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ABSTRACT: Enzyme catalytic activities are critical biomarkers of tissue states under physiological and pathophysiological
conditions. However, the direct measurement and imaging of enzyme activity in vivo remains extremely challenging. We report the
synthesis and characterization of the first stable triarylmethyl (TAM) radical substrate of alkaline phosphatase (TAM-ALPs). The
enzymatic dephosphorylation of TAM-ALPs results in a drastic change in its electron paramagnetic resonance (EPR) spectrum that
can be used to image enzyme activity using EPR-based technologies. TAM-ALPs and their enzyme products were fully characterized
using EPR and HPLC-MS techniques. A proof of concept of imaging enzyme activity using Overhauser-enhanced magnetic
resonance imaging was demonstrated in vitro. This study clearly demonstrates the potential of EPR-based imaging technologies
associated with TAM spin probes to map enzyme activity in vivo in future studies.
KEYWORDS: EPR, TAM radical, enzyme activity, alkaline phosphatase, OMRI

■ INTRODUCTION
Enzymes play a critical role in the physiology and
physiopathology of living organisms. Enzyme activities are
important clinical biomarkers used to diagnose and monitor
disease status/conditions. While many chemical and bio-
chemical methods are available to measure enzyme activity in
vitro and ex vivo, the assessment of the activity of an enzyme
directly within its natural environment in vivo, while arguably
more relevant, remains very challenging today.1 For in vivo
imaging of enzyme activity, magnetic resonance-based modal-
ities such as magnetic resonance imaging (MRI), low-
frequency electron paramagnetic resonance imaging (EPRI,
also named electron MRI, e-MRI), or a hybrid modality such
as Overhauser-enhanced MRI (OMRI) have the advantage of
high penetration depth.2−5 Indeed, optical techniques suffer
from light absorption and scattering within the tissues.
Recently, the concept of line-shifting nitroxide has been
proposed to assess enzyme activity using EPR-based
technologies.6−8 Those are TEMPONE-based nitroxide

radicals that are substrates of a particular enzyme. The
enzymatic conversion of substrates to products is associated
with a shift in the product EPR lines due to a change in
molecular structure. The kinetics of the spectral conversion can
be used to assess the enzyme activity (Figure 1A). While these
nitroxides were initially designed to image enzyme activity by
OMRI, we recently demonstrated their application to image
enzyme activity using EPR with a nitroxide substrate of alkaline
phosphatase.9 However, the fast bioreduction of TEMPONE-
based nitroxides to EPR silent hydroxylamines prevents their
application in vivo.10 On the other hand, water-soluble
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triarylmethyl (TAM) radicals (Figure 1B) show unprecedented
stability in biological media11,12 and have been used in vivo to
map tissue oxygen for decades.13,14 However, their synthesis,
chemical modifications, and commercial availability remain
more challenging.
While TAMs EPR spectra have an intrinsic spectral

sensitivity to pO2 through Heisenberg spin exchange, para-
phosphonate TAM radicals such as HOPE15,16 or HOPE7117

(Figure 1B) have been recently developed as triple function
pO2, pH, and inorganic phosphate (Pi) concentration spin
probes. Those radicals are used routinely to assess and map
those important parameters in vivo with application in cancer
research.17−20

Here we report the first prototype of line-shifting TAM
radicals to enable in vivo measurement of enzyme activity using
EPR-based imaging technology. The mechanism of sensitivity
to enzyme activity is based on the appearance of a hydrogen
hyperfine splitting upon enzymatic cleavage of an enzyme-
sensitive bond followed by a keto−enol tautomerization
(Figure 1C), like line-shifting nitroxides. To provide additional
pH and Pi sensitivity, a phosphonic acid was included in the
design (Figure 1D). In this article, we report on the progress
toward the development of quadruple function alkaline
phosphatase (ALP), pO2, pH, and [Pi] TAM spin probes.
ALP is an important biological enzyme in living organisms that
catalyzes the hydrolysis of phosphate groups from nucleic
acids, proteins, and other substrates. ALP is widely present in
various human tissues such as bone, liver, kidney, intestine, and
placenta.21 Under physiological conditions, the normal ALP

activity concentration in human serum ranges between 46−
190 mU/mL.22 However, the ALP activity in the serum
increases under various pathophysiological conditions.21

Hence, ALP is considered a potential biomarker of many
disorders/diseases.23−26 Therefore, the sensitive, rapid, and
simple determination of ALP activity in the serum and tissues
is of great significance for the clinical diagnosis of ALP-related
diseases.

