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r 19F magnetic resonance-based
reversible redox sensing and multicolor imaging†

Rahul T. Kadakia, ‡ Raphael T. Ryan, ‡ Daniel J. Cooke and Emily L. Que *

We report a first-in-class responsive, pentafluorosulfanyl (–SF5)-tagged
19F MRI agent capable of reversibly

detecting reducing environments via an FeII/III redox couple. In the FeIII form, the agent displays no 19F MR

signal due to paramagnetic relaxation enhancement-induced signal broadening; however, upon rapid

reduction to FeII with one equivalent of cysteine, the agent displays a robust 19F signal. Successive

oxidation and reduction studies validate the reversibility of the agent. The –SF5 tag in this agent enables

‘multicolor imaging’ in conjunction with sensors containing alternative fluorinated tags and this was

demonstrated via simultaneous monitoring of the 19F MR signal of this –SF5 agent and a hypoxia-

responsive agent containing a –CF3 group.
Introduction

Antioxidants, or reducing agents, play a pivotal role in main-
taining biological redox balance and counteracting oxidative
stress. In a biological setting, common antioxidants include
ascorbic acid, which reduces nitrite ions to nitric oxide in the
stomach and protects agains reactive oxygen species (ROS);
vitamin E, which scavenges free radicals formed during
metabolism; and thiol-containing molecules. These thiols,
including cysteine and glutathione, help maintain redox
balance through their ability to be reversibly oxidized to form
disuldes. Reductive stress is a condition in which the cellular
redox balance is shied to a more reducing state. For example,
reducing environments are associated with cellular hypoxia,
impair signalling functions, promote mitochondrial dysfunc-
tion, increase apoptosis, and decrease cell survival.1,2 Reductive
stress is associated with a number of pathologies, including
muscular dystrophy, cancer, Alzheimer's disease, rheumatoid
arthritis, and alcohol abuse.3,4

Many techniques currently exist to detect biological reduc-
tants and reducing environments, including positron emission
tomography (PET)5,6 and uorescence imaging.7,8 While these
are powerful techniques, PET requires the use of ionizing
radiation and uorescence imaging has limited depth pene-
tration for in vivo imaging.9 Thus, alternative techniques that
can be readily applied and minimize the use of radioactive
materials for in vivo sensing are needed. Traditionally, 1H
magnetic resonance imaging (MRI) is used to obtain anatomical
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and physiological images with high temporal resolution and
depth penetration without the use of ionizing radiation;
however, abundant endogenous 1H signals deriving from water
and lipids results in low imaging specicity. As an alternative,
uorine (19F) MRI provides the same excellent depth penetra-
tion, and importantly, higher specicity as there is no detect-
able endogenous uorine present in the body. Additionally,
uorine-19 is 100% isotopically abundant, and contains high
MR receptivity that nears that of 1H (83% of 1H).10 In addition to
its generally favorable magnetic resonance properties, the 19F
nucleus can display MR signals over a broad range of chemical
shis (>350 ppm).11 A major advantage of molecular MR
imaging agents is the exquisite ability to design selective
analyte-responsive agents. However, this is partially counter-
balanced by high limits of detection on the order of 10−4 M or
more, which is a barrier to the application of small molecule
agents. Regardless, elaborating new mechanisms for MR-based
sensing with uorinated small molecules will inform the
development of MR sensors with much greater uorine density
(polymers and other macromolecules, nanoparticles) that
provide the uorine concentrations applicable to in vivo
detection.

