances from 2 to 6 nm) 70 were in agreement with the 
expected distances for the open crystal structure model of MscS. 
This led to the conclusion that DEER is an adequate experimental 
tool for studying the conformation of transmembrane regions of 
integral membrane proteins.

A spin-labeled mutant of the heptameric mechanosensitive 
channel MscS from E. coli was studied.59 In general, the 
results showed good agreement between the experimental 
time dependences VINTRA(t), the obtained distribution 
functions P(r) and the corresponding calculations for the 
heptagon model.

These data 70 were also analyzed 59 using the direct time-
domain DEER data calculation approach. It was concluded that 
this approach allows for reliable extraction of distances from 
experimental data on a heptameric membrane protein.

The GroEL molecular machine, consisting of 14 identical 
subunits organized into two heptameric rings stacked on top of 
each other, was studied in the Q-band EPR.71 The experiments 
were conducted using deuterated protein and a solvent, which 
allowed the dipolar evolution time to be increased to 
approximately 80 μs and, accordingly, the range of distances 
studied to 17 nm. It was shown that the influence of multi-spin 
effects can be reduced by using ‘sparse’ spin labelling, which is 
another way to suppress artifacts associated with such effects. 
The measured distances (maxima were found from 3 to 16 nm) 
are consistent with the known crystal structure of this system. 
This study also presents data obtained at different delays 
between echo-forming pulses τ', and a significant dependence of 
the results on this delay was found. This effect, which is rather 
non-trivial from the point of view of the general principles of the 
functioning of the DEER, is discussed below in Subsection 
3.3.5.

In other studies, DEER has already been used to elucidate the 
unknown nanostructure of biosystems and its changes during 
various biochemical processes. In a work,72 the mechanism of 
self-association of the chemotactic kinase CheA was 
investigated. This protein forms signalling clusters with 
chemoreceptors and the binding protein CheW in bacterial cells. 
DEER showed that CheA aggregates through interactions 
mediated by its regulatory (P5) domain.

The M2 transmembrane domain of the influenza A virus 
functions as an oligomeric proton channel in lipid membranes. 
The DEER study of the mechanism of its assembly 73 showed 
that this domain exists in the form of monomers, dimers and 
tetramers, the relative population of which shifts towards 
tetramers with increasing peptide-to lipid molar ratio (P/L; 
hereinafter, all ratios are given as molar ratios). For the same 
domain, the structural response to the drug amantadine was also 
studied using DEER.74 It was found that amantadine shifts the 
oligomer equilibrium toward tetramers.

Tau protein is an intrinsically disordered protein whose 
physiological function is to stabilize microtubules, which are 
part of the cytoskeleton of protein intracellular structures. Self-
assembly of tau protein into fibrillar cellular inclusions is 
associated with a number of devastating neurodegenerative 
diseases. The mechanism of this self-assembly remains unclear, 
primarily due to the lack of data on the earliest stages of 
aggregation. The DEER method detected an enlargement of one 
of the key protein domains already at the earliest stages of 
aggregation, long before fibril formation.75 This fact allowed the 
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authors to make some assumptions about possible ways of 
therapeutic influence on this process.

Studies 76, 77 examined the structure and function of the viral 
protein U (Vpu), encoded by human immunodeficiency virus 
type 1 (HIV-1). Vpu is a key HIV-1 protein that promotes viral 
adaptation and proliferation. The DEER method revealed the 
formation of stable oligomers (dimers, trimers, etc.) of MBP-Vpu 
in solution, apparently due to self-association of the Vpu 
transmembrane domain. It was also found 77 that the temporal 
dependence of the DEER signal intensity V(t) is significantly 
affected by the pulse separation time τ'. This is interpreted as a 
consequence of the fact that with a large number of spins in the 
oligomer, a significant decrease in the signal of the observed 
spins A occurs due to d-d interactions between them.

Note that a similar effect of signal intensity dependence on τ' 
can also arise if only two spin labels are attached to the protein.78 
In this work, this unusual dependence was interpreted as a 
difference in local environmental influences on the spin label 
phase memory relaxation time T2. It was concluded that 
quantitative interpretation of DEER data requires conducting a 
series of measurements at different τ' values followed by 
extrapolation of the results to τ' = 0.

It is interesting to note that in most of the above-described 
cases of studying oligomers by DEER in protein systems, the 
resulting P(r) function contained only two maxima. This is 
consistent with the analysis of model systems conducted above 
in subsection 2.5.2, for which it was concluded that the DEER 
Fourier spectra show only two clearly visible peaks (two in each 
of the positive and negative frequency ranges, i.e., a total of 
four).

3.3. Guest molecules in lipid membranes

As mentioned above, the lipid bilayer that forms biological 
membranes is approximately 5 – 7 nm thick, meaning it is a 
nanoscale system per se in the direction normal to the membrane. 
Below we show that guest molecules in membranes can form 
clusters of limited size, down to nanometers, also in the lateral 
directions.

3.3.1. Antimicrobial peptides

Due to the growing resistance of pathogenic bacteria to existing 
antibiotics, it is necessary to search for new types of drugs for 
which such resistance is absent or at least reduced. Among 
potential candidates for this critically important public health 
task, antimicrobial peptides (AMPs) are of particular importance, 
as they are known to have a low risk of addiction. AMPs are a 
diverse group of molecules that are naturally produced in various 
species of invertebrates, plants, and mammals.79 Their amino 
acid composition allows them to penetrate bacterial cell 
membranes.

It is known that while P/L ratio in the membrane is low, 
AMPs are adsorbed onto the membrane surface and are located 
parallel to its plane, usually at the boundary between the 
hydrophilic heads of lipids and their hydrophobic tails 
(Fig. 8).79, 80

As the P/L ratio increases, AMPs can aggregate and/or 
reorient within the membrane. This leads to the formation of 
pores in the membrane, which are described within one of four 
proposed models: barrel-stave, toroidal, aggregate, and carpet 
(Fig. 9).80

These models suggest that AMPs can kill bacteria by 
disrupting the integrity of their membranes. This mechanism of 
AMP action differs from that of conventional antibiotics, which 

typically affect various biochemical processes within the cell, 
such as the synthesis of proteins, DNA or cell wall. Since the 
interaction between AMPs and the membrane is non-specific, 
through hydrophobic and electrostatic forces, the likelihood of 
developing resistance to AMP action should indeed be low.

Among the various types of AMPs, a special class can be 
distinguished called peptaibols.26, 81, 82 Peptaibols contain 
several residues of non-proteinogenic α-aminoisobutyric acid 
(Aib) and 1,2-amino alcohol at the C-terminus in their sequences. 
Peptaibols effectively interact with phospholipid membranes, 
causing their permeability. The carpet and barrel mechanisms 
are generally considered to be the primary mechanisms for 
membrane permeability. Peptaibols are convenient for spin 
labeling in chemical synthesis. For this purpose, Aib residues 
are replaced with structurally similar nitroxide spin labels 
2,2,6,6-tetramethyl-N-oxyl-4-amino-4-carboxylic acid 
(ТОАС).83 It was found that with such a replacement, the 
peptides do not lose their antimicrobial properties.84

Structures of Aib and ТОАС
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The formation of pores in the membrane means the 
appearance of AMP associates in the form of their oligomers 
(AMP molecules are in direct contact with each other) or 
nanoclusters (the association of AMP molecules is mediated by 
lipids). Thus, DEER is a natural choice as a method for studying 
the self-association of AMPs, which has actually been used to 
study the self-association of AMPs in model lipid membranes. 
The main results of these studies up to 2015 are summarized in 
a review 26 that analyzes data for six types of natural peptaibols: 
trichogin GA IV, tylopeptin B, heptaibin, ampulosporin A, 
zervamycin II A, alamethicin and also an artificially synthesized 
covalent dimer of trichogin GA IV.