■ RESULTS AND DISCUSSION

Synthesis of TAM-ALPs

The target ALP substrate TAM-ALPs were successfully
synthesized in four steps from the known intermediate 1,27

as depicted in Scheme 1. First, the triarylmethyl cation was
generated upon treatment of 1 with triflic acid. The addition of
dimethyl acetonylphosphonate anion to the triaryl carbonium
resulted in an ipso-aromatic substitution of the para-hydrogen,
leading to the radical 2. This ipso-nucleophilic substitution of
TAM cation leading to a TAM radical has been reported
previously.28−30 Then, the enolate, generated by the treatment
of 2 with lithium diisopropyl amide (LDA) was reacted with
dimethyl chlorophosphate, leading to the protected enol-
phosphate 3. Finally, the phosphonic acids and phosphate
moieties were deprotected with TMSBr while the esters were
hydrolyzed using LiOH to provide TAM-ALPs. The purity of
TAM-ALPs was determined to be >95% by HPLC.

Figure 1. (A) Line-shifting nitroxide radicals. (B) Triple function TAM radicals. (C) Concept of line-shifting TAM radicals. (D) Target quadruple
function ALP, pO2, pH, [Pi] TAM radical. ALP: alkaline phosphatase, pO2: partial pressure of oxygen, [Pi]: concentration of inorganic phosphate.
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EPR Characterization of TAM-ALPs

TAM-ALPs was characterized using X-band EPR spectroscopy.
The EPR spectrum of 0.2 mM TAM-ALPs in Tris buffer,
recorded under room air conditions, exhibits a doublet pattern
due to the interaction of the unpaired electron with the 31P
(hyperfine coupling) of the phosphonic acid group (Figure 2
and SI Figure S6). Interestingly, the measured hyperfine
splitting constant (hfs) of 5.71 G is almost twice as large as for
the HOPE probe,16 in which the phosphorus nucleus is located
one bond closer to the radical center. Upon deoxygenation of
the solution, the narrowing of the lines reveals additional
smaller hyperfine splittings. The additional apparent quintet
with an hfs ∼100 mG was assigned to additional hyperfine
splittings with the three equivalents 1H of the methyl group
and the 31P of the phosphate group with similar hfs (Figure
2B). The spectrum simulated using the isotropic hyperfine
splitting values of aPα = 5.71 G, aPβ = 0.11 G, and aH = 0.09 G
is in excellent agreement with the experimental spectrum. It is
worth mentioning that the vinyl phosphate moiety can exist in
either E or Z configurations. However, EPR and HPLC
analyses demonstrated the presence of only one of these two
stereoisomers. The exact configuration of the alkene was not
determined.
Next, the sensitivity of TAM-ALPs to oxygen and pH was

assessed. The spectra of 0.2 mM TAM-ALPs radical in 10 mM
Tris buffer were recorded under various pO2, and the oxygen-

sensitive Lorentz peak-to-peak line width was plotted against
pO2. Figure 3A shows TAM-ALPs sensitivity of 0.51 ± 0.02
mG/mmHg in good agreement with oxygen sensitivity

