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Abstract

This Feature overviews the basic principles of using stable organic radicals involved in reversible
exchange processes as functional paramagnetic probes. We demonstrate that these probes in
combination with electron paramagnetic resonance (EPR)-based spectroscopy and imaging
techniques provide analytical tools for quantitative mapping of critical parameters of local
chemical microenvironment. The Feature is written to be understandable to people who are
laymen to the EPR field in anticipation of future progress and broad application of these tools in
biological systems, especially in vivo, over the next years.
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Electron paramagnetic resonance spectroscopy, EPR, is a method of choice for detection of
free radicals. Specific EPR methods such as EPR spin trapping were developed to detect
short-lived reactive radical intermediates in biological and chemical systems and are often
considered to be a gold standard for free radical identification and quantification (for a
recent review, see ref 1). The development of stable radicals, in particular nitroxyl radicals,
NRs,2:3 and triarylmethyl radicals, TAMs,*® two main classes of soluble paramagnetic
materials (see Schemes 1 and 2) revolutionized the numerous areas of EPR spectroscopy and
imaging applications. Spectral sensitivity of these radicals to local physical properties of the
medium such as viscosity, polarity, and temperature has been used in numerous biophysical
and biomedical applications including studies of biological macromolecules and
biomembranes.®7

A concept of using chemical reactions of stable radicals to learn about local chemical
microenvironment via corresponding EPR spectral changes is less appreciated. In contrast to
widely used NMR studies of chemical reactions based on the presence of magnetic nuclei in
the most of chemical compounds, EPR detection of chemical reaction reagents or products
are limited to the radical species. This significantly narrows the number of reactions that can
be studied by EPR. On the other hand, overlap of the various endogenous NMR signals
limits functional biomedical NMR and MRI applications while exclusive detection of
specially designed paramagnetic probes provides EPR with desirable functional specificity
and sensitivity.

The chemical reaction to be detectable by EPR has to comply with the two hardly
compatible requirements. On the one hand, the chemical reactions should proceed in close
vicinity to the radical fragment to affect significantly magnetic resonance parameters of the
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probe. On the other hand, the reaction should not destroy the unpaired electron of the probe
to allow for its detection by EPR, with the exception of radical redox reaction measured by
the decay of EPR radical signal.8 These requirements makes the design of suitable
paramagnetic probes to be very challenging task. The ideal noninvasive EPR radical probe,
R*, would participate in reversible exchange chemical reactions with a chemical analyte, A,
namely, R$+A;, <= R3+A,, that result in significant difference in magnetic resonance
parameters of radical-reagent, R$, and radical-product, R 3, therefore opening the possibility
to measure reactivity and concentration of the analyte.?

The Heisenberg spin exchange interaction represents a physical phenomenon that mimics
the simplest reversible chemical reaction affecting magnetic resonance parameters of the
radicals participating in exchange.1911 When in solution diffusion brings two free radicals
so close to one another that the wave functions for the two unpaired electrons overlap, there
is a probability that these electrons will exchange their spin coordinates. Thus, an increase in
the exchange rate leads to a reduced lifetime for a given spin state leading to the frequency
exchange and line width broadening in the EPR spectra. The rate of spin exchange is
proportional to the concentration of the radical species participating in the exchange,
therefore, allowing for quantification of these species from the EPR spectra. One of the most
successful biomedical EPR applications, EPR oximetry,12:13 is based on spin exchange
interaction between a paramagnetic probe and the oxygen molecule, the latter being
diradical in its ground-state electron configuration.

Arguably the most studied chemical reactions of the stable radicals are related to the redox
properties of their radical centers. In general, these reactions result in the oxidation or
reduction of the radical center and therefore in loss of the EPR signal. An exception is
electron self-exchange reactions which denote the one-electron transfer between the partners
of a redox couple (e.g., NR and its oxoammonium cation) which results in no net chemical
reaction. Electron self-exchange experimental studies were performed in a pure solvents
providing useful information for the theory of electron transfer and understanding the
solvent effects.14 Application of the electron self-exchange reactions of the paramagnetic
probes to assess chemical microenvironment in complex biological systems seems to be
hardly possible.

NRs are known to be highly succeptible toward one-electron reduction to the corresponding
diamagnetic hydroxylamines that limits their stability in biological systems.1®> Numerous
efforts were devoted to the synthesis of the NR probes with enhanced stability toward
reduction.16-18 |n contrast to the NRs, TAM radicals are extraordinary stable toward
reduction®19 and major pathways of their degradation in biological systems under aerobic
conditions proceed via enzymatically catalyzed TAM oxidation.2? While redox reactions of
the NRs and TAMs result in loss of EPR signal and may compromise EPR sensitivity, they
both were used in specific EPR applications. NRs were used as redox probes to assess
reducing capacity of living tissues by MRI,21 EPR,822 and EPR imaging,23 in vivo. TAMs
radicals have been used as superoxide-sensitive probes allowing for quantification of this
biologically important radical oxygen intermediate product from the loss of TAM EPR
signal.24
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One of the simplest reversible chemical reactions in solution is proton exchange. Proton
exchange between radical, R®, and its protonated form, RH**, proceeds via reaction with
solvated protons or proton donor, BH*, therefore allowing EPR use for measurement of [H*]
(pH) and, at certain conditions, concentration of the compound B. Protonation of the N-O°
radical fragment of NRs proceeds only in a very acid media2® and cannot be exploited at
physiological conditions. Numerous studies of the EPR manifestation of effects of
protonation of the functional groups in the vicinity to the radical center of the NRs®-26 and
recently of TAMs,27:28 finally resulted in development of a set of molecular pH-meters for
biological applications. The effect of H* donors on the spectra of pH-sensitive probes has
been recently utilized for quantitative EPR measurements of inorganic phosphate (HoPO4~
being a H* donor).2%

Some type of the NRs, in particular imino nitroxides, form equilibrium complexes in
aqueous solutions not only with protons but also with a number of metals (Hg'!, zn'!, cd!,
Ag, etc.).30 Complexation of metals with the N-3 imino nitrogen of imino nitroxides results
both in significant changes in nitrogen hyperfine splitting and appearance of the hyperfine
interaction with the metal nucleus (e.g., ~40 G hyperfine splitting for Hg'' bound to imino
nitroxide). However, the equilibrium of the reaction of metal complexation by imino
nitroxides is strongly shifted toward dissociation making its use in analytical purposes
unpractical.

Among more complex chemical reactions that found applications in biological systems are
the reaction of nitronyl nitroxides with nitric oxide, NO,3! and nitroxyl, HNO.32 The
corresponding EPR approaches for discriminative detection of these physiologically
important molecules were developed but mostly limited to application in /n vitro systems
due to extremely fast bioreduction of these type of the nitroxides. The reactions of nitronyl
nitroxides with NO and HNO proceed via specific organic chemistry reactions, are
irreversible, and are out of scope of this paper.

Finally note that specific chemical reactions that proceed comparatively far from the radical
center and, therefore do not affect significantly magnetic resonance parameters of
monoradicals, may significantly affect EPR spectra of biradical molecules via modification
of intramolecular radical-radical interaction. Below we consider an example of the complete
cancelation of intramolecular spin exchange between two monoradical fragments of the
biradical that takes place upon splitting of the disulfide bond in the disulfide biradicals.33
The NR-NR33-35 and recently TAM-NR and TAM-TAM36 disulfide biradicals were
developed for detection of thiols via the thiol-disulfide reaction of the disulfide biradical
probes with the thiol group of the analyte.

