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Abstract: A new fluorinated manganese porphyrin, (Mn-TPP-p-
CF;) is reported capable of providing, based on the Mn(ll1)/Mn(ll)
equilibrium, dual 'H relaxivity and ®F NMR response to redox
changes. The physical-chemical characterization of both redox states
in DMSO-ds evidenced that the 'H relaxometric and **F NMR
properties are appropriate for differential redox MRI detection. The
Mn(Ill)-F distance (dwne = 9.7 - 10 A), as assessed by DFT
calculations, is well tailored to allow for adequate paramagnetic effect
of Mn(lll) on °F T; and T, relaxation times. Mn-TPP-p-CF3; has a
reversible Mn(ll)/Mn(lll) redox potential 0.574 V vs. NHE in
deoxygenated aqueous HEPES/ THF solution. The reduction of
Mn(lIl)-TPP-p-CF3 in the presence of ascorbic acid is slowly but fully
reversed in the presence of air oxygen, as monitored by UV-Vis
spectrometry and '°F NMR. The broad *H and **F NMR signals of
Mn(lll)-TPP-p-CF; disappear in the presence of 1 equivalent
ascorbate replaced by a shifted and broadened *°F NMR signal from
Mn(I1)-TPP-p-CF3. Phantom **F MR images in DMSO show a MRI
signal intensity decrease upon reduction of Mn(lll)-TPP-p-CFs,
retrieved upon complete reoxidation in air within ~24 hours. *H NMRD
curves of the Mn(ll)/(II)-TPP-p-CF; chelates in mixed DMSO/water
solvent have the typical shape of Mn(Il)/Mn(lll) porphyrins.

Introduction In healthy tissues, both extracellular and
intracellular redox environments are tightly regulated.? Their

alterations due to the reduction of O, levels have been associated
with several pathologies, including chronic inflammationl®, tissue
ischemial¥, inflammation and neoplastic growth.[® Therefore, the
detection of hypoxic cells is crucial for early diagnosis allowing
early disease treatment.[’! To date, potential redox probes have
been described for several imaging methodologies.!”:8°1 84Cu(ll)-
ATSM (ATSM = diacetyl-bis(N*-methylthiosemicarbazone) and
BE-MISO (MISO = misonidazol) are well-known positron emission
tomography (PET) radiotracers that have demonstrated high
capability to detect hypoxic cells.'%1112 Metal-based redox
probes have also been proposed for magnetic resonance imaging
(MRI).12.3314.35] For instance, Loving et all*®7l reported potential
MRI redox probes based on hydroxybenzylenediamine acetic
acid coordinated with manganese. These structures showed rapid
and reversible interconversion between the two manganese (ll/111)
oxidation states, in the presence of hydrogen peroxide (oxidation)
and L-cysteine or glutathione (reduction), with a 9-fold relaxivity
increase from Mn(lll) to Mn(ll) analogues (at 1.41 T, 37 °C). In
2019, Pinto et all*® proposed a biocompatible redox MRI probe
based on a tetra-pegylated Mn porphyrin. This complex was
capable to reversibly switch between Mn(lll)/Mn(ll) oxidation
states in the presence of ascorbate or B-mercaptoethanol, with
subsequent oxidation with O,. The reduction of the Mn(lll) to the
Mn(Il) complex was accompanied by an significant r; relaxivity
increase, amounting to ~100 % at medium frequencies (20-40
MHz), which demonstrates its potential as a “turn on” redox MRI
probe for ascorbate detection.