Scheme 1. Synthesis of TAM-ALPs

Figure 2. (A) X-band EPR spectra of 0.2 mM TAM-ALPs radical in
10 mM Tris buffer (pH = 7.5) containing NaCl (0.9%), MgCl2 (1
mM), and ZnCl2 (0.1 mM) under room air (top) and nitrogen
(middle) at 37 °C and simulated spectrum. (B) Hyperfine splitting
values.
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reported for similar triarylmethyl radicals.31 To determine the
pH sensitivity range, spectra of TAM-ALPs were recorded at
various pH values from 7 to 13. For pH values close to the pKa,
the EPR spectra clearly show the presence of the two ionic
species (see SI, Figure S2), namely TAM-ALPs5‑ and TAM-
ALPs6‑ (Figure 3B). By plotting the mole fraction against the
solution pH, a pKa of 10.3 ± 0.1 was determined. Typically,
pH can be measured for pH = pKa ± 1.5 to ensure the
presence of either ionic species in the spectrum. Therefore,
TAM-ALPs could be used as a pH probe for a range of pH
values from 8.8 to 11.8. While this range is too high to enable
the measurement of pH in tissues, it could be interesting for in
vitro applications to correlate alkaline phosphatase activity with
pH in this particular range, as ALP has a maximum activity at
pH = 8−10, depending on the conditions. Note that the
phosphonate group has two pKs. However, for pH < 5,
aggregation of the probe was observed because of the
decreased aqueous solubility of the probe in its acid form
when the phosphonate, phosphate, and carboxylic moieties
become neutral/protonated. Of note, the phosphate group
ionization was not visible on the EPR spectra because of the
>50-fold lower hyperfine splitting between the phosphorus of
the phosphate (Pα) than the phosphonate (Pβ) groups.
EPR Studies of TAM-ALPs in the Presence of Alkaline
Phosphatase Enzyme

With the sensitivity of TAM-ALPs to oxygen and pH
determined, we then turned our attention to test the concept
of line-shifting TAM. TAM-ALPs, 0.2 mM, was mixed with 1.2
U/mL of alkaline phosphatase (P6774−2KU, alkaline
phosphatase from bovine intestinal mucosa, Sigma-Aldrich,
USA), and the EPR time course was recorded (Figure 4 and SI
Figures S7 and S8). Gratifyingly, the addition of ALP resulted
in a change in EPR lines, validating that TAM-ALPs is a
substrate of ALP and that the dephosphorylation results in
visible changes in the EPR spectrum. A new spectral
component labeled “#” progressively appears over time. This
spectrum exhibits a new hyperfine splitting assigned to the

expected benzylic hydrogen and a larger phosphorus hfs. This
spectrum is assigned to the expected dephosphorylated acetyl
phosphonate TAM-ALP product. However, an additional
doublet of doublet component, labeled “*”, appeared
unexpectedly soon after. The measured hfs of 1.4 and 1.3 G
are consistent with the values found in benzylic methylene
(CH2) groups of TAM derivatives reported previously.32,33

This observation suggests a second dephosphorylation
independent of the enzyme. Hydrolysis of acetyl phosphonate
in aqueous media has been reported in the literature and is
known to depend on the particular structure.34 In addition, a
careful analysis of the spectra reveals a progressive conversion
of the quintet pattern of the TAM-ALPs to a quartet labeled

Figure 3. Sensitivity of TAM-ALPs to oxygen and pH. (A) Lorentz peak-to-peak line width versus pO2, spectra were simulated with a Voigt
function using 29 mG Gaussian peak-to-peak line width. The Lorentz line width shows a sensitivity to pO2 of 0.51 ± 0.02 mG per mm Hg. TAM-
ALPs 0.2 mM was dissolved in 10 mM Tris buffer containing 1 mM MgCl2, 0.1 mM ZnCl2, and 0.9% NaCl, pH 7.5 at 37 °C. (B) pH titration to
determine pKa. TAM-ALPs 0.3 mM was dissolved in 1 mM Tris buffer containing 1 mM MgCl2, 0.1 mM ZnCl2, and 0.9% NaCl and titrated with
small amounts of NaOH or HCl at 37 °C (less than 1% dilution). The pKa was determined to be 10.3 ± 0.1.