A number of transition metals and lanthanides have been
used for redox sensing using magnetic resonance techniques
including EuII/III, MnII/III, FeII/III, CoII/III, and CuI/II.12–37 In order
to monitor dynamic redox events in biology, a reversible sensing
agent is desirable and this requires a ligand that can effectively
cage and sequester a metal ion in two oxidation states. Interest
in the use of FeII/III has increased due to the superior biocom-
patibility of iron relative to other redox active metals and the
ability to achieve redox reversibility in biological contexts.10,30–35

From a magnetic resonance perspective, the differences in
electronic relaxation times of the different oxidation states lead
to modulation of MR properties, with high spin FeIII complexes
Chem. Sci., 2023, 14, 5099–5105 | 5099
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exhibiting substantial 19F MR signal attenuation due to strong
paramagnetic relaxation enhancement (PRE) and FeII

complexes exhibiting robust and detectable 19F MR signals due
to weak PRE. To the best of our knowledge, while Fe complexes
have been reported for 19F MRI applications,38–45 this is the rst
demonstration of a reversible, redox-responsive Fe complex for
19F MR biosensing.

Most small molecule 19F MRI agents utilize –CF3 containing
moieties as 19F tags; however, the large ppm range that is
available for the 19F nucleus opens up opportunities to design
imaging agents with chemical shi values that can be differ-
entiated via chemical shi-specic magnetic resonance
imaging, enabling ‘multicolor’ (or chemical shi-selective)
imaging of multiple species containing distinct 19F frequen-
cies within the same specimen. The pentauorosulfanyl (–SF5)
moiety is promising in this respect due to its biostability46 and
distinct chemical shi relative to –CF3 (∼+60 ppm for –SF5,
∼−70 ppm for –CF3). One disadvantage of an –SF5 tag is the
presence of inequivalent uorine atoms that reduce signal
density and result in doublet (equatorial uorine atoms) and
quintet (axial uorine atom) signals. Regardless, the value of
the –SF5 tag has been successfully demonstrated in drug
tracking studies,47 though it has never been incorporated for
biosensing applications as will be described.

Herein, we report the rst Fe-based redox responsive 19F MRI
agent, FeIIIDO3ASF5 (Scheme 1), capable of reversibly detecting
reducing environments. This agent contains a novel –SF5 tag
that has potential to be used simultaneously alongside a –CF3
containing agent for multicolor 19F MR imaging.14
Results and discussion

DO3ASF5 was synthesized from tBuDO3A, chloroacetyl chloride,
and 4-(pentauorosulfanyl)aniline in good yield (48%)
following tert-butyl ester deprotection (Scheme S1†). The ligand
was complexed with anhydrous FeCl3 to obtain FeIIIDO3ASF5
(75%) or with aqueous Fe(BF4)2 to obtain FeIIDO3ASF5 (64%).
Scheme 1 Design strategy for reversible redox responsive 19F MRI
probe exploiting FeII/III redox chemistry. The initial “off” 19F signal
“turns-on” following reduction of FeIII to FeII by cysteine and “turns-off”
following oxidation by H2O2. An –SF5 tag provides a means to simul-
taneously image these agents with –CF3 and other 19F-tagged species.

5100 | Chem. Sci., 2023, 14, 5099–5105
DO3ASF5 and FeII/IIIDO3ASF5 were puried using C18 reverse-
phase chromatography. Full details are provided in the ESI.†
Previous reports have shown that FeIIIDO3A complexes form
neutral seven-coordinate complexes derived from three
carboxylate and four nitrogen donors.48 We propose that
FeIIIDO3ASF5 forms a similar neutral structure due to its low
solubility in water and the one proton difference seen by mass
spectrometry between FeIIIDO3ASF5 and FeIIDO3ASF5. These
observations are reinforced by a remarkable increase in water
solubility of FeIIDO3ASF5, which would have a water solubi-
lizing free carboxylic acid and only two carboxylate donors
directly bound to the metal. The possibility of the amide group
also coordinating cannot be ruled out since seven- and eight-
coordinate FeII complexes have been reported.49–51

