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Synthesis and EPR-spectroscopic characterization of
the perchlorotria?lmethyl tricarboxylic acid radical
(PTMTC) and its °C labelled analogue (**C-PTMTC)+

Marwa Elewa,#*® Nadica Maltar-Strmecki,§¢ Mohamed M. Said,?
Hosam A. El Shihawy,” Mohamed El-Sadek,® Juliane Frank,® Simon Drescher,?
Malte Drescher,® Karsten Mader,” Dariush Hinderberger*© and Peter Imming*®

A hydrophilic tris(tetrachlorotriary)methyl (tetrachloro-TAM) radical labelled 50% with *C at the central
carbon atom was prepared. The mixture of isotopologue radicals was characterised by continuous wave and
pulsed X-band electron paramagnetic spectroscopy (EPS). For the pharmaceutical and medical applications
planned, the quantitative influence of oxygen, viscosity, temperature and pH on EPR line widths was studied
in aqueous buffer, DMSO, water—methanol and water—glycerol mixtures. Under in vivo conditions, pH can
be disregarded. There is a clear oxygen dependence of the width of the 2c isotopologue single EPR line in
aqueous solutions while changes in rotational motion (viscosity) are observable only in the doublet lines
of the central carbon of the *C isotopologue. The tetrachloro-TAM proved to be very stable as a solid.
Its thermal decay was determined quantitatively by thermal annealing. Towards ascorbic acid as a
reducing agent and towards an oocyte cell extract it had a half-life of approx. 60 and 10 min. Thus for
in vivo applications, 50% *C tetrachloro-TAMs are suitable for selective and simultaneous oxygen and
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1 Introduction

Electron paramagnetic resonance (EPR/ESR, electron spin
resonance) spectroscopy is a magnetic resonance method to detect
and characterize paramagnetic species with unpaired electrons.
In the context of (bio)medical applications, EPR has shown its
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macroviscosity measurements in a formulation, e.g. nanocapsules.

usefulness for the exploration of the microenvironment of a spin
probe with respect to molecular oxygen concentrations, micro-
polarity, microviscosity, and pH."® EPR-based imaging (EPRI)
has been used to observe the distribution of free radicals in
biological systems.*” However, in vivo EPRI is hampered by the
lack of metabolically stable, non-toxic spin probes. Moreover, for
meaningful in vivo measurements the signal needs to be strong
and resolved to a degree that allows distinguishing which of the
various microenvironmental parameters cause the observed
effects in the EPR signal.

The Gomberg radical, viz. the unsubstituted triarylmethyl (TAM)
radical,® dimerizes in solution”® and is quickly oxidized.’™"
The multiple splitting of the EPR signal results from electron
spin-hydrogen nuclear spin hyperfine couplings and reduces
signal intensity pronouncedly. So for in vivo EPR applications, a
stable radical with a single strong line, e.g., a member of the
tris(tetrathiaphenyl)methyl radicals, would be ideal in terms of
intensity. At the same time, the information content of a single
line, i.e. an isotropic spectrum, is low. A change in line width, for
instance, cannot be ascribed to a particular microenvironmental
parameter easily, but may result from changes of several para-
meters (e.g. viscosity and oxygen concentration). Tetrathiatriaryl-
methyl radicals were synthesized and thoroughly investigated in
terms of their applicability for oxygen measurements and other
purposes enlisted above.
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Tris(tetrachlorotriaryl)methyl (tetrachloro-TAM) radicals, in
which the hydrogen atoms on the aromatic ring were replaced
with bulky chlorine atoms, were reported as early as 1967.' Steric
shielding of the central methyl carbon by the six ortho-chlorine
atoms is responsible for high chemical and thermal stability of
these radicals.”™> Some applications were reported for radicals
of the tetrachloro-TAM family such as imaging of oxygen concen-
tration in tissue,'®” detection of superoxide radical anion,*s"2°
detection of hydroxyl radical,>" spin labelling of amino acids and
peptides,”* and their usefulness for dynamic nuclear polariza-
tion (DNP)>*** and material science.?®™°