Figure 4. X-band EPR spectra of 0.2 mM TAM-ALPs with 1.2 U/mL
of alkaline phosphatase in 10 mM Tris buffer containing 1 mM
MgCl2, 0.1 mM ZnCl2, and 0.9% NaCl, pH 7.5 after 5, 30, and 100
min. EPR spectra were recorded at 37 °C. The sample in the cavity
was flushed with nitrogen gas to maintain the sample under anoxic
conditions during the EPR time course.
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“&” in the spectra in Figure 4. This conversion is attributed to
the enol form after dephosphorylation by the ALP.
The above observations allow us to formulate the following

ALP-triggered reaction chain shown in Figure 5A. First, the
ALP cleaves the phosphate group, leading to the enol form
TAM-ALPp(a), which has a half-life sufficiently long to be
observed on the EPR spectrum. Then, TAM-ALPp(a)
undergoes a keto−enol tautomerization, leading to the
expected TAM-ALPp(b). However, this derivative undergoes
further hydrolysis of the phosphonate, leading to TAM-
ALPp(c). Fitting the experimental spectra when all the species
are present allows for the deconvolution of each spectral
component presented in Figure 5B.
To further prove the identity of the three ALP-catalyzed

products, the reaction was monitored using the HPLC-MS
(Figure 6). Upon addition of ALP, the substrate peak (RT =
3.1 min, 1207 m/z) is converted to three new peaks having the
same m/z (RT = 3.5 min, 1128 m/z, RT = 3.6 min, 1128 m/z,
RT = 3.8 min, 1128 m/z). Those three peaks are attributed to
the enol (one peak) and keto (two peaks) forms of TAM-
ALPp(a-b). Indeed, TAM-ALPp(b) has a chiral carbon in
addition to the atropisomerism (right- and left-handed
enantiomeric propeller conformations) of the TAM itself.35

This leads to two diastereoisomers for the case of TAM-
ALPp(b) and two close peaks in HPLC. The chiral properties
of TAM spin probes and resolution by HPLC have been
reported previously.36−38 Then, a peak (RT = 4.7 min, 1047
m/z) progressively increases, consistent with the formation of
TAM-ALPp(c). Moreover, HPLC-MS study revealed the
formation of an additional product (RT = 4.9 min, 2094 m/
z, RT = 5.1 min, 2094 m/z, diastereoisomers) not seen on the

EPR spectra with a mass consistent with a dimer of TAM-
ALPp(c) (see SI Figure S3 for MS spectra and molecular
structures). Because of the biradical nature of this species, its
EPR spectrum is expected to have a broad line width and,
therefore, not visible under the parameters used to follow the
enzymatic conversion of TAM-ALPs. Note that the keno-enol
TAM-ALPp(b-a) could exist in equilibrium depending on the
conditions. The spectrum of the reaction of TAM-ALPs with

Figure 5. (A) ALP-triggered chain of reactions leading to TAM-ALPp(c) as the final product. (B) Experimental spectrum (solid line) obtained
using the condition as in Figure 4 for time = 35 min was simulated (dotted line) using the following hyperfine coupling constants: for TAM-
ALPp(a) aP = 5.74 G, aH = 0.09 G (3H); for TAM-ALPp(b) aP = 6.68 G, aH = 0.38 G, aH = 0.04 G (3H); for TAM-ALPp(c) aH = 1.41 G, aH = 1.29
G. The deconvoluted simulated spectra of TAM-ALPp(a), TAM-ALPp(b), and TAM-ALPp(c) are also shown.

Figure 6. HPLC-MS chromatogram of 0.2 mM TAM-ALPs with 1.2
U/mL of alkaline phosphatase at 37 °C in 10 mM Tris buffer
containing 1 mM MgCl2, 0.1 mM ZnCl2, and 0.9% NaCl, pH 7.5 after
35 and 75 min (see SI Figure S3 for MS spectra).
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ALP (Tris buffer, pH 7.5, 37 °C, 100 min, Figure 4) was
simulated with an 86/14 ratio of the keto TAM-ALPp(b) and
the enol TAM-ALPp(a) forms, respectively (see SI Figure S8),
showing that even if the species are in equilibrium, it is highly
shifted toward the keto form.
Finally, the reaction between TAM-ALPs and ALP was

carried out in deuterium oxide (D2O) to further confirm the
molecular structures of the products. The change in EPR
spectra between the reaction carried out in H2O and D2O
(Figure 7A) is in excellent agreement with the isotopic
substitution of 1H by 2H of the benzylic protons as expected
from the mechanism proposed in Figure 5. Indeed, the
spectrum in D2O can be simulated by replacing the spin of the
hydrogen (I = 1/2) with the spin of the deuterium (I = 1) and
a decrease of the hyperfine splitting constants by a factor of
∼6.5 consistent with their respective gyromagnetic ratios (γH =
6.5 γD) definitively proving the molecular structures of the
TAM-ALPp. Figure 7B shows a summary table of all the
resolved hyperfine splitting constants for TAM-ALP substrate
and products. To simplify the spectra, other beta-dicarbonyl
compounds (acetylacetone and methyl acetoacetate) have also