Cyclic voltammetry of 1 mM FeIIIDO3ASF5 in 0.1 M KCl was
conducted to characterize the complex's ability to switch
between the FeIII and FeII oxidation states. FeIIIDO3ASF5 dis-
played a half wave potential, E1/2, at 389 mV vs. normal
hydrogen electrode (NHE, Fig. 1A) with an anodic peak poten-
tial, Epa, at 358 mV vs.NHE and a cathodic peak potential, Epc, at
420 mV vs.NHE, consistent with a reversible redox process. This
potential is similar to an FeIIIDOTA peptide conjugate reported
in the literature (E1/2 = 396 mV vs. NHE).52 With an E1/2 of
389 mV, both the ferric and ferrous oxidation states of
FeDO3ASF5 should be biologically accessible, as this potential is
near that of the one electron reduction of H2O2 at pH 7 (380 mV
vs. NHE).53 Compared to reversible redox responsive agents for
1H MRI (FePyC3A E1/2 = 230 mV vs. NHE,31 MnHBET E1/2 =

356 mV vs. NHE),28 1H/19F MRI (MnHTFBED E1/2 = 250 mV vs.
NHE),29 and CEST (CoTPT, E1/2 = −107 mV vs. NHE),21

FeIIIDO3ASF5 has a slightly higher potential, indicating our
agent favors the reduced state more than these previously re-
ported agents. The cyclic voltammograms of FeIIIDO3ASF5 were
similar when the scan speed varied from 50–400 mV s−1,
demonstrating the complex is stable and exhibits reversible
redox behavior within the given scan speed range.

The absorption spectrum for FeIIIDO3ASF5 displays a char-
acteristic charge-transfer band (extinction coefficient, 3 =

3280 M−1 cm−1) at 310 nm (Fig. 1B, black trace). The
FeIIDO3ASF5 complex displays a lower absorbance at 310 nm
relative to the FeIII complex (Fig. 1B, gray trace). Therefore, we
performed an initial screen of different reducing agents and
monitored the FeIII to FeII change using UV-vis spectroscopy.
Cysteine, dithiothreitol (DTT), and glutathione (GSH) were
selected since they are either commonly used in biological
assays (DTT) or because they are biologically relevant agents
(cysteine and GSH) that have been shown to reduce other metal
MRI agents.16,54 The initial screening of the three reducing
agents showed that DTT and cysteine caused the disappearance
of the absorbance peak at 310 nm within 5 minutes. This
disappearance is assigned to the reduction of the FeIII complex
to FeII since the resulting absorbance matches the spectrum of
FeIIDO3ASF5 (Fig. 1B and C). In contrast, when 5 equivalents of
GSH was used, the reduction was incomplete aer 10 minutes
(Fig. 1C). However, full reduction was observed when the GSH
concentration was increased to 25 equivalents (Fig. S1†).
Notably, FeIIIDO3ASF5 was reduced within ve minutes by just
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Cyclic voltammograms of 1 mM FeIIIDO3ASF5 in 0.1 M KCl recorded at various scan speeds (50–400 mV s−1). (B) UV-vis absorption
spectra of 100 mM FeIIIDO3ASF5 in pH 7.4 buffer (black), 100 mM of FeIIDO3ASF5 in pH 7.4 buffer (gray), and 100 mM FeIIDO3ASF5 in pH 7.4 buffer
generated in situ from FeIIIDO3ASF5 with one equivalent of cysteine (green). (C) UV-vis absorption spectra of 25 mM FeIIIDO3ASF5 in deoxy-
genated pH 7.4 buffer (black) with five equivalents cysteine after five minutes (blue), five equivalents DTT after five minutes (green), and five
equivalents of GSH after ten minutes (red). (D) The natural log of the change of absorbance at 310 nm vs. time of the reduction of 25 mM
FeIIIDO3ASF5 with 150–350 mM of cysteine. Slopes of linear regression fits correspond to the pseudo first-order reaction rates, kobs. (E) Plot of
kobs vs. concentration of cysteine, slope of linear regression corresponds to second order rate constant. 5 mM HEPES (pH 7.4) with 10 mM KNO3

was used for all UV-vis experiments.
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View Article Online
one equivalent of cysteine (green trace, Fig. 1B), an improve-
ment over our previously reported macrocyclic CuII-based
sensor that required three equivalents of cysteine for full
reduction.16