In this feature article we reviewed the basic principles of using stable organic radicals
involved in reversible exchange processes as functional EPR probes with a focus on /n vivo
assessment of crucial parameters of the local chemical microenvironment in living subjects,
such as tissue oxygenation, acidosis, redox, glutathione, and inorganic phosphate.
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SPIN EXCHANGE AND EPR OXIMETRIC PROBES

Spin exchange interaction is a consequence of the dependence of the Coulomb repulsion of
electrons on their spin orientations: according to the Pauli principle two electrons with
parallel spins cannot be simultaneously found at the same point of space; therefore, their
electrostatic repulsion is weaker compared to that for two electrons with antiparallel spins.
The energy of spin exchange interaction characterized by the exchange integral, J, becomes
significant only when the radicals approach to a van der Waals distance allowing for their
orbital overlap. For solution of stable radicals discussed here, electron spin exchange
interactions can be described by Heisenberg pairwise exchange interactions taking place via
binary collisions of the radicals:

R1(1H)+R2(}) ¢ R1I(D)+R2(1) (1)

The rate of the spin exchange process, W, is in complete analogy with bimolecular
chemical reactions that proceed with the rate constant, 4, and can be expressed via collision
rate and diffusion constant, Ap, as follows:

Wo—ho[RU[R2I=pft, [RI[RZ (p)

where pand fare the efficiency of the spin exchange and a steric factor, correspondingly.
Note that for the small radicals including most of the NRs and TAMs, it is a valid
approximation of strong spin exchange (£ 7.2 » 1 where z collision time). For the radicals
with the spin 1/2 in the approximation of strong exchange, pis equal to 0.5 because the two
electron states are approximately equally populated at room temperature.10

Figure 1 demonstrates the typical effect of the self-spin-exchange on the continuous waves
(CW) EPR spectra shown for the solution of the NR1 (see Scheme 1 for the structure) at
various radical concentrations. The spectrum (Figure 1a) corresponds to the diluted NR
solution with a negligible effect of spin exchange and consists of three lines due to hyperfine
interaction of unpaired electron with the nuclear magnetic moment of nitrogen (Sy = 1)
characterized by a hyperfine splitting constant, ay.

An increase in the rate of spin exchange at larger NR concentrations results first in the line
broadening and a small shift of the outer lines toward the center of the spectrum37:38 (Figure
1b). The line broadening, AH, occurs as a result of shortening the lifetime of the electron
spin states due to spin exchange in agreement with the uncertainty principle and is
proportional to the exchange frequency, wg = A[NR]:

si=(3) (35) 7= (5) (Gg)

where y is the gyromagnetic ratio of the electron (1.76 x 107 s71 Gauss™1, in angular
frequency units); nuclear statistical factor, 2/3, arises because of the spin exchange between
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NRs with the same projections of nitrogen nuclear spin (for 14N, S\ = 1) produces no
observable line broadening; and the factor 1/v3 is included to convert the derivative line
width to the absorption line width. Further increase in NR concentration results in the
spectrum coalescence in a single broad line (Figure 1¢) when exchange frequency is close to
the difference in the EPR frequencies of the lines participating in exchange w, * yay. At
even higher radical concentrations, the width of this single line becomes exchange-narrowed
(Figure 1d) proportionally to the term ay2/w, since the electron spins are exchanging so fast
that the time average of the hyperfine splitting is approaching zero.10

Spin exchange in solution of the radicals R1 with comparatively long relaxation time and
radicals R2 with short relaxation time, such as oxygen diradical molecule, O,, or
paramagnetic ions of Fe2*, Co2*, and NiZ*, will manifest itself only in shortening the
relaxation times of the radical R1 since the EPR signal for the R2 is not detectable. In the
case of CW EPR, this will result only in broadening of the lines of the R1 spectrum while
practically no line shift will occur.19:39 In the particular case of the spin exchange of the
stable radicals such as NRs and TAMs with oxygen, line broadening is described by eq 4
which differs from eq 3 by the absence of the nuclear statistical factor (2/3) since for the
spin exchange between different particles it is always equal to unity:

1

Figure 2 shows the typical effect of oxygen on the individual line of the EPR spectrum of the
nitroxides (NR2, Scheme 1). In deoxygenated solution, each component of the NR2
hyperfine triplet spectrum shows a partially resolved superhyperfine pattern arise from
interaction with 12 protons of the four methyl groups and the proton at carbon C-4 of the
heterocycle. An increase in oxygen concentration results first in the broadening of the
components of superhyperfine structure and then in the broadening of the enveloped EPR
line.

Spin exchange represents pure physical interaction between the molecules of paramagnetic
probe and oxygen which does not interfere with the oxygen metabolism therefore providing
basis for noninvasive EPR oxygen measurements in biological systems, including that /n
vivo. The bimolecular collision rate of the probe with oxygen needs to be comparable either
to the inverse of longitudinal (T) or transverse (T») relaxation time for the optimal
sensitivity of T4- or To-sensitive techniques, respectively.*: NRs were the first paramagnetic
probes used for EPR oximetry.#2-45 Backer et al.*2 were first to apply the T2 oximetry
method based on oxygen-induced line broadening of the NR to follow mitochondrial
respiration in samples containing about 100 liver cells. The T1-sensitive EPR oximetry
methods were introduced by Hyde et al. and include pulsed saturation-recovery, continuous
wave saturation and rapid passage display modalities.*146:47 T1-sensitive methods might
have an advantage for highly viscous environments or spin-labeled macromolecules because
for the nitroxides the T, < T;.
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The values of the line-broadening effect of oxygen vary with the radical structure and for the
aqueous solutions of the NRs and TAMs on average are about 0.5 G/mM of oxygen (~ 0.6
mG/mmHg of pO,). Taking into account that for the rare exceptions the line width of the
nitroxides (typically ~ 0.5-1.5 G) is about 1 order of magnitude larger than that of TAMs (~
50-150 mG, see Scheme 2), TAMs were found to be preferable EPR oximetric soluble
probes with oxygen sensitivity approaching 1 mmHg of pO,.

Self-spin exchange-induced line-broadening may interfere with accurate oxygen
measurements at high probe concentrations. EPR spectra of TAMSs show about 10-30
mG/mM self-spin exchange-induced concentration broadening®2° being significantly lower
compared with 100-200 mG/mM concentration broadening for the NRs.#? In the presence
of hyperfine spectral structure, spectral manifestation of spin exchange with oxygen and
self-spin exchange of the probe (concentration broadening) can be discriminated. As we
mentioned above, spin exchange with oxygen results only in the EPR line broadening while
self-spin exchange additionally narrows the distances between spectral components
participating in the exchange. On the basis of this principle, Halpern et al.>! proposed the
EPR oximetric application of a selectively deuterated nitroxide, NR3 (Scheme 1). The NR3
shows only one hydrogen super hyperfine doublet splitting therefore allowing for
discrimination of the contributions of oxygen and probe concentrations into EPR line-shape
based on their distinctive effects on line broadening and distance between the components of
the doublet. Recently similar principle has been used to discriminate concentration- and
oxygen-induced line broadenings for the multifunctional trityl probe, pTAM (Scheme 2)2°
as it will be discussed below.