It should be noted that the experimental approaches used in 
these studies differed somewhat from those described above for 

Figure  8.  Schematic representation of the adsorption of AMP (red 
cylinders) on the membrane surface.80 Published under a Common 
Creative License.

a b c d

Figure  9.  Models of AMP (red cylinders) formation in the mem-
brane: (a) barrel-stave, (b) toroidal, (c) aggregate, (d ) carpet.80 Pub-
lished under a Common Creative License.
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synthetic oligomers and oligomers in protein systems. Firstly, in 
most cases, three-pulse DEER was used. Secondly, to find the 
distribution function, the authors used their own numerical 
methods (based on Tikhonov regularization).50 Thirdly, the 
DEER data were supplemented with ESEEM experiment data 
for membranes hydrated with deuterated water: this approach 
allows conclusions to be drawn not only about the association of 
peptides, but also about the depth of their immersion in the 
membrane.85 Fourthly, in some cases, doubly labeled peptide 
analogues were used in combination with the original unlabeled 
compounds, which allows conclusions about changes in the 
conformation of peptides during their aggregation. As a result of 
the application of all these methodological approaches, 
supramolecular models of the structure of associates (oligomers, 
nanoclusters) of the studied peptides were constructed.26

In particular, a spin-labeled analogue of the AMP alamethicin 
(Alm), Ac-Aib-Pro-Aib-Ala-Aib-Ala-Gln-Aib-Val-Aib-Gly-
Leu-Aib-Pro-Val-Aib-Aib-Gln-Gln-Phol (Ac is acetyl, Phol is 
phenylalaninol), in which the TOAC spin label replaces the Aib 
residue at position 1 or 16 of the peptide, was studied in the egg 
L-α-phosphatidylcholine (ePC) model membrane.86 For P/L 
ratios from 1/70 to 1/160, these studies concluded that Alm 
associates as tetramers (or lipid-mediated clusters of four Alm 
molecules). 

A later study 87 reported data on spin-labeled Alm analogues 
in a model membrane at a P/L ratio in a wide range of values 
from 1/1500 to 1/100. The results showed that self-assembly of 
Alm molecules begins with dimer formation, already at very low 
concentrations (1/1000). Simultaneously with the formation of 
the dimer, the peptides change their orientation from 
intramembrane to transmembrane (ESEEM data). Further, as 
the P/L ratio increases, peptides assemble into higher-order 
associates, which may even include pentamers and larger 
associates (Fig. 10), likely representing membrane channels. 
That is, in this case, a barrel-type pore formation model is in 
effect (cf. Fig. 9 a).

The distribution of distances between labels found from the 
DEER data (Fig. 11) becomes more clearly defined with 
increasing P/L (with peaks near 2.3 and 3.3 nm, which is 
consistent with previous results 86) and suggests a more clearly 
defined structure in larger oligomers. A quite obvious conclusion 
was made that in the case of equilibrium between associates 
with different numbers of molecules, a detailed study of the 
dependence of the DEER data on the peptide concentration is 
required.

Note that the distribution functions in Fig. 11 are in agreement 
with the analysis carried out in Subsection 2.5.2: for multi-spin 
associates, two well-resolved peaks are observed, corresponding 
to the minimum (or characteristic) distance between the labels 
and the total size of the associate. The additional third peak for 

Alm1 at its high concentrations of 1/170 is apparently due to the 
favourable geometry of the spin labels in this case (i.e., for 
which another distance is clearly distinguished); this was also 
suggested in Subsection 2.5.2.

A concentration dependence study was conducted for 
peptaibol trichogin GA IV (10 amino acids in sequence) during 
its self-association in the lipid membrane in the range of peptide 
concentrations P/L from 1/200 to 1/30.88 It was found that when 
the critical P/L value of approximately 1/50 is exceeded, peptide 
dimerization begins. ESEEM data for bilayers hydrated with 
D2O showed that dimerization is also accompanied by a 
reorientation of the peptide to a transmembrane position.

For spin-labeled peptaibol tylopeptin B (14 amino acids) in 
a model membrane, DEER data were obtained at very low 
peptide concentrations, starting from P/L = 1/1500.89 It was 
shown that self-assembly of the peptide begins already at a 
concentration of 1/1000; at a concentration above 1/500, the 
average number of peptides in a cluster <N> = 3.3. Using the 
ESEEM effect, it was found that tylopeptin B molecules have 
a planar orientation in the membrane. DEER data show that in 
the P/L ratio range of 1/1000 to 1/500, peptide clusters tend to 
repel each other, with a region of inaccessibility of 
approximately 20 nm. It is hypothesized that within this region, 
the peptides destabilize the membrane, thereby providing the 
antimicrobial activity.

Cationic antimicrobial peptides PGLa and magainin 2 (Mag2) 
are known not only for their antimicrobial activity, but also for 
the synergistic enhancement of this activity when used together. 
The molecular mechanism of this synergism is still unknown. 
Spin-labeled PGLa and Mag2 have been studied in lipid 
membranes.90 In contrast to peptaibols, for PGLa, the TOAC 
label replaces the amino acid valine, while in Mag2 it is attached 
to the N-terminus. CW EPR and DEER data showed that both 
peptides are prone to aggregation with intermolecular distances 
of the order of 2 nm, which occurs already at a low P/L ratio of 
1/1500. In the presence of a synergistic partner peptide, homo-
aggregates of these peptides are converted into hetero-
aggregates. ESEEM data indicate that in homo-aggregates of 
Mag2 and PGLa, significantly different depths of immersion of 
the corresponding labels into the membrane are observed, while 
in hetero-aggregates these depths are equalized. It is concluded 
that the supramolecular structure of hetero-aggregates may be 

Figure  10.  Top view of Alm peptides in the membrane: transforma-
tion from dimers to pentamers with increasing P/L. Spin labels replac-
ing either Aib1 or Aib16 are shown (red and blue, respectively).87
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important for their antimicrobial activity. Possible self-
organization models are shown schematically in Fig. 12.

In conclusion of this Subsection, it can be said that DEER is 
an adequate research tool for studying the behaviour of 
antimicrobial peptides in biological membranes due to their 
tendency to form nanosized aggregates (oligomers or clusters). 
A useful complementary method is 2H ESEEM spectroscopy in 
deuterated water,85 which allows one to estimate the depth of 
peptide membrane insertion. For dense clusters, in the case of 
closely spaced (< 1.5 nm) spin labels, conventional CW EPR 
also provides useful information.26

3.3.2. Cholesterol analogues and lipid rafts

A key property of lipids is their self-assembly into two-
dimensional liquid-crystalline biological membranes through 
electrostatic and hydrophobic interactions in an aqueous 
environment. For a long time, it was believed that the two-
dimensional phase they formed was homogeneous. However, 
there is now increasing evidence that biological membranes 
undergo lateral liquid-liquid separation into more ordered and 
less ordered phases.91 – 94 The more ordered phase is called lipid 
rafts.

Lipid rafts are thought to be ‘small (10 – 200 nm), highly 
dynamic, sterol- and sphingolipid-rich domains’.93 The functions 
of lipid rafts may include localization and coordination of 
cellular processes, influence on membrane fluidity, acting as 
platforms for membrane proteins, receptors and signaling 
molecules, and regulation of neurotransmission.91 – 94

Phase separation is also observed in model cholesterol-
containing lipid bilayers when they consist of a combination of 
fully saturated and unsaturated lipids. This separation is 
explained by the fact that the flat structure of the rigid sterol core 
of cholesterol favours interaction with the elongated hydrocarbon 
chains of more ordered saturated lipids and prevents interaction 
with the bended chains of less ordered unsaturated lipids. This 
resulted that a denser, structurally ordered phase, designated Lo, 
coexists with a looser, disordered phase, designated Ld (Fig. 13); 
the domains of the ordered phase in model membranes are also 
referred to as lipid rafts.

There is not much direct experimental data on the molecular 
structure of rafts due to their small size and highly dynamic 
nature. Moreover, debate continues about their properties, 
composition, and even their very existence.94 It should be noted 
that, due to the complexity of experimental research, computer 
modeling methods are becoming increasingly important.95 – 98

PDS methods may prove to be a promising experimental 
approach for studying membrane nanoscale heterogeneities due 
to their sizes. The problem of the highly dynamic nature of 

heterogeneity in these methods is lifted by the use of cryogenic 
temperatures. An important point here is that studies using low-
frequency Raman scattering 99 have shown that when lipid 
bilayers are frozen, the lipid rafts in their structure are preserved.