been prepared and characterized; however, all were determined
to have stable enol forms under the tested conditions (see SI
Figures S4 and S5). Importantly, these molecules provide
important information to develop new probes with desired
chemical and spectral properties.
In Vitro Imaging of Enzyme Activity Using
Overhauser-Enhanced MRI

Next, to demonstrate the feasibility of using TAM-ALPs to
image ALP activity, we performed in vitro Overhauser-
enhanced MRI measurements of the phantom sample. Figure
8 shows the OMRI images obtained for the TAM-ALPs
solutions in the presence and absence of the ALP enzyme. The
OMRI images were performed at two frequencies of EPR
irradiation; the first one, 460.0 MHz, corresponds to the low-
field component of the TAM-ALPs (see Figure 2A), and the
second one, 462.5 MHz, corresponds to the low-field
component of the product TAM-ALPp(b). The frequency of
the low-field component of the TAM-ALPp(b) product was
selected to exclude overlap with the components of the
substrate and other additional products of the reaction (see

Figure 7. (A) X-band EPR spectra of 0.2 mM TAM-ALPs and 1.2 U/mL of alkaline phosphatase in 10 mM Tris buffer in D2O containing 1 mM
MgCl2, 0.1 mM ZnCl2, and 0.9% NaCl, pH 7.5. EPR spectra were recorded 100 min after mixing the reactants at 37 °C. The sample in the cavity
was flushed with nitrogen gas to obtain anoxic conditions. The experimental spectrum (solid line) was simulated (dotted line) using the following
hyperfine splitting constants: TAM-ALPp(a) aP = 5.74 G, aH = 0.09 G (3H); for TAM-ALPp(b)-d1 aP = 6.68 G, aD = 0.06 G, aH = 0.04 G (3H); for
TAM-ALPp(c)-d2 aD = 0.22 G, aD = 0.19 G. The deconvoluted simulated spectra of TAM-ALPp(a), TAM-ALPp(b)-d1 and TAM-ALPp(c)-d2 are
also shown. (B) Summary of the hyperfine splitting constants for all the structures.
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Figure 5). Note that the collection of a conventional MRI
(EPR-off) image is required for the calculation of MRI
enhancement. The time-dependences of the enhancement
factors of the sample containing ALP enzyme clearly
demonstrate a decrease of the enhancements upon irradiation
at the substrate frequency of 460 MHz (Figure 8A) and the
corresponding increase of the enhancements upon irradiation
at the product frequency of 462.5 MHz (Figure 8B), as
summarized in Figure 8D. Unfortunately, the presence of
several products of the reaction and partial overlap of the EPR
spectral lines (see Figure 4) of the substrate and the product,
TAM-ALPp(a), complicate further quantitative analysis.

■ CONCLUSIONS
In conclusion, we have reported the first enzyme-responsive
TAM spin probe. The complexity and partial overlap of the
EPR spectra of the substrate and enzyme-catalyzed products
render the determination of the Michaelis Menten kinetic
parameters challenging and are not optional for in vivo
application. However, we have performed a proof-of-concept
imaging of enzyme activity using OMRI. The probe could also
be used for EPR imaging in future studies. This work provides
essential information for the rational design of a second
generation of enzyme-responsive triarylmethyl spin probes
with ideal spectral features for in vivo imaging applications.