Despite the advantageous features of *H MRI, such as high
spatial resolution and deep penetration of soft tissues, the high
concentration of water in the organism may cause background
interference, leading to low contrast. In the last years, *°F MRI has
emerged as a promising complementary technique to 'H
MRI,1920.21  minimizing the problem associated with the
background signal of bulk water, as fluorinated compounds are
almost absent in the human body, except for teeth and bones,
where they are present as solid salts.?22% Such contrast agents
provide *°F MR images with no background which improves the
signal-to-noise ratio (SNR). The '°F nucleus has other
advantages, such as a high gyromagnetic ratio (40.05 MHz/T),
100 % isotopic abundance, non-quadrupolar nature (I = 1/2), a
wide chemical shift range of = 350 ppm) and high sensitivity (83 %
of 'H). Fluorinated compounds have relatively long relaxation
times, leading to long image acquisition.” Hence, introduction of
a paramagnetic ion, either a transition metal ion like Co(ll) ?4 or
a lanthanide metal ion,[25:2627.28.2930] close to the °F nuclei, will
shorten both T, and T, relaxation times through the paramagnetic
relaxation enhancement (PRE) effect.?® This will have
contradictory effects on °F MRI: while T, shortening decreases
acquisition times, reducing T» causes signal broadening which
decreases signal intensity, sensitivity and final image resolution.
Therefore, optimal probes should have a T./T; = 1. Besides the
PRE effect, metal ions with anisotropic unpaired electrons can
induce changes in the °F chemical shift through pseudo-contact
shift (PCS) effects. 4

Although the development of potential fluorinated probes has
undergone a large growth in recent years, only a few redox °F
MRI probes have been reported until now. B3 Que’s group 24323
reported a series of fluorinated Cu(ll)ATSM derivatives that,
through the reduction of paramagnetic Cu(ll) (S=1/2) to
diamagnetic Cu(l), acted as “turn on” *°F NMR probes through the
disappearance of the PRE and PCS effects. The same group 34
reported a fluorinated Co(I)NOTA (NOTA = 14,7-
triazacyclononane-1,4,7-triacetic acid) complex, in which the
conversion of paramagnetic high spin Co(ll) (S=3/2) to
diamagnetic low spin Co(lll) (S=0) was observed upon oxidation
with H,O,. This change in the oxidation state of cobalt resulted in
a F NMR chemical shift change through a PCS effect and
enhancement in the F NMR signal through a PRE effect. A
Fe(ll/Fe(ll) dendrimer B% and a Eu(Il)/Eu(ll) macrocyclic
complex B were also described as *°F NMR redox probes.
Recently, Chen et all*reported a water soluble, redox responsive
Mn(lll) (S=2)/Mn(ll) (S=5/2) complex that smoothly responded to
biological redox active species, like glutathione, resulting in a
change in signal intensity in °F NMR and H/**F MRI.
Nevertheless, despite the favorable features of the complexes
mentioned above, they may present some unfavorable issues,
such as lack of biocompatibility, thermodynamic stability and
kinetic inertness and non-ideal half-cell potential. 6]

Porphyrins are tetrapyrrolic macrocycles, well known for their
physico-chemical and biological features that make them
appealing in a multitude of applications, such as catalysis [38:39:40],
materials science 124243 and biomedicine 1445481 including
MRI.[1847.48] The capability of the porphyrin ligand to coordinate
several metal ions, especially those of manganese, has been
extensively studied.*®% The Mn(lll) ion fits perfectly in the
porphyrin cavity, where its octahedral coordination is ensured
through strong bonds with the equatorial N4 atoms of the
porphyrin and relatively weakly with the axial ligands.%52 Also,
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manganese is a biogenic element, present in both paramagnetic
+2 and +3 oxidation states allowing for MRI contrast agent use.
Mn?* possesses a 3d® configuration (high spin S = 5/2), long (0.1-
1 ns) longitudinal electronic relaxation times (Ti12) and labile
inner-sphere water, being a very efficient paramagnetic relaxation
agent, while Mn®*, with a 3d* configuration (high spin S = 2), has
fast water exchange,’®! shorter T;,. values (<10 ps), typically
making it a less efficient relaxation agent.l>4