The spin-labeled cholesterol analogue 3β-doxyl-5α-
cholestane (DChl) was studied in lipid membranes using the 
PDS methods.100, 101 Note that although its structure lacks the 
hydroxyl group that is important for cholesterol functionality, it 
does contain a flat sterol core and an alkyl tail.

Structures of cholesterol and DChl
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CW EPR data for DChl in lipid membranes composed of 
either the saturated lipid 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) or the unsaturated lipid 1,2-dioleoyl-
sn-glycero-3-phosphocholine (DOPC) were explained within 
the framework of a model of encapsulation of DChl molecules 
in lipids.100 It was found that due to encapsulation, the minimum 
approach of DChl molecules to each other lies in the range from 
2.5 nm to 5 nm (for a molar fraction of DChl, from 0.04 to 
0.005, correspondingly). The local concentration in these models 
was several times higher than the average one, which indicates 
clustering of DChl molecules.

Ternary mixtures of DPPC, DOPC and cholesterol are often 
used as model lipid membranes for studying lipid rafts.92, 102, 103 
Such mixtures have also been used to study rafts using DEER.101 
The obtained results directly indicate clustering of DChl 
molecules, because the obtained local concentrations of these 
molecules were 4 – 6 times higher than the average concentrations. 
It was found that their lateral distribution in clusters in the 
absence of cholesterol is random, but in its presence it becomes 

Figure  12.  Possible models of self-organization of the PGLa and 
Mag2 peptides in lipid membranes. The membrane is viewed from the 
normal direction to its surface; the peptides are represented by blue 
cylinders, and the lipid head group is represented by red spheres. The 
scale is shown by the green circle with a diameter of 8 nm.90

Lo-like domain Ld-like domain

Figure  13.  Schematic representation of a model lipid membrane 
with phase separation into a more ordered (Lo) and less ordered (Ld) 
phases.91 The Lo phase is dominated by lipids with less curved tails 
(blue); it also has an elevated cholesterol concentration (green). The 
Ld phase is dominated by lipids with more curved tails (red) and con-
tains less cholesterol. Published under a Common Creative License.



S.A.Dzuba 
14 of 21	 Russ. Chem. Rev., 2025, 94 (11) RCR5198

quasi-regular, with a two-dimensional square or hexagonal 
superlattice (see Fig. 7). For a cholesterol content of 20 mol.%, 
at which lipid rafts are formed at physiological 
temperatures,92, 102, 103 the superlattice parameter a found was 
3.7 nm. This result is interpreted as evidence of the presence of 
additional nanoscale substructure (subdomains) in rafts, with 
DChl molecules being embedded between the subdomains. The 
obtained data on such subdomains are discussed 104, 105 in 
connection with molecular dynamics (MD) calculations of these 
systems.

We would like to point out that the comparison of DEER 
experimental data with their simulation 101 was carried out for a 
model that does not assume any cluster boundaries in lateral 
directions for the membrane (i.e., for the infinite cluster model). 
Of course, clusters must have such boundaries, otherwise, the 
local concentration would not have exceeded the average 
concentration by several times. This apparent discrepancy is 
explained 101 by the fact that for cluster sizes larger than ~ 10a, 
the DEER method becomes insensitive.

3.3.3. Free fatty acids

Free fatty acids are always present in mammalian cell 
membranes, the amount of which varies in the range of 
0.3 – 10 mol.% of the total amount of lipids. Free fatty acids are 
continuously synthesized and consumed, being important 
components of membranes: they increase their fluidity, serve as 
a source of their structural components, and are involved in a 
number of biological processes, from cellular signalling to cell 
fusion. In some pathological conditions, their significant 
increase is observed, which can serve as a protective mechanism 
for cells.

DEER has been applied to study intermolecular d-d 
interactions between doxyl-spin-labeled stearic acids (DSAs) in 
phospholipid bilayers composed of either an equimolecular 
mixture of DPPC and DOPC,106 or 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC).107 In the first case, the alkyl 
chains of the lipids represent relatively more ordered structures 
than in the second. The obtained data on the time dependence of 
the signal for the DOPC/DPPC mixture were in good agreement 
with the two-dimensional model of random distribution of 
molecules (see equation (16)), and for POPC, they fitted well 
with the three-dimensional model (see equation (15)). This 
difference in the models is explained by the greater disorder of 
the membrane made of unsaturated lipids of the POPC. The 
relative volume local concentrations of DSA molecules in the 
POPC membrane, Clocal /Clipids (Clipids is the concentration of 
lipids, can be taken as 0.8 nm–3), measured by comparing the 
experimental time dependences of the DEER signal with the 
theoretical calculation based on equation (15), are shown in 
Fig. 14 as functions of their average molar concentrations χ in 
the membrane.

Figure 14 shows that at χ < 2 mol.%, Clocal /Clipids is twice as 
high as χ. The excess of the local concentration over the average 
means that DSA molecules are assembled into lateral clusters, 
and the twofold excess can be explained within the framework 
of the model of alternating clustering in two opposite monolayers 
of the bilayer, as shown schematically in Fig. 15. This clustering 
model can be called the ‘chess box’ model, by analogy with how 
the black and white squares in a closed chess box are opposite 
each other.

It also follows from Fig. 15 that even at χ = 2 mol.%, the 
value of Clocal is at least 20 times smaller than Clipids. This means 
that the distance between DSA molecules in clusters is 
significantly greater than the distance between lipids. That is, 

clustering does not occur through direct association (sticking 
together) of DSA molecules, but is carried out indirectly 
involving the lipid environment. The absence of direct sticking 
of DSA molecules also follows from the absence of excessive 
broadening in the CW EPR spectra.107

At χ = 2 mol.%, the data in Fig. 14 indicate that the local 
concentration of 5-DSA molecules (the label is located relatively 
close to the membrane surface) is less than that of 16-DSA 
molecules (the label is located in the centre of the membrane). 
This difference is explained 106 by the fact that as the 
concentration increases, the polar carboxyl groups begin to repel 
each other. The local concentration of labels in the 5-th position 
will decrease due to the repulsion, while in the 16-th position, 
conversely, the local concentration of labels will increase due to 
their approach. This is also shown schematically in Fig. 15. 
Note that this effect has a threshold character: it occurs at 
χ = 2 mol.%.

We also note that, as in the previous case of spin-labeled 
cholestane, the analysis of experimental data here was carried 
out for a model that does not assume any cluster boundaries in 
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Figure 14. Local volume concentrations in the POPC membrane for 
16-DSA (spin-labeled at the 16-position of the alkyl tail carbon at-
oms) (circles) and 5-DSA (spin-labeled at the 5-position of the alkyl 
tail carbon atoms) (squares) in dimensionless Clocal /Clipids mole/mole 
units (see text) as functions of their average molar content χ. Dashed 
and dotted lines correspond to the functions Clocal /Clipids = χ and  
Clocal /Clipids = 2χ, respectively.107

Figure  15.  Schematic representation of the ‘chess box’ clustering 
for DSA molecules spin-labeled at either the 5- (red circles) or 16- 
(green squares) positions of the alkyl tail carbon atoms (shown with 
blue arrows). For compactness, the labels are depicted as belonging 
to the same molecule. The diamonds at the ends of the arrows cor-
respond to carboxyl groups. The gray circles indicate that this DSA 
clustering pattern is reproduced in neighboring cells.
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the lateral directions (i.e., for the infinite cluster model). And 
again, this simplification is not a limitation of the model, since 
the dependence on size quickly disappears as it increases.

The aggregation of a 14-mer AMP chalciporin A and its 
effect on DSA clustering was studied.107 The results showed that 
this peptide influences the formation of alternative DSA clusters, 
namely, at χ = 2 mol.%, local concentrations for 5-DSA and 16-
DSA molecules are equalized. This fact was explained by the 
clustering of DSA molecules around the peptide (Fig. 16). 
Indeed, this type of clustering can neutralize the above-described 
effect of clustering of DSA molecules ‘relative to each other’ 
with repulsion of their polar heads.