The EPR spectra of the tetrachloro-TAM radicals, e.g., the
perchlorotriarylmethyl tricarboxylic acid (PTMTC) radical, show
the intensive single peak typical of TAM radicals substituted in
such a way as to minimize electron-nuclear coupling. The peak
is accompanied by three symmetrical pairs of satellite peaks
stemming from hyperfine coupling with natural abundance
13C at the ipso, ortho, para and meta positions of the phenyl
rings, Fig. 1A. Surprisingly, hyperfine coupling to the central
carbon displayed low intensity under the conditions of the EPR
measurement (no influence on the central line; below saturation
limit). Paniagua et al>® attributed this fact to fast relaxation
because of the slow tumbling rate of the radical in the solvent
used (H,O/DMSO = 1/1, V/V).

We wanted to explore further when and how hyperfine
coupling of the unpaired electron (formally located at the central
carbon) occurs with the central carbon atom nuclear spin. To this
end, we needed to prepare a tetrachloro-TAM radical labelled with
13C at the position in question. At the same time, we planned to
exploit the increased spectral information that is inherent in the
coupling pattern and its interaction with the microenvironment.
For this, we chose to enrich the methyl radical center by 50%
3C only. Through this, we would simultaneously observe two
radical species, PTMTC and "*C-PTMTC, that behave identically
regarding chemical stability, solubility, chromatographic properties,
and biodistribution. One would expect to detect the spectral
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superposition of the single strong EPR line of the *C species,
accompanied by the high field and low field peaks of the
13C labelled species, Fig. 1B. Here, we report the synthesis of
this mixture of isotopologue TAM radicals and characterize the
impact of some parameters mimicking physiological conditions,
e.g., variation of viscosity, pH, and oxygen content.

While "N, "N isotope-enriched or -depleted nitroxide radicals
were studied intensively, reports on *C-enriched trityl radicals
are limited to estimates of electron and spin density distribu-
tions, information about the anisotropic hyperfine interactions,
and ENDOR studies, using triphenyl[**C]methyl and deuterated
analogues. We here present not only the spectroscopic and
physical-chemical characterization but also explore the capability
to employ the PTMTC radical and its isotopologue in functional
in vitro model systems and from in vivo studies under more complex
conditions. These radicals are known to be toxic. However, they are
also reduced quickly in cell lysates (see below). If they are released
slower from the lipophilic formulations we published than they are
reduced after release, toxicity will probably not become an issue.

2 Experimental methods

2.1. Materials and general methods for synthesis and
analytical characterization

Commercial chemicals used for the synthesis were used without
further purification unless stated otherwise. Buffer salts were
obtained from Gruessing (Filsum, Germany). Glycerol was obtained
from VWR International (Fontenay-sous-Bois, France). °C labelled
chloroform was purchased from Cambridge Isotope Laboratories
Inc. Water was used in doubly distilled quality.

2.2. General methods for synthesis and analytical
characterization

All organic solvents were distilled and dried before use and
stored over molecular sieves (3 A). Glassware for reactions
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Fig. 1 EPR spectra of PTMTC and *C-PTMTC radical in phosphate buffer, pH 7.4 (c = 1 mM). (A) PTMTC appears as a single line (**C central peak),
accompanied by natural abundance **C satellite couplings. (B) The 12C central peak of PTMTC and the doublet of *C-PTMTC stemming from the
hyperfine coupling to the 3C nuclei (/ = 1/2), again accompanied by **C natural abundance couplings.
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under argon atmosphere was oven-dried at 100 °C for 2 h prior
to use, evacuated, and flushed with argon immediately. The
purity of all compounds and the progress of reactions were
monitored by thin layer chromatography (TLC) using silica gel
60 F,s5, plates (Merck KGaA, Darmstadt, Germany). Visualiza-
tions were accomplished with a UV lamp (254 nm) or iodine
staining, and the R; values given are uncorrected. Purification
of the compounds was achieved either by crystallization from
appropriate solvents or flash chromatography. Melting points
(Mp) were determined with a Boethius apparatus. NMR spectra
were recorded on an Agilent Technologies VNMRS 400 MHz
(Agilent Technologies, Boblingen, Germany. Chemical shifts (0)
are reported in parts per million (ppm) relative to TMS. The
splitting pattern was assigned as follows: s = singlet, bs
broad singlet, d = doublet, t = triplet, ¢ = quartet, m =
multiplet and coupling constants (J) are given in Hertz (Hz).
3C NMR chemical shifts were reported as § values (ppm)
relative to the residual nondeuterated solvent peak in the
corresponding spectra (chloroform 6 = 77.2, methanol ¢ =
49.0, DMSO 6 = 39.5). Mass spectrometry (MS): Electron spray
ionization (ESI) mass spectra were recorded on a LCQ
Classic (Thermo Finnigan, San Jose, California, USA). Electron
impact (EI) mass spectra were recorded on an AMD 402 (AMD
Intectra GmbH, Harpstedt, Germany) with a medium ioniza-
tion voltage of 70 eV. High-resolution mass spectra were
recorded on an orbitrap XL mass spectrometer (Thermo Fisher
Scientific) with a resolving power of 100 000 at m/z 400, samples
were introduced to the MS by static nano-electrospray ioniza-
tion (ESI). Mass calculations were done for the isotope peak
with the highest intensity. Infrared spectra (IR) spectra
were recorded on an IFS 28 FTIR spectrometer (Bruker, Bill-
erica, USA) with a Thermo Spectra-Tech ATR unit (Thermo
Scientific).