■ MATERIALS AND METHODS

Synthesis of TAM-ALPs
All solvents were purchased from Fisher Scientific. All commercially
available reagents were used as received without further purification.
DCM and THF were purified on an Inert Pure Solv Solvent
Purification system from Innovative Technologies, Inc. All reactions
were carried out under argon in flame-dried glassware and with
deoxygenated and anhydrous solvents. Purifications were performed
on a Combiflash chromatography system. HRMS spectra were

recorded on a Thermofisher Scientific Q Exactive Mass Spectrometer
with an electron spray ionization (ESI) source.
Phosphonate Derivative 2. The diester 1 was synthesized

according to a known protocol with minor modifications (using 4 eqs
of nBuLi and TMEDA).27 TAM alcohol 1 (400 mg, 0.37 mmol) was
dissolved in 200 mL of dry DCM, then triflic acid (66 μL, 0.75 mmol,
2 eqs) was added. The orange solution quickly turned deep blue-
green, indicating the conversion of the triarylmethanol to the
corresponding cation, and was stirred at room temperature for 2 h.
In a second flask, dimethyl acetonylphosphonate (311 μL, 2.25 mmol,
6 eqs) was dissolved in 20 mL of dry THF, then a suspension of
sodium hydride (NaH) in mineral oil (90 mg, 60% w/w, 6 eqs) was
added at room temperature. There were gases (H2) released from the
solution upon the addition of the hydride, while a white precipitate
slowly appeared. The solution was stirred 2 h at room temperature,
then cooled down to −78 °C with a dry ice/acetone bath. The
solution of TAM cation was transferred dropwise to the phosphonate
anion solution at −78 °C, then the flask was removed from the
acetone bath and warmed up to room temperature. The reaction
mixture was stirred for an hour. The reaction was quenched with 10
mL of 1 M NH4Cl and extracted with 20 mL of dichloromethane. The
organic layer was dried over MgSO4, filtered, and evaporated under
reduced pressure. The desired product was purified by flash
chromatography, using a gradient from n-hexane to ethyl acetate to
first elute the radical diester analogue of 1 (1•), then the desired
phosphonate 2 was eluted. After evaporation of the two fractions, 158
mg (35% yield) of the phosphonate 2 was obtained along with 191
mg of the radical diester 1•.
Diphosphorylated Derivative 3. The phosphonate 2 (146 mg,

0.12 mmol) was dissolved in 10 mL of dry THF, then the solution
was cooled down to −78 °C using a dry ice/acetone bath. A solution
of 1 M freshly prepared LDA (240 μL, 0.24 mmol, 2 eqs) was added,
then the reaction mixture was stirred while slowly raising the
temperature to −40 °C. Dimethyl chlorophosphate (39 μL, 0.36
mmol, 3 eqs) was added, and the reaction was stirred 10 min at −40
°C then at room temperature for 90 min. The reaction was quenched
with 10 mL of 1 M NH4Cl and extracted with 20 mL of
dichloromethane. The organic layer was dried over MgSO4, filtered,

Figure 8. In vitro 2-D OMRI mapping of the ALP activity. (A) Time-evolutions of the MRI enhancement maps were measured at 37 °C at EPR
frequencies of the TAM-ALPs substrate; 460.0 MHz, and (B) TAM-ALPp(b) product; 462.5 MHz, for the phantom schematically shown in (C).
The phantom consisted of two cylindrical plastic tubes with an inner diameter of 0.5 mm filled with 0.8 mL of solutions of 1.3 mM TAM-ALPs in
10 mM Tris buffer containing 1 mM MgCl2, 0.1 mM ZnCl2, and 0.9% NaCl, pH 7.5. Immediately before scanning, the ALP enzyme (final
concentration = 9 U/mL) was added to one of the tubes, as shown on the phantom schematic. (D) Time-course of the averaged enhancement
factor for the sample consisting of TAM-ALPs substrate and the enzyme measured at frequency of the substrate and the product. Note that no
significant change of the averaged enhancement factor for the sample of the TAM-ALPs substrate in the absence of enzyme was observed. This
study demonstrates that the TAM-ALP radical can be used for imaging the enzyme activity.
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and evaporated under reduced pressure. The desired compound was
purified by flash chromatography using a gradient from n-hexane to
ethyl acetate to afford 41 mg of phosphate 3 (26% yield).
TAM-ALPs. TAM 3 (41 mg, 0.03 mmol) was dissolved in 3 mL of