It was suggested that clustering of this type may represent 
another mechanism of action of AMPs.107 Indeed, the capture of 
free fatty acids by peptides can ‘switch off’ participation of the 
latter in important cellular processes and, as a result, lead to the 
death of bacterial cells. An intriguing finding here is that DSA 
clustering around the peptide appears even at very low 
concentrations: as low as at a P/L ratio of 1/10000. This ‘low-
dose’ effect certainly deserves further study.

It should be noted that the effect on DSA clustering in lipid 
membranes, although not at such low concentrations, was also 
found for other types of AMP such as alamethicin,87 trichogin 88 
and tylopeptin.89

3.3.4. Nonsteroidal anti-inflammatory drugs

Nonsteroidal anti-inflammatory drugs (NSAIDs) such as aspirin, 
ibuprofen, diclofenac and others, are over-the-counter 
medications that are widely used in medical practice due to their 
antipyretic and analgesic effects. NSAIDs are also used to treat 
other conditions, including cancer, arthritis and neuro
degenerative diseases. Most NSAIDs are non-selective inhibitors 
of the cyclooxygenase enzyme, which is responsible, in 
particular, for the production of prostaglandins, which regulate 
inflammatory processes in the body. NSAIDs are also known to 
have side effects, many of which are related to their membrane 
activity. To understand the therapeutic effects of NSAIDs and 
develop ways to reduce their side effects, it is important to 
understand the molecular mechanisms of NSAID interactions 
with the plasma membrane.

To apply EPR methods to the study of the NSAIDs such as 
ibuprofen and diclofenac, their spin-labeled analogues, 
ibuprofen-SL 108 and diclofenac-SL,109 were synthesized. It 
should be noted that, although their structures show that the spin 
label significantly increases the volume of the original drug 
molecules, it does not change the amphiphilic nature of these 
molecules. In particular, the spin label does not affect the 
carboxyl groups.

Structures of ibuprofen, diclofenac
and their spin-labeled analogues
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It has been shown,108, 109 that these spin-labeled analogues 
integrate into lipid membranes. Studies using enhanced 
paramagnetic relaxation nmR have provided a detailed picture 
of the membrane depth distribution of ibuprofen-SL 110 and 
diclofenac-SL molecules.111

DEER was applied to study ibuprofen-SL in POPC 
membrane.60 It turned out that the resulting time dependences of 
the DEER signal are consistent with the model of a two-
dimensional random distribution of spins (see equation (16)). 
From these data, the values ​​of the surface local concentration of 
ibuprofen-SL, σlocal , were found. When comparing the σlocal/σlipid 
ratio, where σlipid is the surface concentration of lipids in the 
membrane (that is close to 1.7 nm–2), with the average 
concentration χ in the membrane, it turned out that at 
χ < 1 mol.%, the σlocal/σlipid is twice as large as χ (similar to the 
data in Fig. 14). This fact can again be explained within the 
framework of alternative clustering in two membrane 
monolayers, i.e. the ‘chess box’ model (see Fig. 15). At 
χ > 1.5 mol.%, the values of σlocal/σlipid and χ are equalized, that 
is, the alternative clustering disappears, and the ibuprofen-SL 
molecules are distributed evenly between the two monolayers.

Similar results on the dependence of the local concentration 
on the average one in membranes were also obtained for 
diclofenac-SL.112 In this regard, it should be noted that the 
similarity found for the spatial distribution of ibuprofen-SL and 
diclofenac-SL in membranes means that even significant 
differences in their structures are not of fundamental importance 
for the discovered features of their clustering. Then, of course, 
the differences between unlabeled and labeled molecules should 
not make any difference, since they are significantly smaller 
than the differences between the parent ibuprofen and diclofenac 
molecules. It can be assumed that these characteristics are a 
general property of any small amphiphilic molecules in the cell 
membrane.

Clustering of stearic acids in lipid membrane

Influence of the antimicrobial peptide Chalciporin A

Figure  16.  Schematic representation of the effect of the AMP chal-
ciporin A (shown as thick blue sticks) on the clustering of spin-la-
beled stearic acid molecules (thin black curved sticks) in the lipid 
membrane.
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It should also be noted that molecular dynamics calculations 
also indicate that the attachment of a spin label to the ibuprofen 
molecule has only a minor effect on spatial distribution of these 
molecules in the membrane.113

3.3.5. Small molecules and lipid rafts, features of DEER of 
nanoclusters

Of particular interest is the question of the influence of lipid 
rafts on the mutual spatial distribution of small guest molecules, 
such as ibuprofen or diclofenac. For ibuprofen-SL, this issue 
was investigated for lipid membranes of DOPC/DPPC (1 : 1) 
composition with the addition of cholesterol in different 
proportions.45, 114 Local concentrations of ibuprofen-SL were 
determined from the time dependences of the DEER signals. In 
the absence of cholesterol (i.e., in the absence of rafts), the local 
concentrations found were approximately 2 times higher than 
the average concentration (which again corresponds to the 
‘chess box’ model). At cholesterol concentrations of 20 mol.% 
and 30 mol.%, for which the appearance of rafts is 
postulated,92, 102, 103 these concentrations increased sharply. This 
increase undoubtedly indicates, firstly, a change in the nature of 
clustering of ibuprofen-SL molecules, and secondly, the 
influence of rafts on this process. Similar results were obtained 
when using diclofenac-SL 112 instead of ibuprofen-SL.

Here, it is worth noting a fundamental difference between the 
observed clustering in the presence of rafts and the clustering 
discussed above in their absence. In the absence of rafts, a model 
of ‘infinite’ clusters (alternating, however, in two opposite 
layers of the bilayer, like a ‘chess box’) could be used. For such 
clustering, clusters have nanometer sizes only in the direction 
perpendicular to the membrane, while in lateral directions, the 
size of clusters is difficult to determine using DEER methods. 
The sharp increase in local concentrations in the presence of 
rafts can only be explained by the appearance of clusters limited 
in lateral directions, that is, nanoclusters in all three dimensions.

In these studies,45, 112, 114 for high concentrations of ibuprofen-
SL and diclofenac-SL, an effect of the dependence of the decay 
of the DEER signal with time t on the interval τ of the three-
pulse DEER sequence was found (Fig. 17). And the data of 
Fig. 17 show that this effect occurs only in the presence of 
cholesterol in the system (i.e., in the presence of rafts).

As mentioned above, similar effects in the four-pulse DEER 
dependence on τ’ for multi-spin oligomers has also been reported  
for tetradecamers,71 hexa- and heptamers,77 pentamers and 
hexamers,64 in some cases also for dimers.78

This effect, as briefly discussed above, can be explained by 
taking into account the d-d interaction between the A spins.65, 66 
Indeed, for multi-spin nanoclusters, the role of the d-d interaction 
between spins A can increase sharply, which will lead to a 
decrease in the DEER signal for closely located (and/or closely 
oriented) spins A in the nanocluster. Then, the contribution of 
such spins to the overall DEER signal will decrease with 
increasing τ (τ' in four-pulse DEER). Thus, for nanoclusters with 
a large number of spins, an additional, ‘parasitic’ channel for the 
manifestation of the d-d interaction of spins A with each other 
appears.

Here, it can be noted that, on the other hand, the very fact of 
the dependence of the DEER signal on the interval τ (τ') may 
indicate the presence of multi-spin nanoclusters in the system. 
From the data in Fig. 17 it then follows that nanoclusters arise in 
the presence of rafts and at an ibuprofen-SL concentration 
χ = 2.5 mol.%.

For such clusters, one should make measurements at different 
time delays τ (τ') and use only the data obtained at sufficiently 

small values so that this ‘parasitic’ effect becomes smaller. This 
is precisely what was done in studies 45, 112, 114 in which the value 
of τ was reduced to 200 ns. But in this approach, a serious 
problem arises of losing the possibility of studying large 
distances between spins, since always t < τ (t' < τ'), and a larger 
distance in DEER corresponds to a longer time t.