Given the promising reduction results and the biological
relevance of cysteine, the kinetics of cysteine-mediated reduc-
tion were measured via UV-vis (Fig. S2†). The measurements
were determined under pseudo-rst order conditions with
excess (6–14-fold) cysteine in HEPES buffer (pH 7.4) (Fig. 1D).
The reduction is rst-order in cysteine and gives a second-order
rate constant of k = 74 M−1 s−1 (Fig. 1E). This rate constant is
∼50-fold faster than the redox activated 1H agent, FePyC3A.
This is consistent with FeIIIDO3ASF5 having a higher E1/2
(389 mV compared to 230 mV vs. NHE).31

We further characterized these complexes by measuring
their solutionmagnetic moments (meff, Evans NMRmethod).55,56

FeIIIDO3ASF5 exhibited a meff of 5.7, consistent with a high spin,
S = 5/2 FeIII species. With this spin state, we expect strong PRE-
induced signal attenuation of the –SF5 tag in this FeIII complex,
resulting in the oxidized state being “off” in 19F MR measure-
ments. FeIIDO3ASF5 had a meff of 4.5 consistent with a high spin
S = 2 species.57 While containing four unpaired electrons, the
electronic relaxation times of high spin FeII species are typically
very short, making them inefficient for PRE.10 Thus we expect to
observe signicantly less signal broadening for FeIIDO3ASF5
compared to the FeIII complex.

The 19F NMR spectrum of 1 mM FeIIIDO3ASF5 in deoxygen-
ated pH 7.4 HEPES (Fig. S3†) contained a severely broadened
peak centered at +63.7 ppm with a very low signal-to-noise ratio
(SNR). On the other hand, the 19F NMR spectrum of 1 mM
FeIIDO3ASF5 contained a doublet at +63.4 ppm (Fig. S4†),
© 2023 The Author(s). Published by the Royal Society of Chemistry
similar to ligand DO3ASF5, which displayed a doublet at
+63.2 ppm. The quintet of FeIIDO3ASF5 was not visible even at
concentrations as high as 2.5 mM, and therefore, our discus-
sion will focus on the doublet. To conrm that the reduction
can be monitored via 19F NMR, 5 equivalents of cysteine were
introduced to a sample of FeIIIDO3ASF5, which caused the
broadened signal to sharpen and increase in intensity, resulting
in a doublet at +63.4 ppm, equivalent to that of FeIIDO3ASF5
(Fig. S5†). The relaxation times for FeIIIDO3ASF5 alone could not
be measured due to the severely broadened nature of its 19F
NMR peaks. Given this, the 19F longitudinal (T1) and transverse
(T2) relaxation times of puried FeIIDO3ASF5 and in situ
generated FeIIDO3ASF5 following reduction of FeIIIDO3ASF5
were measured at room temperature. FeIIDO3ASF5 had T1 and
T2 values of 155 and 6.3 ms, respectively. The relaxation times
measured for in situ generated FeIIDO3ASF5 (FeIIIDO3ASF5 + 5
equivalents DTT) were in strong agreement (T1 = 152 ms, T2 =
5.7 ms).

We next investigated the ability of our complex to reversibly
detect environmental redox changes. A 0.5 mM sample of
FeIIIDO3ASF5 in deoxygenated HEPES was subjected to multiple
reduction and oxidation cycles using cysteine and H2O2,
respectively (Fig. 2). Initially, the 0.5 mM sampled displayed no
19F MR signal (Fig. 2B), exhibited an absorption spectrum
consistent with the FeIII species (Fig. 2A), and had the depro-
tonated FeIIIDO3ASF5 mass (ESI+ m/z = 659). Aer adding one
equivalent of cysteine, a 19F doublet appeared at +63.4 ppm
(Fig. 2B), the FeIII was fully reduced to FeII according to UV-vis
(Fig. 2A), and the protonated FeIIDO3ASF5 mass was observed
(ESI+ m/z = 660). The same sample was reacted with 10 equiv-
alents of H2O2, regenerating FeIIIDO3ASF5 which caused
Chem. Sci., 2023, 14, 5099–5105 | 5101
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Fig. 2 Repeated reduction and oxidation of FeIIIDO3ASF5 analyzed via
(A) UV-vis (0.1 mM complex, absorbance value at 310 nm) and (B) 19F
NMR (0.5 mM) using cysteine (“Cys”) and H2O2 in 5 mM HEPES buffer
(pH 7.4) with 10 mM KNO3.

