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Low-field electron paramagnetic resonance spectroscopy paired with pTAM, a mono-phosphonated
triarylmethyl radical, is an unmatched technique for concurrent and non-invasive measurement of
oxygen concentration, pH, and inorganic phosphate concentration for in vivo investigations. However,
the prior reported synthesis is limited by its low yield and poor scalability, making wide-spread
application of pTAM unfeasible. Here, we report a new strategy for the synthesis of pTAM with
significantly greater yields demonstrated on a large scale. We also present a standalone application with
user-friendly interface for automatic spectrum fitting and extraction of pO,, pH, and [P;] values. Finally,
we confirm that pTAM remains in the extracellular space and has low cytotoxicity appropriate for local

rsc.li/rsc-advances injection.

Low-field Electron Paramagnetic Resonance (EPR) with the use
of a molecular spin probe is a powerful technique to non-
invasively measure important physiological parameters in
a living animal."* EPR combines high sensitivity and good
penetration depth. Stable tetrathiatriarylmethyl radicals (TAMs
or trityls) are ideal spin probes for in vivo EPR applications. They
exhibit unprecedented stability in vivo and ultra-narrow line-
widths, which result in a high signal-to-noise ratio.> TAM
structures with spectral sensitivity to oxygen,® pH,”® thiol
concentration,®'® microviscosity,"* ROS,”™* or redox'>'® have
been developed. We recently reported on a mono-phosphonated
tetrathiatriarylmethyl radical pTAM (Fig. 1) whose EPR spec-
trum is sensitive to multiple parameters, namely oxygen
concentration, pH, and inorganic phosphate concentration,
[Pi].**° This multifunctional probe was utilized to profile the
tumor microenvironment (TME) in various mouse models of
cancer." The unmatched capability to measure [P;] has resulted
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in the identification of this biomarker as a new TME marker for
tumor progression.'* Moreover, the ability to measure pO,, pH,
and [P;] concurrently using the same probe allows for the direct
correlation of these important parameters independent of the
probe distribution, providing insight into the biological
processes occurring in the TME.

While this spin probe has proven to be of great importance
for the study of tissue microenvironment in vivo, its current
synthesis suffers from a very low yield. Indeed, the published
synthesis” (Scheme 1) uses a lithiation of tetrathiatriar-
ylmethanol 1 and subsequent reaction with a (2 : 1) mixture of
diethyl carbonate and diethyl chlorophosphate. This reaction
leads to a statistical mixture of mono-, di- and tri-phosphonated
tetrathiatriarylmethanol 2n that requires tedious purification
and drastically decreases the yield of the desired 2b. After
hydrolysis of the ethyl esters using sodium hydroxide and
deprotection of the phosphonic acid by TMSBr, the final pTAM
probe was isolated with a yield of less than 5% from 1. The
published procedure allowed for isolating milligram quantity of
the probe for limited in vivo studies.' However, more extensive
utilization of this probe would require a synthetic method that
enables gram-scale synthesis of pTAM.

Hereby we report an efficient protocol for the large-scale
production of the pTAM probe as well as a MATLAB applica-
tion for the automatic fitting of the EPR spectra and determi-
nation of the physiological parameters, namely pH, pO, and
[P;]- Our new strategy takes advantage of a reaction of ipso
nucleophilic substitution of an aromatic hydrogen or a carboxyl
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Fig. 1 (A) Structure of pTAM spin probe and ionic forms at physio-
logical pH. (B) L-band full spectrum (top) of pTAM at pH = 7.13
showing both ionic forms present in the spectrum and zoom on the
high field component (bottom). The molar fraction of the acidic form
P, versus basic form Py is a function of the pH of the solution while the
linewidths are functions of the oxygen concentration. Inorganic
phosphate modulates the exchange rate between the two ionic forms
and the A/B distance. Spectral simulation allows the three parameters
to be extracted from the spectrum.
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Scheme 1 The first reported synthesis of pTAM from 1.7

group on tetrathiatriarylmethyl derivatives reported previ-
ously.”** Our synthesis starts with the deuterated Finland trityl
(dFT) which can be synthesized at large scale without chroma-
tography (Fig. 2A).>** The one-electron oxidation of dFT with
one equivalent of potassium hexachloroiridate(v), K,IrCls, in
water leads to the trityl carbocation dFT", which is immediately
treated with ten equivalents of trimethyl phosphite. The
nucleophilic addition of the phosphite in the para-position of
the aryl ring triggers an oxidative decarboxylation, leading to
the mono-phosphonic ester pTAM-(OMe), in 35% conversion,
as determined by HPLC/MS (Fig. 2B and S67). Importantly, the
HPLC/MS chromatogram shows that dFT radical was also
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Fig. 2 (A) Synthesis of pTAM-(OMe), from dFT and (B) HPLC/MS
chromatogram and m/z ratio of the products after addition of
P(OMe)s.

generated back from the trityl carbocation dFT" in 65% yield,
consistent with preferential oxidation of intermediate 3 by dFT"
in line with previous reports.*** dFT can therefore be recycled
for future reactions. In addition, <5% of quinone methide (QM)
was also generated from the nucleophilic addition of water on
the trityl cation (see ESIt for mechanism). The use of additional
equivalents of K,IrCls did not increase the yield of pTAM-
(OMe), but did lead to higher conversion to the QM, TAMs with
multiple phosphonates, and unidentified products. The pref-
erential oxidation of 3 by dFT" explains 50% of the back
conversion of the trityl radical from the cation. The slightly
higher formation of dFT observed (65%) could be the result of
the direct reduction of the trityl cation by the trimethyl
phosphite.