2.3. Sample preparation for EPR spectroscopic
characterization

The hydrophilic radicals perchlorotriarylmethyl tricarboxylic
acid (PTMTC) radical and its *C analogue (**C-PTMTC) were
dissolved (¢ = 1 mM) in phosphate buffer (PB 50 mM, pH 7.4).
The effect of pH was studied with 1 mM solutions of **C-PTMTC
in PB (50 mM, pH range from 0 to 14). The impact of viscosity
was investigated with solutions of radicals PTMTC and **C-PTMTC
(c =1 mM) in a mixture of absolute glycerol and PB (50 mM,
PH 7.4), the glycerol content ranging from 0% to 80% (m/m).
Solutions of PTMTC and *C-PTMTC radicals (¢ = 1 mM) were
prepared in a mixture of PB (50 mM, pH 7.4) and absolute
methanol, the methanol content ranging from 0% to 100%
(V/V). A solution of "*C-PTMTC in glycerol/PB 50 mM, pH 7.4
(40/60, m/m) was selected to examine the relation between line
width and the viscosity/temperature ratio. A solution of "*C-PTMTC
(c =1 mM) in PB (50 mM, pH 7.4) was used to study both the
thermal annealing within the temperature range 323-353 K
and the stability against ascorbic acid. A solution of PTMTC in
PB (50 mM, pH 7.4) was used to perform the cell-lysate study
(¢ = 0.5 mM).

This journal is © the Owner Societies 2017
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2.4. Measurements at defined oxygen contents

Measurements were conducted as described previously.*!
Briefly, PTMTC and '*C-PTMTC buffer solutions were flushed
with either pure nitrogen or defined mixtures of oxygen and
nitrogen at a flow rate of 2 L min " for 3 min using septum vials
and cannulae. An anesthesia gas mixer with flow meter tubes
(Dréager, Libeck, Germany) provided defined gas mixtures. The
partial pressure of oxygen (mmHg) in the gas above the solution
was confirmed by a needle-type optical oxygen microsensor
(Type PSt1, PreSens GmbH, Regensburg, Germany) directly
after the EPR measurements. Oxygen content (%) in the gas
above the solution was calculated assuming ambient pressure.

2.5. Continuous wave EPR (CW EPR) spectra

CW EPR spectra of **C-PTMTC were recorded on a Miniscope
MS 400 benchtop spectrometer (Magnettech, Berlin, Germany)
working at X-band frequencies (Vmw ~ 9.4 GHz). The microwave
frequency (vmw) was recorded with a Racal-Dana frequency counter,
model 2101 (Racal Instruments, Neu-Isenburg, Germany). The
temperature was set and controlled within +1 K with a TC H03
(Magnettech, Berlin, Germany) control unit, using nitrogen gas
flow. A manganese standard sample, Mn>" in ZnS (Magnettech,
Berlin, Germany), was used to calibrate the magnetic field of the
spectrometer. The spectra were simulated with a custom-built
program in MATLAB (The MathWorks Inc., Natick, Massachusetts,
USA) using the EasySpin program package for EPR.*