Fig. 3 19F MRI phantoms of 5 mM CuATSM-F3 in the presence and
absence of Na2S2O4 and 3 mM FeIIIDO3ASF5 in the presence and
absence of cysteine. Images were obtained at both the –CF3 (282.550
MHz) and –SF5 (282.588 MHz) frequencies. Acquisition time for all
images was 15 minutes.
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a broadening in the 19F NMR signal (Fig. 2B), a reappearance of
the FeIII charge-transfer band (Fig. 2A), and a compound with an
m/z of 659. This entire process was repeated multiple times with
similar results. Oxidation from FeII to FeIII with H2O2 occurs
rapidly, with complete conversion occurring within 5 minutes
in the presence of as low as one equivalent of H2O2 as moni-
tored by UV-vis (Fig. S6†).

The kinetic and chemical stabilities of FeIIDO3ASF5 and
FeIIIDO3ASF5 were then examined under multiple conditions.
The stability of FeIIIDO3ASF5 was studied in the presence of
various biologically relevant metal salts, human serum, and
different pH values using UV-vis spectroscopy or 19F NMR. The
stability of FeIIIDO3ASF5 (100 mM) in the presence of different
metal salts (100 mM NaCl, 100 mM KCl, 10 mM CaCl2, 10 mM
MgCl2, and 100 mM ZnCl2) was monitored before and aer
incubation by UV-vis (Fig. S7†). The results showed that
FeIIIDO3ASF5 has high stability with no signicant absorbance
changes observed aer 24 h of incubation at 37 °C. Given that
FeIIIDO3ASF5 has a E1/2 = 389 mV vs. NHE, it may be sensitive to
biological reductants while circulating through the body
causing the complex to exist in the FeII state. If this is the case,
the FeIIDO3ASF5 complex will dominate, and no selective “turn-
on” will be possible. To evaluate this possibility, we monitored
FeIIIDO3ASF5 in human serum (HS) by 19F NMR to estimate its
redox sensitivity in that environment. No 19F NMR signal
changes were observed for a solution of FeIIIDO3ASF5 in 80%HS
(20% D2O) or 8% HS (20% D2O) in 1X Minimum Essential
Medium (MEM) aer incubating at 37 °C for 24 h (Fig. S8 and
S9†). FeIIDO3ASF5 and FeIIIDO3ASF5 were also stable under
acidic (pH 6) conditions as evaluated by 19F NMR (Fig. S10–
S12†). The stability of FeIIDO3ASF5 under acidic conditions
matched well with the in situ generated FeIIDO3ASF5 (Fig. S11
and S12†). The stability of FeIIDO3ASF5 with metal cations was
5102 | Chem. Sci., 2023, 14, 5099–5105
determined with 19F NMR due to the low absorbance at wave-
lengths >300 nm of FeIIDO3ASF5 (Fig. S13–S17†). Similar to the
FeIII complex, FeIIDO3ASF5 showed good stability in the pres-
ence of abundant metal cations. The air stability of FeIIDO3ASF5
was also evaluated in HEPES buffer by UV-vis. Upon exposure to
atmospheric oxygen, only minimal absorbance changes were
observed over 18 h (Fig. S18†) demonstrating that the complex
is relatively stable to oxygen following reduction.