Previously, we have demonstrated the capability of a
Mn(lI)/Mn(ll) porphyrin to provide an important H relaxivity
response to redox changes.*® With the objective of extending the
potential of such compounds to dual *H and °F detection, we
describe here the synthesis and the detailed physical-chemical
characterization of a new a fluorinated manganese porphyrin,
(Mn-TPP-p-CF3). Although Mn-TPP-p-CF; is insoluble in aqueous
media, it is an interesting model compound to better understand
the structural features required in particular for °F redox reporters
based on manganese porphyrins. We report here the 'H and *°F
NMR properties for both redox states. Mn(lll)-F distances are of
primary importance for the paramagnetic relaxation enhancement
effect, therefore they were assessed by DFT calculations and
were related to experimental °F relaxation rate measurements.
For comparison, the same was also performed for Mn(lll)-TFPP
porphyrin (see structure in S| (Figure S1), which has a fluorine
atom in the ortho position of the phenyl group. The redox
properties of the Mn-TPP-p-CF3; complex were studied by cyclic
voltammetry, and UV-Vis spectrophotometry was used to follow
the kinetics of Mn(lll) reduction in the presence of ascorbate and
Mn(ll) re-oxidation in the presence of atmospheric oxygen. For
both redox forms, *H relaxivities were measured in water/DMSO
mixture and '°F MRI images were acquired. Evaluation of the
antiproliferative effect of Mn(lll)-TPP-p-CF; towards the Caco-2
epithelium cell line, which measures its capacity of causing cell
cycle arrest or delay and DNA degradation, is also reported.
These measurements are aimed to assess the compound’s
potential as an anticancer drug, aiming at a multimodal agent
(diagnostic + therapeutics). Overall, these data can help the future
design of more biocompatible and more efficient Mn porphyrins
as dual *H and *°F MRI probes for redox detection.

Results and Discussion

Synthesis

The strategy adopted for the synthesis of the fluorinated Mn(lll)
complex, Mn(lll)-TPP-p-CF3, is depicted in Scheme 1. The
synthesis of 5,10,15,20-tetrakis(4-trifluoromethylphenyl)porphyrin,
TPP-p-CF;, was performed with adaptation of the
NaY/nitrobenzene methodology®>%6l. After precipitation with
methanol and filtration under vacuum, porphyrin TPP-p-CF3 was
obtained in 20% vyield. The preparation of porphyrin Mn(lll)-TPP-
p-CF3 proceeded by reacting free base porphyrin TPP-p-CF; with
excess of manganese diacetate tetrahydrate in sodium
acetate/acetic acid buffer solution, at 80°C, for two hours. After
performing the workup of the crude, the Mn(lll)-TPP-p-CF;
porphyrin was obtained in 85% yield. The purity of Mn(lll)-TPP-p-
CF3 was evaluated by HPLC, giving 98% purity (Figure S2).



O M NaY
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Mn(lll)-TPP-p-CF

Scheme 1. Synthetic route for the preparation of porphyrin Mn(Il1)-TPP-p-CFs
IH and '°F NMR and relaxivity and DFT calculations

'H and °F NMR spectra of TPP-p-CF; and Mn(lll)-TPP-p-CF3
were acquired in DMSO-ds. The *H NMR of TPP-p-CF; (Figure
S6a) shows a singlet at 8.82 ppm (B-pyrrolic protons) and two
doublets at 8.34 ppm and 8.05 ppm, assigned, respectively, to the
ortho and meta protons of the porphyrin meso aryl group. As
expected, the introduction of the paramagnetic Mn(lll) ion,[57:585
causes a strong broadening of the aryl proton signals which
collapse into a single broad resonance at 6=7.85 ppm. (Figure
S6h).

Figure 1 shows the *°F NMR spectra of TPP-p-CFs, Mn(lll)-TPP-
p-CFs and Mn(ll)-TPP-p-CF; at -61.04 ppm, -61.42 ppm and -
59.61 ppm, respectively. The introduction of Mn(lll) into the
porphyrin  broadens the !°F NMR signal which remains
nevertheless well detectable, providing the first indication that this
porphyrin complex might be suitable as a °F MRI probe.
Reduction of Mn(lll)-TPP-p-CF; to Mn(ll)-TPP-p-CF3 results in
further line-broadening, in accordance with the stronger relaxation
effect of Mn(ll). PCS values of -0.38 and +1.43 ppm are observed
with respect to the free porphyrin ligand for the Mn(lll)-TPP-p-CF;
and Mn(Il)-TPP-p-CF3; complexes, respectively.