However, there is a simple way to solve this problem, which 
is to combine the DEER and 2p ESE methods.45 The possibility 
of such a combination is determined by the identical physical 
basis of both methods — see Subsection 2.4. Since 2p ESE is a 
single-frequency method, it only studies the interaction of spins 
A (which are also spins B), so the additional ‘parasitic’ 
interaction channel here simply becomes the ‘working’ one. 
And the drawbacks inherent in this simple method (‘dead time’ 
problem, thermal relaxation effect, ESEEM interference) are 
largely eliminated, as mentioned above in Subsection 2.4, by 
measuring the time dependences of the signal obtained for two 
different excitation efficiencies and then dividing them by each 
other. These two different excitation efficiencies were 
achieved 45 by performing measurements at two field positions 
in the EPR spectrum. The ratio of the two signals at time zero 
was obtained by simply dividing the intensities of the CW EPR 
spectrum (in the integral form) at these two positions, the 2p 
ESE data were then divided by this ratio.

Figure 18 shows the data obtained by the combined 
application of DEER and 2p ESE methods for ibuprofen-SL in 
DOPC/DPPC and DOPC/DPPC/cholesterol membranes.45 In 
the first case, lipid rafts should not be present, while the second 
case suggests their presence. From this figure it is clear that, 
firstly, the data from the two methods are well ‘stitched’ together 
(no artificial adjustment of the parameters is used for this 
‘stitching’). Secondly, the time dependences for the cases with 
and without rafts are completely different. In the first case, the 
signal dependence on the time between pulses has a monotonic 
decaying pattern (close to the theoretical one for a uniform two-
dimensional distribution of spin labels (see equation (16)). In the 
second case, the dependence is non-monotonic, with a clear 
minimum. The experimental data thus obtained were compared 
with theoretical calculations for the model of a nanocluster in 
the form of six spin labels randomly located around a circle as 
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Figure  17.  Semilog plot of three-pulse DEER data for ibuprofen-SL 
in a DOPC/DPPC/cholesterol bilayer at different delay times τ: 200, 
300, and 800 ns. Cholesterol content xchol and ibuprofen-SL concen-
tration χ are indicated. For clarity of presentation, the data are shifted 
vertically.45
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described in Section 2.5.2 (see Fig. 6 a). Figure 18 shows very 
good agreement between experiment and theory (some 
disagreements at large t may be induced by the extreme 
simplicity of the model).

The result obtained for cholesterol-containing membranes 
was interpreted 45 as a consequence of the interaction of 
ibuprofen-SL molecules with lipid rafts. Necessary for such an 
interpretation is the additional assumption that lipid rafts have a 
certain two-dimensional substructure consisting of subdomains 
of about 4 nm in size, on the surface of which adsorption 46 of 
guest molecules occurs. It should be noted that a similar 
assumption was made in the analysis of DEER data on spin-
labeled cholestane.101 A schematic representation of the 
clustering model of ibuprofen-SL molecules is shown in Fig. 19.

The presence of nanoscale subdomains in lipid rafts has been 
suggested for the interpretation of data from a variety of 
methods.115 – 121 In all of these studies, the size of the subdomains 
was, however, estimated very roughly as a few nanometers. As 
can be seen from the data in Fig. 18, the DEER method in 

combination with 2p ESE gives quite definite estimates of the 
sizes of such subdomains.

3.4. Nanoclusters in polymers

Although the possibility of using PDS methods to study polymer 
nanostructure has been known for a long time,122 examples of 
using PDS to investigate the possible formation of nanoclusters 
of guest spin probe molecules in these systems are few. Using 
PDS, the stable free radicals of galvinoxyl (Gx), used as a dopant 
in the active layers of organic solar cells, were studied.123 It is 
known 124, 125 that at a Gx concentration of 2 wt.% in a 
photovoltaic composite consisting of a mixture of the polymer 
PCDTBT (a copolymer from the poly(2,7-carbazole) family) 
and modified fullerene C60 (PCBM), an increase in photocurrent 
occurs.

Structures of Gx, PCDTBT and C60-PCBM
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Due to the rather narrow EPR spectrum for Gx 
(approximately 1 mT), the DEER method is inapplicable here. 
Therefore, the 2p ESE method was used. The microwave 
amplitude in these experiments was ~ 0.6 mT, i.e., comparable 
to the width of the EPR spectrum, so that the pulses excited the 
spectrum more or less completely. As discussed above in 
Subsections 2.4 and 3.3.5, the application of 2p ESE method is 
based on measuring the time dependences of the ESE signal 
for two different excitation efficiencies, followed by obtaining 
the ratio of the two dependences. Different excitation 
efficiencies in this work were achieved by varying the duration 
of the second microwave pulse in the two-pulse sequence. The 
value of the result of dividing the two time dependences at 
τ = 0, as well as the difference in the efficiencies of the two 
types of excitation, were determined in a separate experiment 
for the model system Gx in glassy toluene. The obtained 
experimental 2p ESE data for 2 wt.% Gx in the photovoltaic 
composite are shown in Fig. 20.

The number of Gx molecules in the cluster was determined 
from the signal decay depth using formula (14); it was found to 
be 8. The experimental 2p dependence of the ESE agrees well 
with calculations for a model in which 8 Gx molecules are 
located on the surface of a sphere with a radius of 2.0 nm. Such 
a structure can arise if the Gx molecules are located on the 8 
faces of an octahedron consisting of 6 PCBM molecules (see 
insert in Fig. 20).

From the obtained results 123 it follows that clusters appear at 
a Gx concentration of 2 wt.%, which correlates with the above-
mentioned literature data on the enhancement of photocurrent at 
this concentration. It can be assumed that the molecular 
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Figure  18.  Semilog plot of combined DEER and 2p ESE data for 
ibuprofen-SL (with χ = 0.5 and 2.5 mol.%) in DOPC/DPPC and 
DOPC/DPPC/cholesterol bilayers. Data for the second case are shift-
ed down by 2 divisions. Circles represent DEER data for τ = 200 ns, 
solid lines represent 2p ESE data. The dashed line shows the calcula-
tion results for a model of six spin labels randomly distributed around 
a circle of radius 1.9 ± 0.05 nm.45
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Figure  19.  Top view of a portion of the membrane: schematic rep-
resentation of possible subdomains (dark yellow) in a lipid raft with 
a cluster of 6 ibuprofen-SL molecules (red circles) located between 
the subdomains. Rmin denotes the minimum distance between 
molecules.45
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mechanism of this enhancement is associated precisely with the 
formation of these nanoclusters.

The information obtained in this work also indicates that 
these clusters repel each other, forming a quasi-regular 
nanostructure in the matrix.

4. Conclusion

The analysis of the DEER frequency spectra for model multi-
spin systems carried out in this review showed that in the case of 
spin-labeled nanosized oligomers and clusters of molecules with 
the number of spins N > 2, the reliably extracted parameters are 
the number N itself, the total size of the system and the minimum 
(or characteristic) distance between spins. In case of suitable 
geometry and small N, it is also possible to determine the 
distances between individual spin labels.

Model calculations also allowed us to conclude that the 
effects of multi-spin excitation at N > 2 in the DEER frequency 
spectrum lead mainly to the broadening of spectral lines. And 
these effects have only a minor influence on the values of the 
aforementioned main extractable parameters, and have almost 
no effect on the N value.

An important circumstance that must be taken into account 
when applying DEER to multi-spin systems, which was 
experimentally discovered by different authors for different 
systems, is the dependence of the DEER signal on the internal 
parameter of the method, viz., the delay time between echo-
forming pulses (time τ in a three-pulse DEER, time τ' in a four-
pulse DEER). This dependence is explained by the mutual d-d 
interaction between the spins observed in the DEER (spins A), 
which leads to a decrease in the DEER signal for those spin 
labels in the system that are relatively close to each other and/or 
have close orientations. These spin labels then begin to make a 
smaller contribution to the overall DEER signal, which becomes 
smaller the longer the times τ and τ'. The probability of close 
distances and/or orientations for different spins increases 
specifically for multi-spin clusters, simply due to the greater 
number of possible combinations. This effect of d-d interaction 
between A spins in DEER can also occur for molecules with two 
spin labels when the system under study contains different 
conformers with significantly different extension sizes; 

proximity of spatial orientations of the labels enhances this 
effect.