SPIN EXCHANGE IN BIRADICALS: THIOL-SENSITIVE EPR PROBES

Biradicals with unpaired electrons separated by a large number of chemical bonds simulate
the situation of spin exchange in magnetically diluted solutions. In this case, the dynamics of
spins in a biradical resembles that of spins in a pair of monoradicals colliding in solution
when the anisotropic exchange integral is randomly modulated by rotational diffusion. The
manifestation of spin exchange in the EPR spectra of biradicals depends on total number of
biradical conformations, their individual values of exchange integral, and the rates of
transition between conformations with a majority of studies done for the nitroxide biradicals
(for reviews see ref 52). In general, a complexity of the EPR spectra results in a significantly
small number of the biradical applications as functional probes compared to the
monoradicals. Nevertheless some spectral features of the biradicals result in unique specific
functional sensitivity unavailable in the monoradical counterpart.

Figure 3 (left) shows the EPR spectrum of R,SSR» nitroxide biradical, which is significantly
affected by intramolecular spin exchange between two radical fragments resulting in
appearance of “biradical” spectral components in addition to the conventional triplet spectral
pattern of the mononitroxide. An appearance of the biradical components can be
qualitatively explained by the presence of the conformation with intermediate or strong spin
exchange characterized by the exchange integral, /= ay. The EPR spectrum of the
subensemble of biradicals with both 14N nuclei of NO fragments having the same spin
projections (rm, mp, +1,+1; 0,0; and -1, —1) is not affected by spin exchange, therefore
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providing conventional triplet pattern with relative spectral intensities, 1:1:1. Fast spin
exchange in subensembles with different nuclei spin orientations results in line coalescence
and appearance of one line in the center for subensembles (+1,-1 and —1,+1) and two lines
shifted by a\/2 in both directions from the center for subensembles (+1,0; 0,+1; 0,—-1; and
-1,0), each of these three lines having relative intensity, 2. Therefore, the total superimposed
spectrum is represented by quintet, 1:2:3:2:1, with the splitting equal to ay/2. In the general
case, the spectrum of the nitroxide biradical is represented by the superposition of the
conformations with the different values of exchange integral and dynamics of
conformational transitions. The spectrum of R,SSR;, biradical (Figure 3A, top) is
characteristic for the superposition of several biradical conformations with J~ ay.34 As seen
in Figure 3, the reaction with glutathione, GSH, results in complete cancelation of
intramolecular spin exchange between two monoradical fragments due to splitting of the
disulfide bond via thiol-disulfide exchange reaction and formation of two monoradicals.33

kG%H kG%H

R°SSR*+GSH 2 R°SH+R®SSG = 2R°SH+GSSG  (5)

Nitroxide biradical disulfides represent paramagnetic analogs of Ellman’s reagent and have
found application as thiol-sensitive probes. Biradicals R1SSR1 and RoSSR5 show more than
3 orders of magnitude difference in their reactivity toward low-molecular-weight thiols such
as cysteine and GSH which determines their different area of applications.

Fast reacting R1SSR1 (kgsn ~ 5 % 103 M~1 s71 at neutral pH and room temperature) has
found application for /in vitro EPR measurement of thiols, in particular GSH presented in
cells in millimolar concentrations and considered to be a major intracellular redox buffer.53
Note that GSH does not penetrate the cellular membrane, and its extracellular concentrations
in living tissues are at the low micromolar level. The method relies on the application of the
access of the biradical over GSH and measures the fraction of the biradical split by the
reaction with GSH immediately after probe addition to the sample (the R1SSR1 probe easily
penetrates the cellular membrane and react with 1 mM GSH with characteristic time of
about 0.2 s). GSH-induced changes in the ratio of mono- and biradical components are
calibrated and used afterward for [GSH] calculation in the experimental sample. The
sensitivity of the method is sufficiently high to perform the measurements of GSH in very
few (~100) cells. The described “static” EPR approach of GSH assessment has the
advantage in its simplicity and represents a fast, highly sensitive, convenient, and reliable
approach for in vitro measurements in optically nontransparent samples. On the other hand,
the approach is based on complete consumption of the vital thiols, therefore its application
in vivois limited due to corresponding damage to cellular redox functions.

The reasonable time window for the reaction of the slow-reacting R,S-SR, probe with
glutathione at physiological intracellular tissue GSH concentrations and neutral pH (kgsH ~
2.8 M1 571 see Figure 3A) allows for application of “kinetic” EPR approach for /i vivo
GSH detection as illustrated in Figure 3B. The kinetics measurements allow for using low
probe concentration compared to [GSH], therefore minimizing possible probe toxicity.
Noninvasive kinetics-based /n vivo EPR measurement of intracellular GSH using the
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R,SSR, probe is based on the dominant contribution of GSH in the reaction with biradicals,
fast diffusion of the probe across the cellular membrane and their comparatively low
reduction rates.8:34 Signal intensity and functional sensitivity of the probe can be increased
by isotopic 1°N and 2H substitutions (see R3SSR3, Scheme 3)%4 which results in the
decrease of the number of spectral lines and their line width, correspondingly.

Currently EPR spectroscopy in combination with the optimized imidazolidine nitroxide
disulfide biradicals R,SSR, and R3SSRj is the only direct noninvasive method that proves
its capability for quantitative measurement of glutathione in living subjects.8:54 Recently
new NR-NR,3> TAM-NR, and TAM-TAM38 disulfide biradicals were synthesized. Note that
TAM-containing disulfides TAM-NR and TAM-TAM36 are cell-impermeable and therefore
their application for intracellular GSH measurements is hardly possible. The feasibility of
using pyrrolidine disulfide biradicals (see Scheme 3 for the structures) for thiols detection
was first demonstrated /n vitro3®%° and very recently /n vivo for imaging thiol redox status
in murine tumors.®® Further studies are required to determine their potential for quantitative
in vivo GSH detection, which strongly depends on the comparative contributions of the
various factors into the EPR spectra change, namely, the rates of probe reaction with GSH,
probe penetration into the cells, and probe reduction.

PROTON EXCHANGE AND SPIN pH PROBES

In aqueous solutions chemical reactions of proton exchange between spectroscopically
distinguishable free radical R* and its conjugate acid RH** in the presence of buffer
molecules, B, can be described as follows:

k‘
R*+HT 2 RH"F
o ©)

k
R*+BH' 2 RH*"+B
& @)

The equilibrium constant of the proton exchange reaction 7 is determined by thermodynamic
parameters of the compounds involved, namely, by the pK values of the radical and buffer,
pK7 = pKr — pKg. The concentration ratio of [RH"*] to [R*] does not depend on buffer
concentration and is determined by the values of pH and pK of the radical (p&<R):

[RH._I—]/[R.}:lOpKR_pH (8)
Equation 8 represents the standard pH titration curve providing a basis for using radicals as
pH-sensitive probes. An accuracy of [RH**]/[R"] ratio determination depends on extent of

protonation effect on the EPR spectrum of the radical, and the signal-to-noise ratio (SNR) of
the EPR spectra, and in many reported cases is equal or better than 10% which is equivalent
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to accuracy of pH measurement of 0.05 pH units. Note that pH probe has optimal sensitivity
in a linear part of the titration curve (8) at pH ~ pKg + 1.