2.6. Pulse X-band EPR

Pulse X-band EPR studies were performed on an X-band Bruker
ELEXSYS 580 spectrometer. The temperature was controlled by
a closed cycle cryostat (ARS AF204). The phase memory time,
Ty were measured using a simple Hahn spin echo sequence:
n/2-1-n-t-echo. A microwave pulse length of 28 ns was used for
a m/2 pulse. An initial interpulse delay, 7, of 400 ns and an
increment of 8 ns were used. The standard four-step phase
cycle procedure was applied to eliminate measurement arte-
facts from unwanted echoes. Relaxation curves have been fitted
by monoexponential decay function.

3 Results and discussion
3.1. Synthesis of PTMTC and *C-PTMTC

The preparation of PTMTC has been reported before.** For
this study, the preparation of PTMTC and the partially labelled
BC-PTMTC (Fig. 2) was optimized regarding reaction time
(45 min instead of 20 h), ease (no oleum, one-step instead of
three-step procedure for triarylmethane formation), and yield
(lit. 33 reported no yield; we reproducibly obtained the yields
shown).

Perchlorotriarylmethanes (Fig. 2, 2a and 2b) were synthe-
sized by Friedel-Crafts alkylation of 1,2,4,5-tetrachlorobenzene
(1) with chloroform (CHCl;) in the presence of aluminum
trichloride (AICl;).>* A mixture of CHCI; and “CHCI; (1:1
ratio) was used to prepare 2b. Reaction of 2a or 2b with an
excess of n-BuLi and tetramethylethylenediamine (TMEDA) in

Phys. Chem. Chem. Phys
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Fig. 2 Synthesis of PTMTC and **C-PTMTC radicals. Reagents and conditions: (i) CHClzs/**CHCls (1 : 1 ratio)/AlClz/160 °C, 39%: (i) n-BuLi, TMEDA, ethyl
chloroformate, 79%; (iii) 1. BusNOH, 2. p-Chloranil, 83%; (iv) 95% H,SO., 85%; central carbon C is the 50% **C labelled atom of *3C-PTMTC.

THF at low temperature gave the corresponding trianion. With
ethyl chloroformate, the perchlorotriarylmethane triethyl esters
(3a and 3b) were formed'®*" and were then converted to the
triester radicals (PTMTE and '*C-PTMTE) by a two-step process:
Conversion into the triaryl-carbanion with a 1 mM solution
of tetra-n-butylammonium hydroxide (Bu,NOH) in methanol,
followed by oxidation with p-chloranil.>® This is different from
the synthesis of the tris(tetrathiaphenyl)methyl triethyl ester
radical that was released through the conversion of the corres-
ponding methane derivative into the carbocation followed by
reduction with stannous chloride.*"

Heating PTMTE or "*C-PTMTE in concentrated sulfuric acid
yielded the tricarboxylic acid radicals PTMTC and **C-PTMTC.

3.2. EPR spectra

The naturally most abundant isotope of carbon, *>C (~98.9%)
has a nuclear spin of 7= 0 and, hence, does not interact with the
unpaired electron spin. The EPR spectrum of PTMTC accordingly
showed a single peak, in addition to three symmetrical pairs of
satellites because of hyperfine coupling with naturally abundant
13C (1.07%) at three different positions/types of carbon, Fig. 1A.
The spectrum of the isotopically enriched analogue, *C-PTMTC,
displayed three primary EPR lines that are a superposition of the
single line of '*C-isotopologue PTMTC and the doublet derived
from the >C isotopologue, Fig. 1B.