We measured the 1H longitudinal relaxivity (r1) and trans-
verse relaxivity (r2) of FeIIIDO3ASF5 at 60 MHz to gauge the
potential presence of an inner sphere water molecule in this
complex. The r1 and r2 were found to be 0.37 mM−1 s−1 and 0.39
mM−1 s−1, respectively. The r1 of FeIIIDO3ASF5 is ∼3–22-fold
less than many of the previously reported r1 values for Fe(III)
relaxation agents.58 These lower values are likely because the
metal center is coordinatively saturated by the macrocyclic
ligand framework and contains no exchangeable protons,
which leaves outer-sphere proton relaxation as the only possible
mechanism.59 This coordinatively saturated structure is
consistent with the observed high kinetic stability of the
complexes.

To validate our –SF5 labelled agent's ability to “turn-on” and
be monitored in concert with a –CF3 labelled agent,
FeIIIDO3ASF5 and previously reported hypoxia sensor CuATSM-
F3 (Fig. S19†)14 were subjected to 19F MRI using a 7 T scanner.
Samples were imaged both at the –SF5 doublet frequency
(282.588 MHz) and the –CF3 frequency (282.550MHz). As shown
in Fig. 3, 3 mM FeIIIDO3ASF5 only provides a signal at the –SF5
frequency when reduced with one equivalent of cysteine (SNR =

25.38); no signal is seen in this sample at the –CF3 frequency
(SNR = 1.99). CuATSM-F3 was imaged alongside FeIIIDO3ASF5
to show the agents will only provide signals when reduced and
imaged using their respective imaging frequency. Specically,
5 mM CuATSM-F3 displayed a signal when reduced with one
equivalent of sodium dithionite (Na2S2O4) using the –CF3
frequency (SNR = 28.92) and no signal when imaged at the –SF5
frequency (SNR = 1.26). We note that CuATSM-F3 is unable to
provide a “turn-on” response to cysteine, as more reducing
© 2023 The Author(s). Published by the Royal Society of Chemistry
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conditions typically associated with severe hypoxia are needed
to activate this agent (Fig. S20†). The reversibility of
FeIIIDO3ASF5 can also be monitored using MR imaging
(Fig. S21†) as initially no signal is observed for 3 mM
FeIIIDO3ASF5 (SNR = 2.04), which then “turns-on” with one
equivalent of cysteine (SNR = 25.38), and “turns-off” with
hydrogen peroxide (SNR= 3.68). Finally, due to the shorter T1 of
FeIIDO3ASF5, using a rapid acquisition with relaxation
enhancement (RARE) pulse sequence we were able to triple the
number of averages for the –SF5 image compared to the –CF3
image. This resulted in the Fe complex displaying a similar SNR
when compared to reduced CuATSM-F3 even though the uo-
rine concentration was smaller (12 mM 19F for FeIIIDO3ASF5
and 15 mM 19F for CuATSM-F3).

Conclusions

In conclusion, FeIIIDO3ASF5 is a redox-responsive 19F MR agent
that can undergo reversible redox chemistry and be detected
using the distinct 19F frequency associated with the biostable –SF5
moiety. Conversion from a high spin S= 5/2 FeIII species to a high
spin S = 2 FeII species following cysteine addition provides
a mechanism for MR signal “turn-on”. Oxidation following
addition of H2O2 provides a mechanism for signal “turn-off”.
While these species are physiologically present at micromolar
concentrations or below in the extracellular space, and thus may
be difficult for detection by MRI, previous work in MRI-based
redox imaging suggests a huge potential for monitoring redox
environments associated with inammation or hypoxia usingMR
imaging agents.31 In proof-of-concept experiments, we demon-
strate that this complex can be imaged in concert with the –CF3
tagged hypoxia-responsive agent CuATSM-F3, opening up possi-
bilities formultiplexed biosensing using 19FMR. Ongoing studies
include investigating the effects of ligand structure on Fe redox
reactivity and biosensing properties and further development of
agents with unique tags for multicolor imaging.
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