The kinetics of reactions 6 and 7 determine the rate of proton-exchange-induced frequency
exchange in the EPR spectrum and therefore its line shape. Intermediate exchange on the
EPR time scale is observed when lifetimes of the radical in the RH™ and R* forms are close

to the frequency difference between corresponding EPR lines, % TR; ~ Aw, In the
absence of buffer, this condition is equivalent to two requirements Ag[H*] ~ A_g and Ag[H™]
~ Aw. The first condition, kg[H*] ~ k_g, is a rather obvious statement that the simultaneous
observation of the EPR spectra of both radical forms is possible only at pH ~ pKg in
agreement with eq 8. The second condition, A5[H*] ~ Aw, for diffusion-controlled proton
exchange reactions (kg ~ 10° M1 s719 and Aw ~ (106 — 107) 571 (see Figure 4) yields [H*]
~ 1073-1072 M or pH » 2-3. In agreement with this estimate, a fast or intermediate proton
exchange was observed for the number of NRs with pKgr < 3 in very acidic solutions at pH <
3.9 Interestingly, the fast exchange was also reported for the radicals with pKg > 11 in
alkaline solutions at pH > 11.° The latter cases are determined by the proton exchange via
the mechanism in eq 9 facilitated by a high concentration of hydroxyl anion in alkaline

solutions:®

ke
RH**+OH~ k<:>0 R*+H,0
-9

The observed cases of the proton exchange of the radicals with solvated proton in aqueous
solution at neutral pH show slow frequency EPR exchange due to the low concentrations of
protons or hydroxyl anions, [H*], [OH™] < 1 mM.

In the presence of buffer, the condition of intermediate exchange (%R, TR;+ ~ Aw)
transforms into the requirements, A7[BH*] ~ &_7[B], A&7[BH*] ~ Aw, or pKR ~ pH and
[BH*] ~ [B] ~ 1-10 mM. Figure 4 shows proton exchange-induced spectral transformations

for the nitroxide NR4 (Figure 4A) and trityl pTAM (Figure 4B) observed at pH close to the

pKR of the radicals upon increase of phosphate buffer (B=HP(O?") concentration. At a low
concentration of phosphate, the frequency exchange does not affect significantly the EPR
spectra. The ratio of the spectral components of the RH** and R* forms corresponds to the
differences between the values of pH of solution and pKg according to eq 8. At higher
phosphate concentrations, the proton exchange results in line broadening of the spectral
components participating in the exchange due to a decrease of the life times of the
corresponding ionization states of the radical proportionally to the phosphate concentration

($=k1[BH+]; — =k_1[B]). A further increase of the phosphate concentration results in

the lines coalescence followed by the enveloped line narrowing in the region of fast

frequency exchange (7, —— > Aw),

1
R RH+

Summarizing, manifestation of the proton exchange in the EPR spectra of aqueous solutions
of stable radicals such as NRs and TAMs allows for quantitative measurements of the
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equilibrium and Kinetics parameters of this chemical reaction, and as a consequence in
particular situations this allows for concurrent quantitative assessment of the concentrations
of protons (pH) and buffer molecules, e.g., concentration of inorganic phosphate, Pi.

MUTIFUNCTIONAL ASSESSMENT OF CHEMICAL MICROENVIRONMENT

Noninvasive assessment of chemical parameters in living tissue such as oxygen, pO», pH,
interstitial inorganic phosphate, Pi, redox status, and glutathione may provide unique
information related to normal physiological as well as pathophysiological processes.
Significant efforts have been made to upgrade low-field EPR spectroscopy and imaging
techniques with capabilities for functional measurements when combined with specific
paramagnetic probes including pO»-, pH-, redox-, and GSH-sensitive probes.
Multifunctional probes would have the advantage in the capability for assessment of several
parameters simultaneously independent on probe distribution and time of probe delivery.
This opens a new functional dimension allowing for correlation of the parameters between
each other, therefore providing insight into the underlying biological mechanisms. Until
recently there were no available techniques for the concurrent assessment of several
chemical parameters in tissue microenvironment in living subjects.

In theory, NRs with ionizable groups possess multifunctional spectral sensitivity toward pH,
redox, oxygen, and radical concentration. In practice, it is enormously difficult to design the
NR structure that combines reasonable spectral sensitivity toward several of these
parameters at physiological conditions. First, except for the rare exceptions, NRs have
limited oxygen sensitivity due to a comparatively broad line width which is further
compromised by concentration broadening. Second, the NRs reduction in reducing
biological medium into EPR-silent products often compromises their EPR detection, and
therefore synthesis of the NRs with enhanced stability toward reduction is highly desirable
for in vivo use.

NR5 represents one of the successful examples of dual function pH and redox probe
developed for /n vivo monitoring of the tissue microenvironment. This probe combines a
number of structural features that makes it a suitable probe for monitoring tumor
extracellular tissue pH (pH,) and the redox status in animal models of cancer (Scheme 4).
Note that extracellular probe localization is required to report on tumor tissue acidosis
occurring in extracellular medium only. This has been achieved by binding the NR label to
glutathione preventing the resulting NR5 probe from diffusion across the hydrophobic lipid
bilayer of the biomembranes and therefore enforcing probe localization in extracellular
aqueous volumes.58 The pKg value of the probe has been tuned by variation of the substitute
at position 4 of the radical heterocycle resulting in the ideal range of pH sensitivity centered
on slightly acidic pH in tumors (pKgr = 6.6 at 37 °C). The bulky ethyl substitutes at positions
2 and 5 around the paramagnetic NO fragment of the NR5 have been introduced to enhance
the probe stability toward bioreduction. The NR5 probe has been used to assess tissue
acidosis in various mouse models of cancer859.60 and in the ischemia-reperfusion model in
isolated perfused rat hearts.51:62 The sufficiently long reduction rate of the NR5 even in
highly reducing tumor tissue (z12 ~ 5 min) allowed for quantitative assessment of tumor
tissue reducing capacity in complement to pH measurements.®
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Trityl radicals have been found to be the most sensitive soluble EPR oximetric probes with
extraordinary stability /n vivo. A decade ago we published the concept of dual function
oxygen-and pH-sensitive TAM probes based on introduction of ionizable groups in their
structure.?” Following this concept, TAM probes containing amino-%3 and
phosphono-28:64.65 groups with pH sensitivity in the physiological range of pH were
synthesized based on the cTAM structure (see Scheme 2). The cTAM radical bearing two
thioacetonide moieties and one carboxylic acid on each aromatic group exhibits an
extraordinary stability /7 vivo as a result of steric protection and electronic stabilization.>
Conformational studies using EPR spectroscopy, DFT calculation, and X-ray diffraction
have shown that the TAMs adopt a helix conformation (Scheme 2) which protects the central
carbon bearing approximately 60% of the unpaired electron spin density®® and provides
helicoidally chirality to the EPR spin probe.57:68

The EPR spectra of TAMs containing amino-52 and phosphono-28:64.65 groups exhibit
complex EPR spectra therefore making the spectrum simulation and extraction of both
functional parameters, pO, and pH, challenging. In particular, the EPR spectra of
triphosphonated TAM radicals4:65 (Scheme 5) contain the superposition of four ionic
species arising from the independent ionization of three phosphonic groups with slightly
different pKgo (6.4, 6.9, and 7.7) each having different phosphorus hyperfine splitting
pattern. The first dissociation constant of phosphonic acid with pKj3; ~ 2 keeps the molecule
ionized, therefore enhancing its aqueous solubility under physiological pH and ensuring its
extracellular localization by preventing transmembrane diffusion.28.64.65 The recent psTAM
noninvasive application /n vivo for pH measurements based on /n vitro calibration of the
apparent phosphorus hyperfine splitting showed the results in agreement with the ones
measured using invasive pH electrodes.®9 However, an extraction of the second function,
P05, from the EPR spectrum of p3TAM is hardly possible due to the overlap of the
numerous individual spectral lines. Isotopic substitution of all 36 methyl hydrogen atoms for
deuterium in p3TAMg3g (Scheme 5) significantly decreases the individual line width from
about 100 mG down to 40 mG5° allowing for discriminative measurements of both pH and
PO5. Still complex multiline spectrum of p3TAMg3g probe compromises signal intensity and
accurate line shape analysis making its application in biological systems difficult.