This effect of the dependence of the DEER signal on the 
method internal parameter significantly complicates the analysis 
of d-d interactions: the general picture of the formation of the 
DEER signal considered in Section 2.2 becomes simply 
inapplicable. The influence of this effect can be reduced in two 
ways. One is to diminish the efficiency of excitation of 
spins  A.64  However, this reduces the signal intensity and, 
consequently, the sensitivity of the method. Another approach 
involves diminishing the times τ and τ'. In order to avoid the loss 
of available information on the d-d interaction due to the 
corresponding reduction of the measurement interval t or t' 
(always t < τ, t' < τ'), one can use the supplementation of the 
DEER data with 2p ESE data.45 In the latter case, spins A are 
simultaneously spins B, and the effect that complicates the 
consideration of the DEER data becomes in 2p ESE simply a 
source of useful information.

In this regard, it should be noted that the potential of the 
2-pulse ESE method is currently underestimated. It is believed 
that in the future, this method will find wider application for 
studying nanoscale oligomers and molecular clusters in various 
systems.

The potential of PDS methods in studying nanoscale 
oligomers and molecular nanoclusters can be extended to a wide 
range of applications. These methods can be used anywhere 
where structural heterogeneity in the nanometer range is 
expected. In addition to the systems described in this review, 
these could include ionic liquids,126 – 128 deep eutectic 
solvents,129 – 132 internally disordered proteins.133 – 136 For all 
these systems, spin-label EPR spin labels have already been 
successfully applied to study various aspects of their structure 
and dynamics.126 – 129, 133
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5. List of abbreviations

Aib — α-aminoisobutyric acid,
Alm — alamethicin,
АMP — antimicrobial peptides,
CW EPR — continuous wave EPR,
DChl — 3β-doxyl-5α-cholestane,
d-d — magnetic dipole-dipole,
DEER — double electron-electron resonance,
DOPC — 1,2-dioleoyl-sn-glycero-3-phosphocholine,
DPPC — 1,2-dipalmitoyl-sn-glycero-3-phosphocholine,
DQC — double quantum coherence method,
DSA — doxyl-spin-labeled stearic acid,
ESE — electron spin echo,
2p ESE — two-pulse electron spin echo method,
ePC — egg L-α-phosphatidylcholine,
ESEEM — electron spin echo envelope modulation,
FRET — Förster resonance energy transfer,
Mag2 — GIGKFLH SAKKFGKAFVGEIMNS-amide,
MD — molecular dynamics,
MTSSL — (1-oxyl-2,2,5,5-tetramethyl-3-pyrrolin-3-yl)

methylmethanethiosulfonate,
NSAID — nonsteroidal anti-inflammatory drugs,
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Figure  20.  Time dependence of the 2p ESE experiment at 2 wt.% 
Gx in a photovoltaic composite of PCDTBT polymer and modified 
fullerene PCBM. The yellow circle represents the starting point ob-
tained in a separate experiment. The smooth curve shows the simula-
tion results for the proposed structure of 8 Gx molecules surround-
ing an octahedral complex of 6 fullerene molecules (shown in the 
insert).123
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PDS (EPR) — pulsed (EPR) dipolar spectroscopy,
PELDOR — pulsed double electron-electron resonance,
PGLa — GMASKA GAIAGKIAKVALKAL-amide,
P/L — peptide-to-lipid ratio,
POPC — 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine,
RIDME — relaxation induced dipolar modulation 

enhancement,
SIFTER — single frequency technique for refocusing,
TOAC — 2,2,6,6-tetramethyl-N-oxyl-4-amino-4-carboxylic 

acid.
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49.	 L.Fábregas-Ibáñez, G.Jeschke, S.Stoll. Magn. Reson., 1, 209 
(2020); https://doi.org/10.5194/mr-1-209-2020 

50.	 N.A.Kuznetsov, A.D.Milov, N.P.Isaev, Yu.N.Vorobjev, 
V.V.Koval, S.A.Dzuba, O.S.Fedorova, Yu.D.Tsvetkov. Mol. 
BioSyst., 7, 2670 (2011); https://doi.org/10.1039/C1MB05189J 

51.	 M.K.Bowman, A.G.Maryasov, N.Kim, V.J.DeRose. 
Appl. Magn. Reson., 26, 23 (2004);  
https://doi.org/10.1007/BF03166560 

52.	 W.-Y.Chiang, P.P.Borbat, J.H.Freed. J. Magn. Reson., 177, 
184 (2005); https://doi.org/10.1016/j.jmr.2005.07.021 

53.	 S.Brandon, A.H.Beth, E.J.Hustedt. J. Magn. Reson., 218, 93 
(2012); https://doi.org/10.1016/j.jmr.2012.03.006 

54.	 S.A.Dzuba. J. Magn. Reson., 269, 113 (2016);  
https://doi.org/10.1016/j.jmr.2016.06.001 

55.	 M.Srivastava, J.H.Freed. J. Phys. Chem. Lett., 8, 5648 (2017); 
https://doi.org/10.1021/acs.jpclett.7b02379 

56.	 A.G.Matveeva, Y.V.Yushkova, S.V.Morozov, I.A.Grygor’ev, 
S.A.Dzuba. Z. Phys. Chem., 231, 671 (2017);  
https://doi.org/10.1515/zpch-2016-0830 

57.	 A.G.Matveeva, V.M.Nekrasov, A.G.Maryasov. Phys. Chem. 
Chem. Phys., 19, 32381 (2017);  
https://doi.org/10.1039/C7CP04059H 

58.	 T.А.Von Hagens, Y.Polyhach, M.Sajid, A.Godt, G.Jeschke. 
Phys. Chem. Chem. Phys., 15, 5854 (2013);  
https://doi.org/10.1039/C3CP44462G 

59.	 В.Giannoulis, R.Ward, E.Branigan, J.H.Naismith, B.E.Bode. 
Mol. Phys., 111, 2845 (2013);  
https://doi.org/10.1080/00268976.2013.798697 

60.	 A.S.Kashnik, D.S.Baranov, S.A.Dzuba. Membranes, 12, 1077 
(2022); https://doi.org/10.3390/membranes12111077 

61.	 B.E.Bode, D.Margraf, J.Plackmeyer, G.Dürner, T.F.Prisner, 
O.Schiemann. J. Am. Chem. Soc., 129, 6736 (2007);  
https://doi.org/10.1021/ja065787t 

62.	 G.Jeschke, M.Sajid, M.Schulte, A.Godt. Phys. Chem. Chem. 
Phys., 11, 6580 (2009); https://doi.org/10.1039/B905724B 

63.	 S.Valera, K.Ackermann, C.Pliotas, H.Huang, J.H.Naismith, 
B.E.Bode. Chem. – A Eur. J., 22, 4700 (2016);  
https://doi.org/10.1002/chem.201505143 

64.	 M.Bretschneider, B.Endeward, J.Plackmeyer, T.F. Prisner. 
J. Magn. Reson., 375, 107886 (2025);  
https://doi.org/10.1016/j.jmr.2025.107886 

65.	 K.M.Salikhov, I.T.Khairuzhdinov, R.B.Zaripov. Appl. Magn. 
Reson., 45, 573 (2014);  
https://doi.org/10.1007/s00723-014-0541-7 

66.	 K.M.Salikhov, I.T.Khairuzhdinov. Appl. Magn. Reson., 46, 67 
(2015); https://doi.org/10.1007/s00723-014-0609-4 

67.	 A.Meyer, J.J.Jassoy, S.Spicher, A.Berndhäuser, O.Schiemann. 
Phys. Chem. Chem. Phys., 20, 13858 (2018);  
https://doi.org/10.1039/C8CP01276H 

68.	 B.Endeward, J.A.Butterwick, R.MacKinnon, T.F.Prisner. 
J. Am. Chem. Soc., 131, 15246 (2009);  
https://doi.org/10.1021/ja904808n 

69.	 G.Hagelueken, W.J.Ingledew, H.Huang, B.Petrovic-
Stojanovska, C.Whitfield, H.ElMkami, J.H.Naismith. 
Angew. Chem., Int. Ed., 48, 2904 (2009);  
https://doi.org/10.1002/anie.200805758 