Fig. 3A shows an experimental CW-EPR spectrum (solid
black line) of a solution of *C-PTMTC in DMSO (¢ = 1 mM)

Phys. Chem. Chem. Phys.

recorded at room temperature, and the corresponding simulation
(dashed red line). The g-value, 2.0028 + 0.0002, and effective
isotropic hyperfine couplings were determined by simulation of
the experimental spectra.*

The data for the **C hyperfine couplings are presented in Table 1.
The values are in accordance with data for natural abundance
13C couplings reported by Paniagua et al>® Sabacky et al.*®
reported hyperfine coupling values of two related radicals, viz.
the unsubstituted triarylmethyl and 2,6,2',6',2” ,6"-hexamethoxytri-
arylmethyl radicals. They had been enriched with *C (56% and
54%, respectively) at the central carbon. The hyperfine coupling
of the central carbon for the unsubstituted triarylmethyl radical
was 64.46 MHz and 73.43 MHz for the 2,6,2/,6',2",6"-
hexamethoxytriarylmethyl radical.>®

3.3. Influence of pH on **C-PTMTC line width

Since the PTMTC radical bears an ionizable carboxyl group, it
can be expected to show pH sensitivity. By varying pH, terminal
groups are ionized from carboxylic acid at low pH to carboxylate
at high pH and a mixture of both at pH values around the pK.
Solutions of *C-PTMTC (¢ = 1 mM) in PB (50 mM, pH range
from 2 to 12) were used to investigate the impact of pH on EPR
spectral parameters such as line widths. The lowest and highest
pH values were adjusted using pure HCl and NaOH solutions.

Remarkably, the observed hyperfine splitting and line widths
were found to be independent of the solution pH. Only in very
acidic solution (pH < 2) the EPR signal strength was reduced,

This journal is © the Owner Societies 2017
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Fig. 3 (A) CW-EPR spectrum of ¥3C-PTMTC (1 mM in DMSO) recorded at room temperature. The experimental spectrum is shown in black (solid black
line), the simulated spectrum in red (dashed red line). (B) CW EPR X-band spectra of 3C-PTMTC recorded at 37 °C for pH = 5.6 (red line) and pH = 1.0

(black line).

Table 1 3C hyperfine coupling values of 3C-PTMTC

3C hyperfine couplings (MHz)

Central carbon 83.5
1-Phenyl **C bridgehead (ipso) 34.9
2,6-Phenyl **C in ortho position 29.0
3,5-Phenyl >C in meta position 5.9

Hyperfine couplings are measured in absolute values. The estimated
error of hyperfine coupling is £0.1 MHz.

simply because of precipitation, Fig. 3B. Importantly, at physio-
logical pH values the samples were found to be stable for the
duration of the experiments.

The negligible influence of pH can also be seen by following the
ratio of the central **C peak and of the *C doublet line amplitudes
at the low field (LF) and high field (HF) positions, respectively,
Fig. 4. Between pH 2 and 12, the ratio is virtually constant, which is
a clear indication that the unpaired electron spin distribution is not
altered. A change in the ratio would be expected if changes in the
electronic structure, potentially induced through protonation/
deprotonation by varying pH, took place.

Hence in vivo, the effect of pH as such on line width and
shape may be neglected, both for the central peak and the *C
hyperfine coupling lines. This is advantageous as it means that
there is one parameter less to be considered, but disadvanta-
geous since it corroborates that carboxylic acid moieties in trityl
radicals are poor microsensors for pH.

The same negligible effect of pH on the EPR line width of
tris(tetrathiaphenyl)methyl tricarboxylic acid radicals was
observed in our previous study.*

3.4. Influence of viscosity on "*C-PTMTC line width

Different glycerol-water mixtures (0% to 80% glycerol in water,
m/m) were used to prepare solutions of PTMTC and **C-PTMTC

This journal is © the Owner Societies 2017
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Fig. 4 Dependence of the ratio of peak-to-peak amplitudes of the central
12C line and *C high field and low field doublet lines (filled circles, /(**C)/
ILe(*3C); open circles, I(2C)/I(C)) of BBC-PTMTC (c = 1 mM) in PB (50 mM)
on the pH value ranging from pH 2 to 12. Extreme pH values were adjusted
using pure HCl and NaOH solutions.