The synthesis of the monophosphonated TAM derivative decreases the number of
phosphonic acids from three in p3TAM and p3TAMgsg (Scheme 5) to one in pTAM (Scheme
2) and provides the simplest doublet EPR hyperfine splitting pattern sufficient for
multifunctional sensitivity.28:2% The doublet of very narrow EPR lines of the pTAM probe
arises from phosphorus hyperfine splitting (Sp = 1/2) allows for the quantitative line shape
analysis and discriminative concurrent extraction not only of pH and pO, values but also
concentrations of inorganic phosphate, Pi, and concentration of the probe.2% Because of
unsurpassed multiple functional sensitivity to pH, pO,, and Pi in the extracellular tissue
microenvironment, we further abbreviated this type of probes as a HOPE probes.

Figure 5 illustrates the multifunctional assessment of the chemical microenvironment using
the pTAM HOPE probe.
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The pTAM doublet hyperfine splitting on phosphorus nucleus differs for two ionization
states shown in Figure 5b (ap(p754/\/l3‘) =3.63G, ap(p7J4M4‘) = 3.37G) resulting in
additional doublet splitting of the EPR lines of about 130 mG (Figure 5c). A fraction of one
of the ionization states measured from the integral intensities of the individual lines of this
doublet is a pH marker (Figure 5¢) while the line width of the individual components is a
PO, marker (Figure 5d). In contrast to oxygen-induced line-broadening, phosphate-
facilitated exchange between the EPR lines of two ionization states of pTAM results both in
line broadening and in narrowing the distance between the lines of the smaller doublet
(Figure 5c). In its turn, spin self-exchange between trityl radicals in addition to line
broadening results in a shift of the positions of all the EPR lines of pTAM (see ref 29 for
details). Therefore, in general, the contributions of all four factors, pH, pO», [Pi], and
[pPTAM] in the EPR spectrum of the probe are qualitatively different and can be
discriminated by advanced spectra analysis using theory of exchange between several sites
in noncoupled systems.”2 Note that this spectra simulation in complex multicomponent
system are preceded by the analysis of spectra changes separately for each of the ionization
states of pTAM upon variation of one of the factors only: (a) pO, variations in the absence
of phosphate and low [pTAM] to exclude concentration broadening; (b) [Pi] variations in
deoxygenated solutions at low [pTAM] as shown in Figure 4b; and (c) [pTAM] variation in
deoxygenated solutions in the absence of phosphate.2® These measurements allow for
calibration of probe reactivity yielding the values of the bimolecular rate constants of the
corresponding exchange processes.2? The obtained values of the rate constants about 10°
M1 571 for the spin exchange of pTAM with a small oxygen diradical molecule; almost 2
orders of magnitude lower, in the range (2.1-3.3) x 10’ M~1 s71, for the proton exchange
reactions of pTAM with phosphate anions; and the lowest values, (0.74-1.43) x 10’ M~1s71,
for the spin self-exchange between bulky pTAM radicals support significant contribution of
steric hindrance in the reactivity of trityl radicals. The observed decrease of the values of the
rate constants for exchange reactions between different ionization states of pTAM and
between pTAM and phosphate upon increase of the negative charge of the anions
participating in the exchange supports electrostatic repulsion contribution in the pTAM
reactivity.2

Tissue pO, and pHe are well recognized hallmarks in solid tumors while extracellular Pi has
been recently identified as a new signaling molecule of importance in tumorigenesis. An
extraordinary high sensitivity of pTAM to pO, allows one to detect an oxygen tension as low
as the threshold of anoxia, about 1 mmHg. pTAM possesses a pH sensitivity in a
physiologically important pH range that makes it possible to monitor the acidity both in
normal tissues and in acidic tumors with an accuracy of 0.05 pH units. The range of Pi
measured by pTAM from 0.1 to 20 mM covers the physiological range of the Pi values
previously reported in the literature. This unique multifunctional sensitivity of the pTAM
probe decreases the method invasiveness and allows for a better correlation of the
parameters independent of the distribution of the probe. pTAM sensitivity to the probe
concentration can be used in imaging modalities to map the perfusion areas. Note that long
relaxation times of the pTAM probe (depending on ionization state, 7; = 18-21 isand 7, ~
6-11 /s in deoxygenated solutions??) favors its application using pulsed and rapid scan EPR
techniques and Overhauser-enhanced MRI.
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Recently pTAM probe has been used for /n vivo multifunctional assessment of tumor
microenvironment (TME) in various animal models of cancer using L-band EPR
spectroscopy. The measurements in PyMT transgenic mice which spontaneously develop
breast cancer showed existence of hypoxic and acidic areas in TME and significantly (up to
3-fold) higher concentrations of interstitial [Pi] in tumors vs normal mammary glands.
Figure 6 shows correlation analysis between measured parameters.

The observed positive correlation between pO, and pH, in normal mammary gland vs
absence of correlation in tumors support tumor reliance on glycolysis independent of oxygen
concentration; in our opinion, this is an exemplified /7 vivo demonstration of the Warburg
effect. In its turn, the observed negative correlation between interstitial [Pi] and pO, both in
normal and tumor tissues is in agreement with association of high [Pi] (and low ATP/Pi
ratio) with changes in bioenergetics status upon lower oxygen supply. Of particular note,
these first pTAM applications in animal models of cancer reveal a potential role of
interstitial Pi as TME marker for tumor progression and aggressiveness. The interest to Pi
role in cancer has been periodically revisited. The selective uptake of phosphorus 32P by
tumors upon intravenous injection of radioactive phosphate has been known since the 1940
report by Marshak et al.”3 supported by further observations.”#~76 In 1980s, the endogenous
inorganic phosphate and/or NTP/Pi ratio were considered as candidates to be used as 3!P
magnetic resonance spectroscopy (MRS)-measured markers to help differentiate hypoxic
tumors from normal tissues and optimize and monitor ongoing radiation therapies.””:’
Recently, a high phosphorus content requirement for the malignant cells has been proposed
based on the “growth rate hypothesis” (GRH).”®-81 The GRH hypothesis being applied to
cancer predicts that tumors are richer in phosphorus than the surrounding tissue due to the
requirement of a high amount of ribosomes and other P-rich RNA components that are
necessary to manufacture proteins in rapidly proliferating cancer cells. This was also
suggested experimentally by significantly higher intracellular concentration of phosphorus
in some types of tumors compared to somatic tissues.”® Future studies are warranted to
evaluate whether high interstitial [Pi] levels in TME observed using pTAM probe have
physiological significance and may provide additional avenues for therapy.

FUTURE DIRECTION IN DESIGN OF MULTIFUNCTIONAL TAM PROBES

With the exception of the polar carboxylic acid and phosphonic acid, the aryl core of cTAM
and pTAM HOPE probes has a relatively lipophilic nature which facilitates probe
hydrophobic interaction with biomacromolecules such as albumin.”® The latter results in a
drastic decrease of the EPR signal intensity and therefore preventing systemic administration
of these probes. Further development of HOPE probes may proceed via structure
modification and/or formulation to allow for a systemic delivery of the probe and to
optimize the circulation time as well as to achieve targeting to specific tissue.