dry DCM, and then cooled down with an ice bath. Bromotrime-
thylsilane (TMSBr) (61 μL, 0.465 mmol, 15 eqs) was added, then the
flask was removed from the ice bath, and the reaction mixture was
stirred at room temperature for 150 min. The solvent was evaporated,
then 2 mL of MeOH was added to the flask and then evaporated. The
deprotected phosphate was dissolved in 2 mL methanol and then
deoxygenated by bubbling argon for 20 min. An aqueous solution of
LiOH 2 M (1 mL) was added then the solution was bubbled with
argon for 10 min. The reaction mixture was stirred at 45 °C for 6 h,
then acidified to pH = 2 with trifluoroacetic acid. It was purified by
reverse-phase chromatography. After washing the column with water
containing 0.1% TFA, TAM-ALPs was eluted with 50% acetonitrile in
water containing 0.1% TFA. The solution was partially evaporated to
remove acetonitrile, then the resulting solution was freeze-dried. The
resulting brown powder was resuspended in water and titrated to pH
7 with a solution of NaOH 0.02 M. The now green solution was
freeze-dried, affording 34.5 mg of a green powder (83% yield). HRMS
calculated for [C42H9D36O11P2S12•]+: 1207.1345, found 1207.0073
(see SI Figure S1).

HPLC-MS Analysis
HPLC-MS analyses were carried out using a Water Alliance e2695
separation module, a Water 2998 PDA detector, and a Water SQD2
mass detector. Separations were carried out using a Waters XBridge
BEH C18 4.6 mm × 50 mm, 2.5 μm column at 45 °C. Gradient
conditions were as follows: Solvent A was water, solvent B
acetonitrile, solvent C water containing 1% of trifluoroacetic acid,
column temperature: 40 °C; UV detection from 210 to 800 nm, flow
rate: 1.5 mL/min. Time 0 min: 80% A, 10% B, 10% C, time 5 min: 0%
A, 90% B, 10% C, time 6 min: 100% B.

Electron Paramagnetic Resonance (EPR) Spectroscopy
EPR spectra were recorded using a Bruker ELEXSYS E580 X-band
(9.4 GHz) spectrometer. Unless mentioned otherwise, the EPR
instrument parameters used were as follows: microwave power: 0.94
mW; sweep width: 10 G; Mod. Amp.: 30 mG; Mod. Freq : 30 kHz,
sweep time: 40 s; points: 2048. Solutions were loaded into gas-
permeable Teflon tubes with a diameter of 1.14 mm and a wall
thickness of 60 μm (Zeus, Inc., USA) and sealed with clay sealant
(Kimble Cha-Seal). The temperature and the gas mixture (N2/O2) of
the samples inside the EPR resonator were controlled using a
temperature and gas controller (Noxygen, Germany). EPR spectra
were simulated using EasySpin ver. 6.0.2 and MATLAB R2022b.

OMRI Scanner, Pulse Sequence, and Experimental
Parameters
The OMRI experiments were performed on an OMRI desktop imager
(Keller JXI-KC02, Japan Redox Ltd.) using a standard fast spin echo
sequence for MRI. Imaging experiments were performed in 2D
modality. The scanning conditions for the OMRI experiment were as
follows: repetition time (TR) × echo time (TE) × EPR irradiation
time (TEPR), 1000 × 20 × 200 ms; frequencies of EPR irradiation,
460.0 and 462.5 MHz; EPR irradiation power, 8 W; slice thickness,
100 mm, field of view, 40 × 40 mm2; matrix size, 64 × 64; number of
averages, 1; the scanning time of images, was 65 s. Total time of
OMRI set 2 EPR frequencies (plus resonator tuning time,
approximately 30 s) × 160 s + EPR-off ×65 s = approximately 225
s. MRI detection of 1H water signal was performed on field 0.016 T
(0.686 MHz).

Phantom Sample Preparation for OMRI
The phantom consisted of two cylindrical plastic tubes with an inner
diameter of 0.5 mm filled with 0.8 mL of solutions of 1.3 mM TAM-
ALPs in 10 mM Tris buffer in H2O containing 1 mM MgCl2, 0.1 mM
ZnCl2, and 0.9% NaCl, pH 7.5. The ALP enzyme (final concentration
= 9 U/mL) was added to one of the tubes immediately before OMRI
acquisition.
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