70.	 C.Pliotas, R.Ward, E.Branigan, A.Rasmussen, G.Hagelueken, 
H.Huang, S.S.Black, I.R.Booth, O.Schiemann, J.H.Naismith. 
Proc. Nat. Acad. Sci., 109, E2675 (2012);  
https://doi.org/10.1073/pnas.1202286109 

71.	 T.Schmidt, M.A.Wälti, J.L.Baber, E.J.Hustedt, G.M.Clore. 
Angew. Chem., Int. Ed., 55, 15905 (2016);  
https://doi.org/10.1002/anie.201609617 

72.	 J.Bhatnagar, R.Sircar, P.P.Borbat, J.H.Freed, B.R.Crane. 
Biophys. J., 102, 2192 (2012);  
https://doi.org/10.1016/j.bpj.2012.03.038 

73.	 E.R.Georgieva, P.P.Borbat, H.D.Norman, J.H.Freed. Sci. Rep., 
5, 11757 (2015); https://doi.org/10.1038/srep11757 

74.	 E.R.Georgieva, P.P.Borbat, K.Grushin, S.Stoilova-McPhie, 
N.J.Kulkarni, Z.Liang, J.H.Freed. Front. Physiol., 7, 317 
(2016); https://doi.org/10.3389/fphys.2016.00317 

75.	 N.A.Eschmann, E.R.Georgieva, P.Ganguly, P.P.Borbat, 
M.D.Rappaport, Y.Akdogan, S.Han. Sci. Rep., 7, 44739 
(2017); https://doi.org/10.1038/srep44739 

76.	 S.Majeed, O.Adetuyi, P.P.Borbat, M.M.Islam, O.Ishola, 
B.Zhao, E.R.Georgieva. J. Struct. Biol., 215, 107943 (2023); 
https://doi.org/10.1016/j.jsb.2023.107943 

77.	 S.Majeed, L.Dang, M.M.Islam, O.Ishola, P.P.Borbat, 
S.J.Ludtke, E.R.Georgieva. Sci. Rep., 13, 14691 (2023); 
https://doi.org/10.1038/s41598-023-41873-0 

78.	 J.L.Baber, J.M.Louis, G.M.Clore. Angew. Chem., Int. Ed., 54, 
5336 (2015); https://doi.org/10.1002/anie.201500640 

79.	 K.A.Brogden. Nature Rev. Microbiol., 3, 238 (2005);  
https://doi.org/10.1038/nrmicro1098 

80.	 J.D.Hale, R.E.Hancock. Expert Rev. Anti-Infect. Therapy, 5, 
951 (2007); https://doi.org/10.1586/14787210.5.6.951 

81.	 C.Peggion, F.Formaggio, M.Crisma, R.F.Epand, R.M.Epand, 
C.Toniolo. J. Peptide Sci., 9, 679 (2003);  
https://doi.org/10.1002/psc.500 

82.	 L.Morbiato, D.S.Haneen, F.Formaggio, M.De Zotti. J. Peptide 
Sci., 29, e3479 (2023); https://doi.org/10.1002/psc.3479 

83.	 M.Crisma, V.Monaco, F.Formaggio, C.Toniolo, C.George, 
J.L.Flippen-Anderson. Lett. Peptide Sci., 4, 213 (1997);  
https://doi.org/10.1023/A:1008874816982 

84.	 V.Monaco, F.Formaggio, M.Crisma, C.Toniolo, P.Hanson, 
G.L.Millhauser. Biopolym.: Original Res. Biomol., 50, 239 
(1999); https://doi.org/10.1002/(SICI)1097-
0282(199909)50:3<239::AID-BIP2>3.0.CO;2-O 

85.	 A.D.Milov, R.I.Samoilova, A.A.Shubin, Yu.A.Grishin, 
S.A.Dzuba. Appl. Magn. Reson., 35, 73 (2008);  
https://doi.org/10.1007/s00723-008-0144-2 

86.	 A.D.Milov, R.I.Samoilova, Y.D.Tsvetkov, M.De Zotti, 
F.Formaggio, C.Toniolo, J.-W.Handgraaf, J.Raap. Biophys. J., 
96, 3197 (2009); https://doi.org/10.1016/j.bpj.2009.01.026 

87.	 V.N.Syryamina, M.De Zotti, C.Toniolo, F.Formaggio, 
S.A.Dzuba. Phys. Chem. Chem. Phys., 20, 3592 (2018); 
https://doi.org/10.1039/C7CP07298H 

88.	 E.F.Afanasyeva, V.N.Syryamina, M.De Zotti, F.Formaggio, 
C.Toniolo, S.A.Dzuba. Biochim. Biophys. Acta – 
Biomembranes, 1861, 524 (2019);  
https://doi.org/10.1016/j.bbamem.2018.12.006 

89.	 V.N.Syryamina, N.E.Sannikova, M.De Zotti, M.Gobbo, 
F.Formaggio, S.A.Dzuba. Biochim. Biophys. Acta – 
Biomembranes, 1863, 183585 (2021);  
https://doi.org/10.1016/j.bbamem.2021.183585 

90.	 V.N.Syryamina, C.Aisenbrey, M.Kardash, S.A.Dzuba, 
B.Bechinger. Biophys. Chem., 310, 107251 (2024);  
https://doi.org/10.1016/j.bpc.2024.107251 

91.	 R.X.Gu, S.Baoukina, D.P.Tieleman. J. Chem. Theor. Comput., 
15, 2064 (2019); https://doi.org/10.1021/acs.jctc.8b00933 

92.	 D.Marsh. Biochim. Biophys. Acta – Biomembranes, 1788, 
2114 (2009); https://doi.org/10.1016/j.bbamem.2009.08.004 

93.	 L.J.Pike. J. Lipid Res., 47, 1597 (2006);  
https://doi.org/10.1194/jlr.E600002-JLR200 

94.	 I.Levental. Nat. Rev. Mol. Cell Biol., 21, 420 (2020);  
https://doi.org/10.1038/s41580-020-0252-x 

95.	 I.I.Veretenenko, Y.A.Trofimov, N.A.Krylov, R.G.Efremov. 
Biochim. Biophys. Acta – Biomembranes, 1866, 184376 
(2024);  https://doi.org/10.1016/j.bbamem.2024.184376 

96.	 E. Khodadadi, E.Khodadadi, P. Chaturvedi, M.Moradi. 
Membranes, 15, 173 (2025);  
https://doi.org/10.3390/membranes15060173 

97.	 A.Zhukov, V.Popov. Int. J. Mol. Sci., 24, 11226 (2023); 
https://doi.org/10.3390/ijms241311226 

98.	 H.Ahyayauch, M.E.Masserini, A.Alonso, F.M.Goñi. Int. J. 
Mol. Sci., 25, 6401 (2024);  
https://doi.org/10.3390/ijms25126401 



S.A.Dzuba 
Russ. Chem. Rev., 2025, 94 (11) RCR5198	 21 of 21

99.	 D.V.Leonov, S.A.Dzuba, N.V.Surovtsev. RSC Adv., 9, 34451 
(2019); https://doi.org/10.1039/C9RA06114B 

100.	 S.A.Dzuba, M.E.Kardash. Biochim. Biophys. Acta – 
Biomembranes, 1860, 2527 (2018);  
https://doi.org/10.1016/j.bbamem.2018.09.017 

101.	 V.V.Unguryan, E.A.Golysheva, S.A.Dzuba. J. Phys. Chem. B, 
125, 9557 (2021); https://doi.org/10.1021/acs.jpcb.1c05215 

102.	 J.H.Davis, J.J.Clair, J.Juhasz. Biophys. J., 96, 521 (2009); 
https://doi.org/10.1016/j.bpj.2008.09.042 

103.	 J.Juhasz, F.J.Sharom, J.H.Davis. Biochim. Biophys. Acta, 
1788, 2541 (2009);  
https://doi.org/10.1016/j.bbamem.2009.10.006 

104.	 S.Park, I.Levental, R.W.Pastor, W.Im. J. Chem. Theor. 
Comput., 19, 5303 (2023);  
https://doi.org/10.1021/acs.jctc.3c00398 

105.	 S.Feng, S.Park, Y.K.Choi, W.Im. J. Chem. Theor. Comput., 19, 
2161 (2023); https://doi.org/10.1021/acs.jctc.2c01246 