A first strategy based on conjugation of the probe with biocompatible and hydrophilic
polyethylene glycol (PEG) chains is illustrated in Figure 7. This modification will prevent
hydrophobic interactions with biomacromolecules such as albumin8 while the size of the
PEG chains will determine the circulation time. A tissue selectivity can be achieved by
conjugation of the probe to a ligand of a particular receptor. For example, adhesion integrin
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receptors a, B3 has been shown to be overexpressed on tumoral endothelium during
angiogenesis and numerous cancer cells but they are poorly expressed in mature
endothelium which make the integrin a,8; a popular target for tumor imaging and
treatment. This receptor recognized the peptide RGD sequence of appropriate
conformation.83:84 The use of folic acid is another popular ligand to target the tumor.

An alternative strategy for development of HOPE advanced structures illustrated in Figure 8
that schematically shows the covalent conjugation of the radical with a water-soluble
biocompatible carriers such as dextran, chitosan, and others. Similar to the first strategy of
the synthesis of PEGylated HOPEs, targeting can be achieved using a specific ligand.

In theory, such formulation would allow for the injection of smaller probe doses compared to
PEGylated HOPE as a higher spin density can be obtained for the same molecular weight. A
size between 10 kDa and 40 kDa would represent the optimal zone of investigation in order
to increase the circulation time of the HOPE probes and favor probe clearance by the kidney.
The possible variations in probe mobility upon binding to polymer and intramolecular spin
exchange interaction between pTAM radicals may contribute to the EPR spectrum and has to
be minimized to avoid spectrum complication, therefore implementing some structural
restrictions in the probe design (e.g., limiting the number of radicals per polymer).

MULTIFUNCTIONAL IMAGING OF PARAMAGNETIC PROBES

In functional EPR imaging (EPRI), spatial variation of EPR line shape and intensity are
measured. The former reports local chemical environment, while the latter is proportional to
the number of spins in a given voxel. If only one functional parameter, such as pO, or pH,
needs to be measured in the experiment, it is sufficient to image a single EPR line. Its line
width can be translated into oxygen concentration and its position would report local pH.
Monofunctional EPRI has been performed with single-line trityl probes and the
nitroxides.%:85 In the case of the nitroxides because of a large nitrogen hyperfine splitting,
an, between the lines, it is possible to use selected line for imaging.88 However, the
maximum gradient is limited to ay/L, where L is the characteristic object linear size,
therefore limiting spatial resolution. Multifunctional EPRI requires use of the spin probes
discussed above with multiline spectra. In the presence of gradient the lines overlap to give a
spectrum that may exceed 10 G in line width. In this situation, the standard filtered
backprojection algorithm fails to reconstruct spectral-spatial images.8” In addition, pulsed
EPR may not be used because of the excitation bandwidth limitations. CW EPR is not
limited with respect to the spectral width but is known to suffer from low sensitivity,
especially when it comes to imaging because the signal intensity drops as gradient squared.
To our opinion, the future of multifunctional EPRI lays in further development of (i)
relatively new methodology, rapid scan EPR and (ii) new algorithms for spectral-spatial
image reconstruction.

Alternatively, Overhauser-enhanced MRI (OMRI, also termed proton—electron double-
resonance imaging, PEDRI) represents a MRI-based approach for imaging of paramagnetic
probes based on the enhancement of the proton MRI image after EPR irradiation due to
transfer of polarization from electron spins to nucleus spins by the Overhauser effect.88 It
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inherently offers high spatial resolution, plane selectivity, and rapid image data collection.
Recently developed variable field (VF)8 and variable radio frequency (VRF) OMRI%0
approaches allow for functional mapping using NR>? or TAM®! probes while additionally
keeping the capability to provide an anatomical image.

A brief review describing recent developments in RS EPRI and functional OMRI and future
directions for their use for multifunctional imaging are given below.

Rapid Scan EPR Spectroscopy and Imaging

Since its beginning, the magnetic resonance methodology has been developing along two
mainstream directions: CW and pulsed EPR. Both methods have their advantages and
limitations. CW EPR does not require high powers and is unrestricted with respect to the
spectral width. Pulsed EPR can be only applied to a limited set of samples with relatively
long relaxations times, often at low temperatures. In the early days of NMR there were
attempts to explore the rapid passage effect®93 to improve sensitivity. However, neither
rapid scan NMR nor CW NMR have never become mainstream methods because of the
Fourier transform (FT) NMR success. Long relaxation times of nuclear spins permit using
very sophisticated pulse sequences that generate rich data no other method can provide. It is
different for EPR. The electron spin time scale is much shorter, so that CW EPR has been
and continues to be a mainstream method.

A new development, sinusoidal RS EPR has been demonstrated that CW methodology has
not reached its sensitivity limit. A 1-2 orders of magnitude signal enhancement has been
achieved compared to the standard modality.?49° The gain is achieved due to overcoming
two major limiting factors of slow scan CW EPR: (i) only a very small portion of the spins
contribute to the signal as illustrated in Figure 9; (ii) power saturation of the spin system
limits signal intensity. By employing rapid passage, the spins are not readily saturated and
more of them contribute to the signal. In fact, in RS EPR all spins are excited and detected
twice the scan period as demonstrated in Figure 9. The gain is even more profound for
imaging. Gradients of the external magnetic field used to encode spatial information broaden
the spectrum. As a result, even smaller portions of the spins contribute to the signal in CW
vs RS experiments.

The theoretical sensitivity limit for RS EPR approaches that of FT EPR. To reach the limit, a
number of hardware and mathematical problems need to be solved. On the hardware side,
further development of bimodal resonators®® together with fast sinusoidal scan system is
required. RS EPR enhancement comes with the price of increasing the excitation power.
More power delivers stronger signal but also may saturate the detection system. That is why
bimodal resonators with good isolation are required. On the side of data processing, the
current algorithm®7-%9 is limited by the scan rate. If free induction decay (FID) time in the
rapid scan experiment becomes comparable to the scan period, FIDs produced by up- and
down-scans through the resonance overlap. Interference patterns formed by the two
oscillating signals is quite difficult but not impossible to detangle.

Multifunctional imaging, simultaneous detection of several physiological parameters,
utilizes spin probes with complex spectra. Collected data in the form of projections is

Anal Chem. Author manuscript; available in PMC 2018 May 02.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Khramtsov et al.

Page 17

transformed into four-dimensional spectral-spatial images. For each 3D voxel in the image
there is an EPR spectrum. Spectrum shape analysis provides information on local
concentration of oxygen, pH, and other important parameters as discussed above. As a
result, 4D image is turned into a set of 3D maps for each parameter. The standard
reconstruction method, called filtered backprojection, which was developed for pure spatial
imaging, limits the use of multiline spin probes. A new approach to image reconstruction is
being evaluated that is based on the concept of solving the inverse problem in a form of large
system of linear equations using Tikhonov regularization.8” It was demonstrated that the size
of the problem can be reduce by one in the Fourier domain, which makes it possible to
handle with a modern desktop computer. The new method has been shown to work in a less
computationally demanding two-dimensional case. It is now being optimized for 4D
reconstruction.