The distance between the fluorine atoms and the paramagnetic
ion (dwne) is crucial in determining both the PCS ((dwnr)?
dependence) and the PRE effect ((dwn.r)® dependence).?123.261 |f
the two atoms are too close, the paramagnetic effect on the °F
T, relaxation time will be severe, causing excessive broadening,
while if they are too distant, the T, and T, relaxation times will not
be significantly affected. Since it was not possible to obtain single
crystal DFT was used for Mn-F distance calculations
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Figure 1. F NMR of 1) TPP-p-CFs; 2) Mn(lll)-TPP-p-CFs and 3) Mn(ll)-TPP-
p-CFs in DMSO. The peak at -76.55 ppm corresponds to NaTFA as reference.

In order to relate °F relaxation properties to the molecular
structure, the Mn-F distance has been calculated for Mn(lll)-TPP-
p-CF3, with CF3 in para position of the aryl group (ph), as well as
for another porphyrin complex, Mn(lll)-TFPP (see structure in Sl),
in which dunr is considerably shorter. Both structures were fully
optimized at the B3lyp/6-31G(d,p) level.

For each molecule, different starting structures were considered
varying both the dihedral that defines the positioning of the ph-
CF; and ph-F groups relatively to the porphyrin plane and the
positioning of the F atoms relatively to the OAc group in the
Mn(lll)-TFPP complex. For this molecule, different conformers
were optimized considering all the arrangements of the F atoms
relatively to the OAc group, namely those in which all the F atoms
are on the same side (relatively to the porphyrin plane) of the
acetate group, those in which the fluorine atoms are in the
opposite side of the OAc group and those in which only one, two
or three F atoms are on the same side of the OAc group. It was
found that the energy differences obtained are below 7.5 kJ/mol
among the different conformers, both for Mn(lll)-TPP-p-CF3; and
Mn(lll)-TFPP. The most stable structures obtained for each
molecule are depicted in Figure 2. Electronic energy values and
optimized structures calculated for all conformers are given in the
Supporting Information (Table S1, Figures S3 and S4). In the
optimized structures of both complexes, the substituent groups of
the porphyrin adopt an arrangement almost perpendicular to the
porphyrin plane in all conformers. The dihedrals that define the
positioning of ph-CF3 groups relatively to the porphyrin plane have
values between 70 and 112°, while in the case of ph-F groups the
corresponding dihedrals vary between 69 and 109°. It should be
mentioned that for Mn(lll)-TFPP the most stable structure
presents two fluorine atoms facing upwards and two facing
downwards relatively to the porphyrin plane. In both complexes a
weak CH...O hydrogen bond, established between a CH group of
the phenyl groups and the oxygen atom of the carbonyl group,
seems to contribute to the stabilization of the structures, while in
some conformers of Mn(lll)-TFPP a CH...F hydrogen bond,
established between the CH3 group of the OAC moiety and the F
atoms, may also contribute to the stabilization of the complex.
As expected, the Mn(lll)-°F distances (dwnr) Were found to be
considerably different for the two complexes: they vary between
9.7 and 10 A for Mn(Ill)-TPP-p-CF3 and between 5.1 and 5.8 A for



Mn(lll)-TFPP. The almost double Mn(ll1)-'°F distances in Mn(lll)-
TPP-p-CF; have a very strong effect on the °F T; and T,
relaxation times, as determined experimentally for the two Mn(lll)
chelates at 9.4 T, in comparison to the non-metalated porphyrin 1
(Table 1).

Figure 2. Most stable structures obtained through optimization at the
B3LYP/6-31G(d,p) level, of a) Mn(lll)-TPP-p-CFz and b) Mn(Ill)-TFPP. Color
code: gray, carbon; red, oxygen; blue, nitrogen; white, hydrogen; light blue,
fluorine; and purple, manganese.

