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Local pH and oxygen concentration are among the most TAMs containing ionizable groups may demonstrate pH sensitive
important parameters in the biochemistry of living organisms. In  magnetic resonance parameters similar to the previously reported
certain stress conditions, for example, high exercise levels, inter- phenomenon for pH-sensitive NRs. At the same time TAMs have
ruption of normal blood supply or biochemical shock, the oxygen the advantages of being highly sensitive EPR oxygen probes with
supply and body’s ability to regulate pH, at least locally, may be excellent stability in living tissues. To test this hypothesis, we
compromised. A reasonable depth of penetration of magnetic field analyzed the EPR spectra of the previously described TAM, Ox063,
in living tissues makes NMR and low-field electron paramagnetic derivative containing a carboxyl grougScheme 1).
resonance (EPR) based techniques the most appropriate approaches The EPR spectrum of Oxo63 is represented by a single line with
for noninvasive in vivo oxygen and pH assessment. Several NMR @ line width less than 0.1 G in the absence of oxygen. A reversible
techniques for [g measurement have been described, among them shift of the EPR line pOSition was observed in acidic medium (See
19 NMR spectroscopy/imaging using perfluorocarbon emulsidns Figure 1) in agreement with reversible deprotonation of the COOH
and fluorinated nitroimidazolésHowever, spir-lattice relaxation group. The value of the line shift is proportional to an EPR
rates of fluorinated probes may depend on other physiological or frequency equal to 0.26 G for 10 GHz X-band and 0.81 G for 34
histological parametesFor in vivo pH measurementdP NMR GHz Q-band spectra, which are characteristic for changes in
has proven to be the most suitable noninvasive approach. Howeved-factor. The values af-factors for neutral RH and deprotonated,
pH assessments usid® NMR and inorganic phosphate, Bave R~, forms of the radl_cal were found to_be equal to_ 2.00329 and
their own limitations, including lack of resolution, the fact that P 2-00315, correspondingly (see Supporting Information).
concentrations vary with metabolism and ischemia, and the chemical 1€ 10w Fa value of the Oxo63 derivative limits its application
shifts dependence on ionic strendtBecause of these problems, [0 PH measurements to a range from 2 to 4, which still could be
exogenous pH probes are being designed for NMR spectroscopyusefuL fo_r (_axa_mple, for studn_as of stomach aqldijtyrlowever,
to improve detection of tissue acidiy. another Ilmltatlon_of th|§ particular pH prob(_e is its frequency-

Exogenous EPR probes have certain advantages over exogenougependent pH shift, which becomes impractically small at low-

NMR probes owing to the much higher intrinsic sensitivity of EPR leld .(z.apout 30 mQ at L-band).. pH-Sensitive nltro.)<|des keep their
) ._sensitivity at low-field EPR owing to a frequency-independent pH
for the same probe concentration. Among soluble paramagnetic

) " 12\ . 4
materials, two types of structures are particularly interesting: effect on the hyperfine splittinga.* Winged TAM radicals” in

nitroxyl radicals, NRs, and triarylmethyl radicals, TAMs. NRs were part, were de_S|gned o eI_lmlnate_ numerous hyperfine sphttmgg of
the first paramaanetic probes used for EPR oxintefrand still the original triphenyl radica? which appear because of the spin

st p gnetic probes u ximetrand st density delocalization on the protons of three phenyl rings.
have advantages in variability of structure, solubility, and ability pparently, there’s not a problem to leave a limited number of
{0 be targeted. AW'de set of pl—_l-sc_ansmve l\_IRs_have be_en develope hyperfine splittings in pH-sensitive TAM derivatives by keeping
and used for real time pH monitoring both in vitro and in vi¥o!?

) . ) or adding atoms with nonzero nuclear spin such as hydrogen,
However, c.()mpar.atllvely fgst ’ed‘%c“(?” of the NRS to EPR-silent nitrogen, or phosphorus. To optimize the EPR peak intensity, a
hydroxylamines limits their applications, particularly for EPR

) probe with the minimum number of EPR lines and pH sensitive
oxygen and pH mapping. o distance between them would be ideal. To illustrate the concept
The recent development of TAMShas significantly expanded e synthesized TAM derivatives containing carboxyl groups,
the potential for using oxygen-sensitive free radicals in EPR, EPR cTAM, (Scheme 1), according to a modified general synthetic