106.	 A.S.Smorygina, E.A.Golysheva, S.A.Dzuba. Langmuir, 37, 
13909 (2021); https://doi.org/10.1021/acs.langmuir.1c02460 

107.	 A.S.Kashnik, V.N.Syryamina, B.Biondi, C.Peggion, 
F.Formaggio, S.A.Dzuba. Appl. Magn. Reson., 54, 401 (2023); 
https://doi.org/10.1007/s00723-023-01526-x 

108.	 D.S.Baranov, A.S.Smorygina, S.A.Dzuba. Molecules, 27, 4127 
(2022); https://doi.org/10.3390/molecules27134127 

109.	 D.S.Baranov, A.S.Kashnik, A.N.Atnyukova, S.A.Dzuba. 
Molecules, 28, 5991 (2023);  
https://doi.org/10.3390/molecules28165991 

110.	 A.S.Kashnik, O.Yu.Selyutina, D.S.Baranov, N.E.Polyakov, 
S.A.Dzuba. Biochim. Biophys. Acta – Biomembranes, 1865, 
184215 (2023); https://doi.org/10.1016/j.bbamem.2023.184215 

111.	 A.N.Atnyukova, A.S.Kashnik, O.Yu.Selyutina, D.S.Baranov, 
N.E.Polyakov, S.A.Dzuba. Langmuir, 41, 27272 (2025); 
https://doi.org/10.1021/acs.langmuir.5c03328 

112.	 A.S.Kashnik, A.N.Atnyukova, D.S.Baranov, S.A.Dzuba. 
Appl. Magn. Reson., 55, 1145 (2024);  
https://doi.org/10.1007/s00723-024-01674-8 

113.	 E.Yakush, E.Shelepova, N.Medvedev. Russ. J. Phys. Chem. B, 
19, 1113.(2025) https://doi.org/10.1134/S1990793125700812 

114.	 A.S.Kashnik, D.S.Baranov, S.A.Dzuba. J. Phys. Chem. B, 128, 
3652 (2024); https://doi.org/10.1021/acs.jpcb.4c01507 

115.	 T.Yasuda, N.Matsumori, H.Tsuchikawa, M.Lönnfors, 
T.K.M.Nyholm, J.P.Slotte, M.Murata. Langmuir, 31, 13783 
(2015); https://doi.org/10.1021/acs.langmuir.5b03566 

116.	 H.-M.Wu, Y.-H.Lin, T.-C.Yen, C.-L.Hsieh. Sci. Rep., 6, 20542 
(2016); https://doi.org/10.1038/srep20542 

117.	 M.Kinoshita, S.Yamaguchi, N.Matsumori. Sci. Rep., 10, 22188 
(2020); https://doi.org/10.1038/s41598-020-79083-7 

118.	 M.Murata, N.Matsumori, M.Kinoshita, E.London. 
Biophys. Rev., 14, 655 (2022);  
https://doi.org/10.1007/s12551-022-00967-1 

119.	 A.J.Sodt, R.W.Pastor, E.Lyman. Biophys. J., 109, 948 (2015); 
https://doi.org/10.1016/j.bpj.2015.07.036 

120.	 A.Ghysels, A.Krämer, R.M.Venable, W.E.Teague Jr, 
E.Lyman, K.Gawrisch, R.W.Pastor. Nat. Commun., 10, 5616 
(2019); https://doi.org/10.1038/s41467-019-13432-7 

121.	 Y.Yano, S.Hanashima, H.Tsuchikawa, T.Yasuda, J.P.Slotte, 
E.London, M.Murata. Biophys. J., 119, 539 (2020);  
https://doi.org/10.1016/j.bpj.2020.06.028 

122.	 G.Jeschke. Macromol. Rapid Commun., 23, 227 (2002); 
https://doi.org/10.1002/1521-3927(20020301)23:4<227::AID-
MARC227>3.0.CO;2-D 

123.	 M.N.Uvarov, L.V.Kulik, S.A.Dzuba. Phys. Chem. Chem. 
Phys., 25, 26219 (2023); https://doi.org/10.1039/D3CP02513F 

124.	 Y.Zhang, T.Basel, B.Gautam, X.Yang, D.J.Mascaro, F.Liu, 
Z.V.Vardeny. Nat. Commun., 3, 1043 (2012);   
https://doi.org/10.1038/ncomms2057 

125.	 J.M.Cho, D.S.Kim, S.Bae, S.-J.Moon, W.S.Shin, D.H.Kim, 
S.H.Kim, A.Sperlich, S.Väth, V.Dyakonov, J-K.Lee. 
Org. Electr., 27, 119 (2015);  
https://doi.org/10.1016/j.orgel.2015.08.032 

126.	 O.D.Bakulina, M.Y.Ivanov, S.A.Prikhod’ko, K.A.Smirnova, 
R.Z.Sagdeev, N.Y.Adonin, M.V.Fedin. J. Phys. Chem. C, 129, 
3096 (2025). https://doi.org/10.1021/acs.jpcc.4c08031 

127.	 O.D.Bakulina, M.Y.Ivanov, S.A.Prikhod’ko, N.Y.Adonin, 
M.V.Fedin. Nanomaterials, 13, 2164 (2023);  
https://doi.org/10.3390/nano13152164 

128.	 M.Y.Ivanov, O.D.Bakulina, Y.F.Polienko, I.A.Kirilyuk, 
S.A.Prikhod’ko, N.Y.Adonin, M.V.Fedi. J. Mol. Liquids, 381, 
121830 (2023); https://doi.org/10.1016/j.molliq.2023.121830 

129.	 E.A.Golysheva, S.A.Dzuba. Russ. Chem. Bull., 70, 2366 
(2021); https://doi.org/10.1007/s11172-021-3354-5 

130.	 C.Fan, R.Zhang, M.Jin. Food Quality and Safety, 9, fyaf006 
(2025); https://doi.org/10.1093/fqsafe/fyaf006 

131.	 R.Deng, M.Gao, B.Zhang, Q.Zhang. Adv. Energy Mater., 14, 
2303707 (2024); https://doi.org/10.1002/aenm.202303707 

132.	 Y.Ma, Y.Yang, T.Li, S.Hussain, M.Zhu. Green Chem., 26, 
3627 (2024); https://doi.org/10.1039/D3GC04289H 

133.	 N.A.Maslennikova, E.A.Golysheva, S.A.Dzuba. Molecules, 
26, 5971 (2021); https://doi.org/10.3390/molecules26195971 

134.	 Y.Qiao, A.Zia, A.Shy, G.Wu, M.Chu, Z.Liu, F.Wang, B.Xu. 
Angew. Chem., 137, e202425456 (2025);  
https://doi.org/10.1002/ange.202425456 

135.	 A.Garg, N.S.González-Foutel, M.B.Gielnik, M.Kjaergaard. 
Protein Eng., Design Selection, 37, gzae004 (2024);  
https://doi.org/10.1093/protein/gzae004 

136.	 R.Chang, C.Yuan, P.Zhou, R.Xing, X.Yan. Acc. Chem. Res., 
57, 289 (2024); https://doi.org/10.1021/acs.accounts.3c00592 


	1. Introduction
	2. Methods of pulsed dipolar EPR spectroscopy
	2.1. D-d interaction
	2.2. Double electron-electron resonance (DEER)
	2.3. DQC, SIFTER and RIDME
	2.4. Two-pulse electron spin echo (2-p ESE)
	2.5. Distance distributions
	2.5.1. Biradicals
	2.5.2. Nanoclusters, multi-spin effects
	2.5.3. Uniform spatial distributions


	3. Research results
	3.1. Synthetic oligomers
	3.2. Oligomers in protein systems
	3.3. Guest molecules in lipid membranes
	3.3.1. Antimicrobial peptides
	3.3.2. Cholesterol analogues and lipid rafts
	3.3.3. Free fatty acids
	3.3.4. Nonsteroidal anti-inflammatory drugs
	3.3.5. Small molecules and lipid rafts, features of DEER of nanoclusters

	3.4. Nanoclusters in polymers

	4. Conclusion
	5. List of abbreviations
	6. References