Table 1. Relaxation times, relaxation rates and T2/T1 ratios for 1, 2, TFPP and
Mn(lI)-TFPP. B = 9.4 T, in DMSO, 298 K (n=3)

Porphyrin T1 (Ms) Ri(sY) T2 (Ms) Rz (s1) Ta2lT1
TPP-p- 968+5 1.0+0.05 325+2 3.1+0.02 0.34+
CFs 0.002
Mn(ll)- 11.5+0.2 87.0+1.5 7.7£0.3 1305 0.67+
TPP-p- 0.03
CF3
Mn(l1)- 6.5+0.3 154+7 1.9+0.1 526+28 0.29+
TPP-p- 0.02
CFs
608+5 1.7+0.01 280+25 3.6+0.3 0.46+
0.04
TFPP
79152 1.3£0.01 520+50? 1.9+0.2 0.66+
0.07
Mn(llI)- 0.39+0.02  2560+130 0.31+0.03  3230+300 0.80+
TFPP 0.07

@measured in CHCI3

First, the data in Table 1 demonstrate that the introduction of
Mn(lll) or Mn(ll) into TPP-p-CFz results in a considerable
decrease of the 1°F relaxation times, due to the paramagnetic
relaxation induced by the metals. This paramagnetic contribution,
which is proportional to (dwn.r)®, is particularly significant for the
longitudinal relaxation (Rim=Rip-Rig, i=1,2, where Rj, and Rjg are
the observed rates for the paramagnetic complex and the
diamagnetic ligand, respectively; R1v=87.0 s*and R;y=153.8 s*
for Mn(l11) and Mn(ll), respectively. The substantial increase of Ry
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without an excessive effect on R; is indicative of the potential of
structures like Mn(Ill)-TPP-p-CF3 for °F MRI, with appropriate
Mn-F distance. To allow the acquisition of sufficient signal
intensity in reasonable time, T,/T; values should be the closest
possible to 1.2%%1 |n contrast, for Mn(lll)-TFPP, the effect on R,
and R, relaxation rates is more severe. Correspondingly, as
shown in Figure S6 — SI, the addition of Mn(lll) to TFPP leads to
a strong broadening of the *°F signals, more important than what
was observed for porphyrin 2 (Figure 1 b). Altogether, these data
indicate that the dwnr distance in Mn(lll)-TPP-p-CF; is more
appropriate to sufficiently decrease the '°F T; value of the CF3
substituents, allowing the reduction of the acquisition time,

without deleterious T shortening.

To describe the relaxation of °F nuclei in non-viscous solutions
of paramagnetic complexes, the most widely used framework is
the Bloch—Redfield-Wangsness (BRW) theory. For Gd-
complexes, Botta, Platas-Iglesias et al have recently considered
that the dipolar contribution dominates °F relaxation:

2
1 — 2 ('uoj h27827I2 S(S-’rl{ 3Td1 + 7Td2 :|

1= o0 T 6 2 2 2 2
T, 15\ 4 VInE l+o'ry, 1+w5ty,

232 2 2
X ;%:i(&j "ysn ;;Sy' S(s +1{31"21 5 +713T§22 +4z'd1}

T, 15\ 4 VInE 1+oiry, 1+ wity,
Where S is the electron spin (S=5/2 for Mn?* and 4/2 for Mn®*), y,
is the nuclear gyromagnetic ratio, g is the electron g factor, pgis
the Bohr magneton, ruw.e is the nuclear-spin—electron-spin
distance, and o, and os are the nuclear and electron Larmor
frequencies. The correlation times tg depend on the rotational
correlation time, tr, and the electron spin relaxation times, Tie.
1 1 1:

Ta TR e

If we assume that at high magnetic fields the longitudinal electron
spin relaxation rate can be neglected as compared to the tumbling
rate of the molecule, one can estimate the rotational correlation
time, tr, Of the complexes, by using the Mn-F distances calculated
from DFT. This very rough estimation gives 760+50 ps for
Mn(lI/11)-TPP-p-CFs and 1455 ps for Mn(l11)-TFPP. The value for
Mn(II/IN)-TPP-p-CF3is rather long for a small molecular complex,
and might be indicative of aggregation also in pure DMSO, as it
was observed in DMSO/water mixture in the NMRD
measurements and by DLS data (see below).