imaging, and related techniques such as dynamic nuclear p°|ariza'approacﬁ.5~17The special feature of the cTAMind CTAM is the
tion. Their extreme stability toward tissue redox processes gives presence of one hydrogen atom in one or two of their phenyl rings
TAM radicals an important advantage over NRs. In human blood, whjle in the symmetrical analogues, cTAMr Ox063, these protons
the stability of TAMs varies from a half-life of a few hours to more  5re sybstituted by carboxyl groups. The corresponding EPR spectra
than 24 h depending on the particular structure of the comp&und. of Ox063, cTAM, cTAM,, and cTAM, are shown in Figure 2,
These compounds were first developed for biomedical applications |eft, representing single line, doublet, and triplet patterns. Significant
by Nycomed Innovatio?®!4 General synthesis of these types of |ine width broadening of individual components of the EPR spectra
products has also been recently descrifethe EPR spectrum of  (0.3-0.5 G) was observed for all the radicals after oxygenation of
these compounds displays one very narrow single line with the line the solutions in agreement with previous data on oxygen sensitivity
width being linearly dependent on the Goncentration. Presently,  of Ox063 and cTAM.Y” In acidic pH all four compounds
applications of TAM radicals are limited to EPR oximetry and their underwent reversible EPR spectral shifjl (see Figure 2, right),
recently reported sensitivity to the superoxide arifon. owing to corresponding changes @factor.

In this paper, we describe a general concept allowing for  Figure 3 represents the pH effect on the hydrogen hyperfine
enhanced functionality of the TAM radicals. We hypothesize that splitting, a4, of cTAM; and cTAM, measured by X-band EPR
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Scheme 1. The Chemical Structures of TAMs Containing
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Figure 3. The dependence @ on pH for cTAM; (O) and cTAM, (®)
radicals. Solid lines are the best fit to titration equations yieldiKg
4.1 and 4.5, and\ay = 23 mG and 8 mG for the radicals cTAMand
CTAM, respectively.

a Synthesis of the cTAMand cTAM, were previously unreported and
are given in Supporting Information.

362286 5 12124.8 B
(0 352250 912124,6_' groups does not allow them to be used in a physiologically relevant
£ 3522.45 S 1 pH range, around pH 7.0. Other ionizable groups, protonatable or
i‘:; 3522.40 §12124'4“_ deprotonatable, must be considered to obtain TAM derivatives with
§3522_35_ pKa = 2.6 212124.2- gigher Ka vaIUﬁs.c')I'he pr(i:marySTAM c;n(c:iidates to bebtested are
5 1 ® 1 erivatives with—OH, —CH,—SH, an H—NH,, substitutes

3522.30 ? 121240 = . 2
@ 35225 1" PKa =26 instead of—~COOH.

0123456789 01 2 3 4 5 6 In summary the obtained data support the concept of TAM
pH pH radicals as dual pH and oxygen probes for in vivo EPR spectroscopy

Figure 1. pH Dependence of the EPR spectral line position ofu50 and imaging.

solution of Ox063 TAM in 1.5 mM sodium citrate buffer measured by .
X-band (A) and Q-band (B) EPR spectroscopy. To enhance the accuracy Acknowledgment. This work was partly supported by NIH

Supporting Information Available: Experimental procedures and
spectral data. This material is available free of charge via the Internet
at http://pubs.acs.org.
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Figure 2. (Left) X-band EPR spectra of 1M solutions of cTAM, and
Ox063. The EPR spectra titration was performed in 25% aqueous ethanol
The pH dependences of the position of the spectrum center measured relative
to the internal standard, TEMPOL nitroxide. Note thaH changes
84 mG for cTAM, 130 mG for cTAM, 190 mG for cTAM, and 237 mG
for Ox063. Solid curves are the best fits to titration equations, yielding
cTAMy, and Ox063, respectively. Note that the shift #.fDx063) from
2.6 in aqueous solution to 3.5 in 25% ethanol is a well-known polarity

(4-hydroxy-2,2,6,6-tetramethylpiperidinyloxy) solution, was used (X-band) 2635-NO-05. The authors thank Drs. C. M. Hadad, F. A. Villamena,
acidic pH and acidic to alkaline pH, respectively.
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to avoid the limited solubility of cTAM in RH form at low pH. (Right)
proportionally increase with the number of COOH groups, ranging from
observed K, values equal to 4.5, 4.2, 3.9, and 3.5 for cTAMTAM;,
effect?
spectroscopy. Similar to the pH-inducgefactor change, the pH

effect onay is proportional to the number of carboxyl groups, being
about twice as large for cTAM While the absolutey changes

are comparatively small, in accordance with the long distance
between the COOH group and the H-atom, which are located in
different phenyl rings, the data supports the possibility of using
the hyperfine splitting parameter of TAM derivatives as a pH
marker. Taking into account the frequency-independent character
of this parameter, this makes it possible to use TAM derivatives
for in vivo EPR pH measurements using low-field EPR-based
techniques. The low K, of the TAM derivatives with carboxyl
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