(c = 1 mM). For PTMTC, between 10 and 40% (m/m) glycerol
content, in aerated solutions a slight decrease in the EPR signal
line width was detected (data not shown). This was most likely
caused by the decrease in oxygen solubility with increasing
percentage of glycerol,>” whereas above 60% of glycerol (m/m),
the increase in line width was dominated by the pronounced
increase in viscosity. Apparently, viscosity by itself up to the
value of about 40% of glycerol (m/m) has no effect on the EPR
signal line width. This fact is important for in vivo applications
as blood has a viscosity of 3-4 mPa s at 37 °C,*® which is only
reached at 44% of glycerol in water (m/m) at 20 °C.>° As we
found previously for this type of radical,®" pH and viscosity can

Phys. Chem. Chem. Phys
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be disregarded for in vivo EPR signals of this type of radical.
However, microviscosity may play a role in matrices more
complex than glycerol-water mixtures (including proteins, cell
membranes, etc.). Reversible plasma protein binding, not studied
here, will probably play a role, esp. for the very lipophilic esters of
the radicals studied here. For tetrathiasubstituted trityl radicals,
oxidative metabolism even led to covalent protein binding.*’

Viscosity-dependent measurements (Fig. 5) were performed
under aerated conditions, hence two contributions to linewidth
are present: with increasing viscosity, rotational motion is
slowed down, which is reflected in the low- and high-field lines
of ¥C-PTMTC. Also, with higher viscosity collisional broad-
ening by dissolved oxygen is reduced, which is visible in the
reduction of line width with increasing viscosity in the central
line. Apparently, the reduction of collisional broadening leads
to a reduced linewidth and overcompensates for the small
linewidth increase that was found for deoxygenated glycerol/
water solutions.*"*?

In contrast, viscosity did have significant influence on line
width in the spectrum of the '*C enriched radical. As depicted in
Fig. 5, the doublet peak line widths were dominated by viscosity
from the beginning. Indeed, beyond approx. 30% glycerol content,
they became too broad for exact line width determination. So
despite the fact that viscosity has no effect on PTMTC EPR signal
line width up to a value of about 40% of glycerol, viscosity and
viscosity changes of a medium can be observed through the ratio
of the intensity of the central *>C peak and the *C doublet line.
A linear dependence was observed for line width ratio and
temperature between 20 °C and 90 °C. The dependence for two
temperatures only that are relevant for in vivo applications is shown
in Fig. S1 (ESIt). The observable temperature effect (smaller peak
ratio at higher temperature) is mainly due to viscosity changes and
little contribution of oxygen loss with temperature.
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Fig. 5 Changes in peak to peak line width at different glycerol concen-
trations in aerated solution: *C-PTMTC (c = 1 mM). The *2C peak (black
squares) as well as the high field (red circles) and low field (blue triangles)
peak of the 1*C doublet peak are shown.
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3.5. Influence of oxygen on PTMTC line width

The EPR signal line width increase is directly proportional to
the oxygen concentration.*® A solution of PTMTC (¢ = 1 mM) in
PB (50 mM, pH 7.4) shows a linear relationship between line
width and oxygen concentration (Fig. 6). Again, we only considered
the physiologically relevant range of oxygen content. It is important
to note that the small slope of the curve is not primarily caused by
an insensitivity of the radicals. It is simply due to the fact that in
aqueous solution, the concentration of dissolved oxygen increases
only very little with increasing oxygen partial pressure.**

The influence of oxygen was also studied in organic solvents.
To examine the influence of solution parameters on the EPR
signal, methanol was chosen as an example solvent. EPR spectra
of methanol-water mixtures (10 to 100% methanol in water, V/V)
including 1 mM of *C-PTMTC were investigated. In aerated
solutions (Fig. 7A), with increasing MeOH concentration the
line width of both the >C central peak and the doublet peak
(**C radical signal) increased. This can be explained as follows:
with increasing MeOH concentration, oxygen solubility increases,*
leading to shorter relaxation times and, thus, broader lines because
of the interaction between the paramagnetic oxygen and the spin
probe. Under deoxygenated conditions (Fig. 7B), it was expected
that the line width would not change because the oxygen effect was
excluded. However, the line width of both *C-PTMTC doublet
peaks increased up to approx. 50% MeOH and decreased beyond.
This pattern follows the increase and decrease of viscosity of
methanol-water mixtures.** The (slight) reduction, about 4%, of
the line width of the "C-PTMTC signal follows the deviations
reported for the water-methanol system such as volume contrac-
tion with its maximum at 56% of MeOH"® as well as a parabolic
entropy profile for both methanol and water in the methanol-water
mixtures compared to the pure liquids.*” It should also be noted
that preferential solvation effects for radicals in methanol-water
mixtures may be attributed to nonlinear behavior of the spectral
parameters.*® Similar trends can be observed by looking at the
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0.050 |- .
= R i
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Fig. 6 Line width of the EPR signal of PTMTC (c = 1 mM) in PB (50 mM, pH
7.4) at different oxygen contents in the vapour phase. The straight line is
only meant to guide the eye.
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(~0% Oy).