Overhauser-Enhanced Magnetic Resonance Imaging

OMRI represents double resonance imaging modality in which the polarization of the EPR
transition of the paramagnetic probe induced by rf irradiation is transferred into polarization
of the NMR transition by the Overhauser effect,8 e.g., resulting in enhancement of NMR
signal of water protons. An NMR signal enhancement upon EPR irradiation, nuclear
Overhauser effect (NOE) is proportional to several factors, among them ratio of electron and

nuclear gyromagnetic ratios ('3—6‘:658) and saturation factor, s, of irradiated EPR transition
which varies from 0 to 1 depenJaing on power, time, and frequency of irradiation, probe
concentration, relaxation times, and its EPR spectrum shape. The maximum theoretical
value of NOE, 329, requires long high power saturation irradiation,19% which is not
compatible with living subjects due to overheating problems. Therefore, in /n vivo studies
short (under 1 s) and weak rf saturation pulses are used providing NOE values around 10.5°

The dependence of NOE on the EPR spectral parameters and therefore on the frequency of
EPR irradiation provides opportunity to acquire OMRI at several selected spectral points or
several power values of rf irradiation, therefore enabling extraction of specific spectral-
related parameters and conversion of OMRI images to a functional map. OMRI acquisition
in the absence of EPR irradiations and upon rf irradiations at selected EPR parameters
allows for coimaging of the anatomical structure and functional mapping of the chemical
microenvironment.

The simplest OMRI experiments that measure only spatially resolved changes of NMR
signal intensity upon irradiation of the paramagnetic probe at a fixed EPR frequency do not
reveal any spectral information on the probe but still may provide functional information on
probe distribution and kinetics of the EPR signal change. This type of experiment has been
used to assess tissue redox properties in living animals. Both nitroxide reduction rate101-103
and hydroxylamine oxidation rate192 measured by OMRI experiments can be used to map
reducing and oxidizing capacities in living subjects, correspondingly. In addition to redox
measurements, spatially resolved kinetics measurements of EPR signal intensity provided by
OMRI can be used to map the rates of the biradical disulfide, e.g., R,SSR>, reaction with
GSH. Taking into account the convenient time-window of the reaction of Ro,SSR, with GSH
of a few minutes in living tissue and a short time of acquisition of OMRI images of about
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10-20 s (see Figure 10), the OMRI mapping of tissue GSH looks feasible and worthy to
explore.

The most known application of functional OMRI that utilizes NOE dependence on electron
relaxation times 77, and 7, of paramagnetic probe is represented by the imaging of tissue
oxygen concentrations.104-107 The Heisenberg spin exchange of probe with oxygen results
in shortening electron relaxation times of the probe, which can be elucidated by comparison
of OMRI images taken at different EPR powers.104

VF8 and VRF OMRI® approaches allow for mapping chemical microenvironment using
the probes with a functionally dependent ratiometric spectral parameter. Figure 10
demonstrates application of VRF OMRI for pH mapping using a deuterated analogue of the
NRS5 radical. The narrow EPR signal of the deuterated probe is easily saturated by rf
irradiation which is of critical importance for obtaining higher NOE in OMRI and allowing
for shorter acquisition time. Two OMRI images are acquired during 8.4 s EPR irradiation at
two preselected EPR frequencies which correspond to EPR resonances of RH* and R forms
of deuterated NR5 probe. The ratio of the signal intensities of these two images correspond
to the [RH*]/[R] ratio and therefore allows for pH calculation according to eq 8. Figure 10a
illustrates the principles of VRF OMRI and method calibration using a phantom sample.
Figure 10b demonstrates OMRI pH mapping of a tumor-bearing mouse after NR5 injection
in the tumor and mammary gland. Two areas of probe localization correspond to tumor
(Figure 10b,left) and mammary gland (Figure 10b,right) with higher pH heterogeneity in the
tumor. Mean pHg values in the tumor and mammary gland were found to be in agreement
with EPR spectroscopy and microelectrode data measured in the same mice being about 0.4
pH values lower for TME.9 Note that decay of OMRI signal at each pixel can provide
spatially resolved information on the tissue redox status. Therefore, the same pH probe can
be used for simultaneous mapping of pH and redox status. The OMRI functional approach
may find applications for pH mapping of other living tissues and has potential for
applications to humans.

In summary, the OMRI technique offers a comparatively fast and easy to build system (only
rf EPR coils have to be integrated with the MRI scanner) to follow specific values of the
tissue microenvironment using functional paramagnetic probes. In addition, several
paramagnetic probes could be used simultaneously extending OMRI multifunctionality.197
Application of multifunctional radicals such as HOPE probes can further extend OMRI
capability for concurrent mapping of several chemical parameters of the local
microenvironment. Note that optimization of the OMRI imaging procedure for the pTAM
HOPE probe requires consideration of contribution of all exchange processes in the EPR
spectrum and NOE, namely, exchange of the probe with oxygen, self-spin exchange, and
proton exchange with inorganic phosphate.

CONCLUSIONS

EPR-based spectroscopy and imaging of stable organic radicals involved in reversible
exchange processes may allow for quantitative measurements of the kinetic and
thermodynamic parameters of these processes. This provides noninvasive analytical tool for
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assessment of local chemical microenvironment. A need for quantitative mapping of critical
parameters of the local chemical microenvironment in biological systems, especially /n vivo,
with spatial and temporal resolution is emerging. In particular, tissue oxygenation, acidosis,
redox, and GSH content are physiologically important markers of the processes related to
tumorigenesis characterizing cancer progression, aggressiveness, and efficacy of tumor
microenvironment (TME)-targeted anticancer therapy.198 Among the other chemical
parameters of TME recently identified as important for a signaling molecule in
tumorigenesis is inorganic phosphate, Pi.10°

Here we demonstrate that currently available NR and TAM probes can be efficiently used for
multifunctional assessment of chemical microenvironment in living tissues providing new
insights in the underlying biochemical and physiological processes. The proposed future
directions include advances in the synthesis of multifunctional paramagnetic probes and
progress in EPR-based imaging techniques such as RS EPR imaging8’ and Overhauser-
enhanced MRI,59:91
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Figurel.
EPR spectra of the di-fert-butyl nitroxide radical, NR1 (see Scheme 1) in ethanol at room

temperature at various radical concentrations: (a) 0.1 mM, (b) 10 mM, (c) 100 mM, and (d)
pure liquid NR. Spectra are normalized for the same peak intensity. Reproduced from ref 37
(p 323, Figure 10.8) with permission of John Wiley & Sons, Inc. Copyright 2007 John Wiley
& Sons, Inc.
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Figure2.
EPR spectra of 50 #M aqueous solution of the NR2 measured at 37 °C at various oxygen

concentrations. Spectral parameters: microwave power, 2.4 mW, time constant, 5.12 ms;
sweep time, 81.92 s; number of points, 4096; modulation amplitude, 0.1 G; (0.8 G for
spectrum at 100% oxygen); sweep width, 4 G (6 G for spectrum at 100% oxygen). Line
width at 100% oxygen is 1.60 + 0.03 G. Reproduced from ref 40 with permission of John
Wiley & Sons, Inc. Copyright 2010 John Wiley & Sons, Inc.
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Figure 3.
(A) X-band EPR spectra of 100 xM R,S-SR, measured at various time points after