The mono-phosphonated derivatives pTAM-(OMe),, and dFT
can be separated using a C18 column in 30% and 60% yield,
respectively. Finally, the phosphonic acid was deprotected by
treatment of pTAM-(OMe), with TMSBr in 95% yield (Scheme 2).

However, for a multigram scale, we found the separation of
dFT and pTAM-(OMe), to be more challenging. The use of other
phosphites with longer alkyl chains (triethyl-, triallyl- or tributyl
phosphite), allowed for easier purification but led to smaller
conversion (15-25%). On a large scale (tens of grams), the
quantitative esterification of the carboxylic acids using methyl
iodide and sodium carbonate in DMF directly on the dFT/
pTAM-(OMe), mixture (Scheme 3) allowed for easy purification
by flash chromatography on silica gel. The esterified pTAM-
(OMe), was isolated in 35% yield from dFT starting material

TMSBr

ACN/DCM
95%

PTAM-(OMe),

Scheme 2 Deprotection of the phosphonic acid leading to pTAM.
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Scheme 3 Esterification of the carboxyl groups to allow for large-
scale separation of pTAM-(OMe), and dFT-(OMe)s. Then the carboxyl
and phosphonic acids are deprotected, leading to pTAM and dFT.

alongside with dFT-(OMe); (63%). Then, the phosphonic acid
was deprotected by TMSBr in DCM, and the methyl esters
hydrolyzed using lithium hydroxide in 1,4-dioxane/water
leading to pTAM in 95% yield after purification on a C18
column. dFT-(OMe); was also hydrolyzed, leading to dFT in 99%
yield with no purification needed. The relatively low conversion
of dFT to the monophosponated ester is compensated by the
recovery of the starting material. The calculated yield based on
the recovery of the starting material reaches 92%. Our large
scale synthesis allowed for the selective mono-phosphorylation
of dFT in 4 steps and two purifications. The key step is the
nucleophilic quenching of the trityl cation by trimethyl phos-
phite leading to the mono-phosphonated derivative.

The extraction of pO,, pH, and [P;] from the spectrum can be
achieved using spectral fitting of the whole spectrum (see
Fig. 1B, top) or only the high or low field EPR lines (Fig. 1B,
bottom) using a homemade MATLAB algorithm as reported
previously.'®* However, to provide a user-friendly interface for
those unfamiliar with MATLAB, we developed a graphical user
interface for fitting the spectra and deriving the values for pO,,
pH, and [P;]. Fig. 3 demonstrates the use of the standalone
application to fit a spectrum of pTAM administered into the
mammary gland of a MMTV-PyMT mouse (see ESIT for cali-
bration and use of the app).
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Fig. 3 Screenshot of the pTAM spectrum fitting app developed in-
house with a spectrum measured of pTAM injected directly in the
mammary gland of a MMTV-PyMT mouse. Values of pO, = 84.21
mmHg, pH =7.07 and [P}] = 1.91 mM are automatically calculated from
the experimental spectrum.
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Fig. 4 X-band EPR spectra of pTAM (200 uM, 100 ul) incubated with
8.5 x 106 MDA-MB-231 cells without (black) and with 10 mM of Gd-
DTPA (red) as extracellular broadening agent.

When applied in vivo, the charged nature of the probe and its
large size (MW = 1073 g mol ') is expected to prevent its
diffusion through the cell membrane. In order to verify that
PTAM cannot enter the cytosol, pTAM (200 uM) was incubated
with 8.5 x 10° MDA-MB-231 cells (human triple negative breast
cancer cells) with and without 10 mM Gd-DTPA, a paramagnetic
extracellular broadening agent.” Fig. 4 shows a large broadening
of the EPR lines of pTAM upon addition of Gd-DTPA and no
residual narrow component confirming the absence of pTAM
spin probe in the intracellular compartment. In vivo, the phys-
iological parameters reported by pTAM are therefore the extra-
cellular ones.

Next we assessed pTAM cell toxicity using the MTT assay for
cell viability and proliferation. MDA-MB-231 cells at 60-70%
confluency were incubated with various concentration of pTAM
for 24 h. The result (Fig. 5) shows that up to 1 mM, the probe is
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Fig. 5 MTT assays for pTAM at various concentration incubated with
MDA-MB-231 cells for 24 h. (n = 3, *p < 0.05, **p < 0.01).
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well tolerated with ~80% cell viability after 24 h. It is worth
noting that only a few hundred micromolar range is required for
in vivo L-band spectroscopy and the MTT results show no
significant difference between 100 uM of probe and the control.
Moreover, pTAM was incubated 24 h with cells while in vivo the
probe is cleared from the tissue in less than 1 h.” Therefore, the
probe can be considered as non-toxic upon local injection,
which is the mode of delivery for pTAM."

Conclusions

In conclusion, we have reported a procedure to synthesize gram
quantities of pTAM and a MATLAB application for automatic
extraction of pO,, pH, and [P;] from an experimental spectrum.
Furthermore, we showed that pTAM does not cross the cell
membrane and has a low cell toxicity for local delivery.
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