dependence of the 1/Ty relaxation rate (1/Ty ~ linewidth) on
water-methanol compositions recorded at room temperature (see
Fig. S2, ESIt). This effect is not evident for the 1/7y; relaxation rates
of *C-PTMTC doublet peaks due to the stronger influence of other
nuclear relaxation mechanisms including effects of viscosity.

3.6. Influence of temperature on >C-PTMTC line width

The effect of temperature on the intensity of the central PTMTC
EPR peak is consistent with Curie’s law, whereas the intensity
of the *C doublet shows more complex behaviour as can be
seen in Fig. S3, ESL.{

The effect of viscosity changes on the *C-PTMTC signal is
pronounced, leading concomitantly to an increase of the
amplitude of both the HF and LF parts of the doublet by a
factor of approx. 5 (data not shown) and a decrease of their line
widths by a factor of approx. 3. The linear relation between the line
width and the viscosity/temperature ratio as described by the
Stokes-Einstein equation is depicted in Fig. 8. As can be expected,
this linear behavior was not observed for the C-PTMTC line,
where the lack of spectral anisotropy effectively leads to EPR spectra
that show no dependence on rotational motion.

The linear viscosity/temperature relation indicates that for
BBC-PTMTC, the rotational diffusion is the dominant effect on
line width.**° Importantly in view of potential applications,
this allows for measurements of viscosity (in the local environ-
ment of the radical) even if other solvent parameters are also
changed, e.g., oxygen content.

3.7. Radical stability

A solution of **C-PTMTC (c = 1 mM) in PB (50 mM, pH 7.4) was
used to test the long-term stability of the samples. Thermal
annealing of solutions stored in the dark (to suppress decay
pathways based on photochemical reactions) was performed to

This journal is © the Owner Societies 2017

study the changes in spectral parameters during accelerated
aging.”" In the temperature range of 323-353 K, the peak-to-
peak amplitudes of the central line (I,,) were used to follow
changes in the signal with time. As expected, the decrease in
the EPR signal intensity was more pronounced at higher
annealing temperatures. The EPR data presented in Fig. 9A
were analyzed in terms of first-order kinetics:

In(lpp/lo) = —k(T)t, (1)

where I, is the peak height of the central line obtained at time
¢t = 0 from the first derivative of the spectrum, and £ is the rate
constant, which is a function of the absolute temperature, 7.
The kinetic parameters for the process (k,, AE) were derived by
fitting the obtained rate constants k;(7) to a simple Arrhenius-
type equation

K(T) = ke - o R, (2)

where &, is the frequency factor, AE is the activation energy, and R
is the universal gas constant (R = 8.314 ] mol~ " K™ ). The Arrhenius
plot of the derived rate constants (first order kinetics), from which
the activation energies have been extracted, are shown in Fig. 9B.
The resulting activation energy (AE) is 226.5 + 16.9 k] mol ', and
the frequency factor (Ink,) is 73.4 4+ 6.0 min™~ " (r* = 0.9889). These
data indeed indicate a long-term stability when radical solutions
are stored properly, i.e. under dark conditions, as the radicals were
not stable in solution after 24 h if kept in light (no data given).
Hence, for in vivo applications, long-term stability of the
radicals can be assured when solutions are kept in the dark and
at moderate temperatures, conditions that will normally be
met. To test for stability against reducing agents, which of
course can be seen as a crude measure of in vivo conditions,
we investigated the reaction with ascorbic acid as a common
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biological reducing agent. This is presented in the Fig. S4, ESL¥}
After approx. 60 min, half of the signal intensity had decayed.
Despite this rather rapid decay, lifetimes on this order of
magnitude may still be sufficient for in vivo imaging where
other factors determine the time-span of EPR measurements,
e.g., for how long an animal can be maintained in a fixed
position.