incubation with 2.5 mM GSH in 0.1 M Na-phosphate buffer, pH 7.2, and 1 mM DTPA at
34 °C. The kinetics analysis provides the observed rate constant value of the reaction
between GSH and RyS-SRy, Aops(PH 7.2, 34 °C) = 2.8 £ 0.2 M1 571, (B) Kinetics of the
monoradical spectral peak intensity change measured in mammary tumor (@) and normal
mammary gland (O) using L-band EPR. The solid lines are the fits of the initial part of the
kinetics by the monoexponent supposing Kops (PH 7.2, 34 °C) = 2.8 M~1 s71 and yielding
[GSH] = 10.7 mM and 3.3 mM for the tumor and normal mammary gland, correspondingly.
Reproduced from ref 8 with permission of John Wiley & Sons, Inc. Copyright 2012 John
Wiley & Sons, Inc.
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Figure 4.
(A) Second-derivative of high-field component of X-band EPR spectra of aqueous 0.3 mM

solutions of the radical NR4 (pKgr = 6.1) measured at various phosphate buffer
concentrations, pH = 5.9 and temperature, 23 °C. At low phosphate concentration (top
spectrum), the narrow lines of this deuterated probe allows for distinguishing not only R®
and RH** and forms but also discriminating two protonated radical forms with different

nuclear spin projection of attached proton, R ¢ and RH;f. The fitting calculated spectra
(dotted lines) to the experimental ones performed as described in ref 57 provides the values
of the rate constants of proton exchange of the NR4 with phosphate, A7(NR4) = 2.6 x 108
M=1s71 k5 (NR4) = 1.6 x 109 M~ s71. Reproduced from ref 57 with permission of
Springer. Copyright 2001 Springer. (B) High-field component of the L-band EPR spectra of
aqueous 0.2 mM solutions of the pTAM radical (pAgr = 6.9) measured at various phosphate
buffer concentrations, pH 6.8, under anoxic conditions and temperature 37 °C. The fitting
calculated spectra (dotted lines) to the experimental ones performed as described in ref 29
provides the values of the rate constants of proton exchange of the pTAM with phosphate,
k(pTAM) = 2.1 x 10’ M1 571, k_;(pTAM) = 3.3 x 10’ M~1 571, Reproduced from ref 28.
Copyright 2013 American Chemical Society.
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Figure5.
Multifunctional assessment of chemical microenvironment using pTAM HOPE probe. ()

Setup for /n vivo L-band EPR measurements of the tissue microenvironment parameters in
living mice. Photograph shows the anesthetized mouse between the magnets of the EPR
spectrometer with the inset on the right showing placement and positioning of the loop
resonator on top of the measured tissue. (b) The scheme of pH-dependent equilibrium
between two ionization states of the probe. (c) L-band EPR spectrum of pTAM. (d) The EPR
line width of the pTAM is a pO, marker (accuracy, ¥ 1 mmHg; pO, range, 1-100 mmHg).
(e) The fraction of protonated pTAM is a pH marker in the range from 6 to 8.0 (accuracy,
+0.05). (f) Dependence of proton exchange rate (expressed in mG) of the pTAM with
inorganic phosphate on Pi concentration extracted by spectra simulation (accuracy, +0.1
mM; range, 0.1-20 mM).28.29 Note interstitial extracellular localization of the pTAM probe:
it does not penetrate into the cells due to bulky charged structures and the pTAM signal from
the blood is not detected by EPR due to signal broadening by pTAM complexation with
plasma albumin.”® Reproduced from ref 71 with permission of Nature Publishing Group.
Copyright 2017 Nature Publishing Group
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Figure 6.
Correlation between interstitial pO5, pHe, and Pi values measured in normal mammary

glands of FVB/N wild type mice and in the TME of breast cancer in MMTV-PyMT
transgenic mice (n7=23). To extend the range of oxygen variations, anoxic conditions in
interstitial space were established by i.t. injection of oxygen-consuming enzymatic system of
glucose/glucose oxidase (red symbols). Blue lines represent linear fit for the total data sets.
(a) A positive correlation between pO, and pHg in normal tissue (r= 0.5, p=0.014 for black
symbols; 7= 0.64, p=1.8 x 10~ for total data set) vs (c) no significant correlation between
PO, and pH, in TME (r=0.01, p=0.97 for black symbols; r=0.23, p= 0.3 for total data
set) were found. A negative correlations between pO, and Pi both in (b) normal tissue (r=
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-0.51, p=0.013 for black symbols; r=-0.7, p= 2.3 x 107 for total data set), and (d) in
TME (b, bottom: r=-0.4, p=0.079 for black symbols; r=-0.62, p=0.001 for total data
set) were found. Adapted from ref 71 with permission. Copyright 2017 Springer Nature.
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Figure 7.
Structure rationale for the development of PEGylated and targeted HOPE probes. Blue zone

encompasses the chemical structural core which has a direct influence on the EPR signal
pattern and line width, the latter determines oxygen sensitivity. Red zone encompasses the
phosphonic acid moiety that provides pH and [Pi] sensitivities. Green zone encircles a
deuterated linker that prevent line broadening of the EPR signal. Yellow zone shows
PEGylating which provides high aqueous solubility and prevents hydrophobic interactions
with biomacromolecules. Finally, the purple arrow indicates the introduction of a particular
ligand that enables a targeting effect of the HOPE probes.
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Figure8.
Loading of a water-soluble biocompatible polymer with HOPE probe. Active targeting could

be achieved by conjugation of a particular ligand.
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Cw RS

Figure.

In CW EPR, a small percentage of the spins contribute to the signal. In RS, the entire EPR
spectrum is measured twice in the scan period with the SNR gain of 1-2 orders of
magnitude. RS signal needs to be postprocessed into the EPR spectrum.
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Figure 10.
(@) Mlustration of the variable radio frequency (VRF) OMRI approach for the case of pH-

mapping. Two OMRI images of the phantom were acquired during EPR irradiation (8.4 s) at
two preselected EPR frequencies, rf; = 559.3 MHz and rf, = 562.1 MHz, which correspond
to EPR resonances of RH* and R forms of the deuterated NR5 probe. pH values of 1 mM
solutions of NR5 are indicated on the phantom picture. The calibration curve was calculated
as pH dependence of the ratio of signal amplitudes, Arf1)/rf,). (b) pHe mapping of living
mouse by OMRI. pH map (in color) was superimposed with low-field MRI (gray scale)
showing the transverse view of the mouse. The pH probe was injected into the number 4
mammary gland containing tumor (left) and in the number 9 normal mammary gland (right)
before OMRI/MRI acquisitions. The pH map was calculated from two OMRI images,
acquired during EPR irradiation at two EPR frequencies, rf; and rf,. Total acquisition, 24.8
s. From ref 8 with permission from John Wiley & Sons, Ltd. Copyright 2012 John Wiley &
Sons, Ltd.
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Scheme 1.
Chemical Structures of the Stable NRs Discussed in the Text
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Scheme 2. Chemical Structures of Trityl Radicals Discussed in the Text®
4The peak to peak line widths in deoxygenated TAM solutions were reported being equal to

80 mG for cTAM and 32 mG for its deuterated derivative cTAMdsg,48 160 mG for Ox063
and 80 mG for its deuterated derivative Ox063d54,%? and 48-52 mG for pTAM depending on
the ionization state when measured at the L-band EPR frequency.28
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Scheme 3.
Chemical Structures of the Imidazoline, R1SSR1, Imidazolidine, R,SSR, and R3SSR3, and

Pyrrolidine Disulfide Biradicals, R4SSR4 and R5SSRs, Discussed in the Text
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Scheme4.
Structure of the NR5
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Scheme 5.
Chemical Structure of p3TAM and Its Deuterated Derivative, p3TAMysg
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