It was reported that the tetrathiaphenylmethyl radical Ox063
was stable in the presence of ascorbate, glutathione and
NADPH. PTMTC was reported to be stable towards hydrogen
peroxide (500 pM), alkyl peroxyl radicals, hydroxyl radicals, nitric
oxide, glutathione (1 mM), and ascorbate (100 uM). PTMTC reacts
specifically with superoxide, causing decrease of EPR signal

>

Decrease of EPR signal intensity (%)

0 50 100 150 200 250
t (min)

intensity. The reaction with superoxide involved a reduction of
PTMTC radical into oH-PTMTC unlike the reaction with
tetrathia-TAM radicals which was an oxidation process into the
cation.’® In general, tetrachlorotritylmethyl radicals are more
stable towards oxidation, while tetrathiatritylmethyl radicals
are more stable towards reduction.

3.8. Radical stability in cell extracts

With the help of cell lysate experiments, in vivo conditions can
be mimicked even better and radical degradation can be
quantified. We used a Xenopus laevis oocyte cell extract. The
Xenopus laevis oocytes trial is an established and easy-to-use
model system to perform microinjection experiments. In our
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Fig. 9 (A) Thermal decay of 1*C-PTMTC sample stored at different elevated temperatures: 353.15 K, r? = 0.9922 (black squares); 343.15 K, r? = 0.9847
(red circles); 333.15 K, r?2 = 0.9999 (blue triangles); 323.15 K, r? = 0.9987 (green stars). The solid lines represent monoexponential fits to eqgn (1). (B) Rate of

radical decay as a function of temperature.
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experiment, 5 pl of the 0.5 mM solution of PTMTC in PB (50 mM,
pH 7.4) was mixed with 15 pl of the cell lysate and was vortexed
for 10 seconds and measured in a capillary ring cap. The EPR
signal of PTMTC has a half-life of less than ten minutes. This
indicates that encapsulation or some other means of protection
will be advantageous in vivo, e.g., in polymeric or small molecule
carriers. The encapsulation was described and investigated in
more detail in ref. 31. With PTMTC it had been shown that in
human blood or plasma, a 40% decrease of the signal intensity
occurred after 30 min only.'® So while tetrachloro-TAM radicals
are more resistant to oxidation (shelf-life of several years if kept
from light), they are more easily reduced in comparison to
tetrathia-substituted TAMs.

4 Conclusion

Among stable trityl radicals with a single line in the EPR
spectrum, perchlorinated trityl radicals are relatively easy to
prepare from readily available starting materials in just three
steps, including the possibility of **C labelling of the central
carbon atom. PTMTC is distinguished by a single rather narrow
EPR line, attractive for in vivo applications including imaging,
where a strong signal is mandatory. However, the lack of
anisotropy of the spectrum (in particular hyperfine interactions)
limits spectroscopic conclusions or makes line width and shape
changes ambiguous as to what causes them. We show that pH
and macroviscosity can be disregarded in vivo, while there is a
clear but—due to small oxygen solubility changes with increasing
partial pressure—weak oxygen dependence of the line width in
aqueous solutions. As long as the radical is not exposed to light, it
is stable even in solution. However, since it quickly reacts with
reducing agents (ascorbic acid or in cell lysate), this type of radical
can only be used in a formulation that will protect it. Partial isotope
labelling of PTMTC leads to its isotopologue *C-PTMTC, a
radical with practically identical physicochemical parameters
but a different EPR spectrum. In particular, effects of changes
in rotational motion (viscosity) are observable in **C-PTMTC and
can be analyzed. Since the partial (50%) isotope-labelling allows
for a simultaneous detection of C-PTMTC and the pure
BBC-PTMTC EPR signals, it combines benefits of in vivo and
imaging applications (*C-PTMTC) with the possibility to
obtain deeper insights into the local, nanoscopic environment
(*C-PTMTC). Hence, this mixture of isotopic radicals could
gain importance as a probe for both types of parameters
(viscosity and oxygen concentration) and applications in, e.g.,
spectral-spatial imaging. The problem of toxicity will not be an
issue when and if the radicals are incorporated in lipophilic
nano- or microcapsules® with slower release than metabolic
reduction after release.
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