Cyclic Voltammetry

The electrochemical behavior of the porphyrin Mn(lll)-TPP-p-CF3
was investigated in a deoxygenated mixture of 0.1 M HEPES
buffer solution, pH 7.4 and THF, by cyclic voltammetry. Prior to
CV measurements, the oxygen was removed by N, bubbling to
avoid the influence of dissolved oxygen reduction in the
electrolyte medium. The cyclic voltammograms obtained in the
absence and presence of the Mn(lll) porphyrin are presented in
Figure 3. The electrolyte without porphyrin (blank) shows no
response signal in the potential region investigated.

No evidence of Mn(lll)-TPP-p-CF3 adsorption was observed in
consecutive cycles. In the potential range investigated, which is
limited by solvent reduction and oxidation, three redox couples
la/le, la/llc and 1I/1llc appeared. The l./lc couple, E™y = -0.007 V
vs. NHE and AE; = 0.124 V, can be assigned to a one-electron
oxidation/reduction process of the porphyrin ring, as suggested in
the literature. 6%
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Figure 3. CVs at the GCE in 1.5 mL of 0.1 M HEPES buffer, pH 7.4 + 500 pL
THF (black), for 2.0 mM Mn(lll)-TPP-p-CF3 (red).

The la/llc pair with E™,y = 0.574 V vs. NHE and AE,, = 0.159 V
was assigned to the Mn'/Mn" redox process, while Illa/1llc with
with E™pii = 1.005 V vs. NHE and AE,, = 0.250 V was associated
with the Mn"/Mn" couple. As observed by Ruhimann et al. 61,
when the GCE was used in aqueous medium, at pH 12, in the
evaluation of Mn(lll) porphyrin, the meso heterodimers 3-2 and 4-
2 showed reversible one-electron redox waves for the pairs
Mn"/Mn" and Mn"/Mn". The redox potentials were close to those
of meso-pyridiniumporphyrin.®2-n our studies, carried out at pH
7.4, similar redox pairs were also observed with higher current
intensities for the Mn"/Mn" redox pair. Comparison of the E™y =
0.574 V vs. NHE for the Mn"/Mn"" redox process in Mn(l1l)-TPP-
p-CF; with those reported for other fluorinated porphyrins, namely
Mn(lll)-TPFPP(PEG), (+0.193 V vs. NHE in PBS) with two ortho
and two meta phenyl F atoms[8, Mn(lll)-TPFPP (+0.050 V vs.
NHE in acetonitrile) with perfluorinated phenyl groups!®¥ and
Mn(IIl)-TDFPP (+0.090 V vs. NHE in acetonitrile) with two ortho
phenyl F atoms®4, illustrate the effect of the number and position
of the F substituents relative to the Mn(lll) ion on the reduction of
their redox potential. Pinto et al.l*®), shows in Fig. S7d, of SI, the
analysis of Mnlll-TPFPP(PEG). in dichloroethane (DCE) and in
Table S1 the E1/2 several other MnPs, analyzed in different
media. For the study done in DCE the redox process of the
Mnlll/Mnll centre in the Mnlll-3 porphyrin was observed at Emp =
+0.335 V vs. NHE, with a peak separation AEp = 0.350 V. Other
work also reports more positive E1/2 values when it comes to
MnPs (see Table 1 of paper Batinic-Haberle et al.)®%. This is
consistent with the biologically compatible E1/2 range of the
MnlIIIP/MnIIP redox couple (which can vary from approximately
+100 to +400 mV vs. NHE), in addition to the contribution of the
electrolyte environment, which can cause shifts in this region.

The cyclic voltammetric behaviour of the porphyrin Mn(lll)-TPP-p-
CF3; was investigated over a range of scan rates from 10 to 100
mV s, Figure S5a. The results showed a linear dependence of
the anodic and cathodic peak currents of the redox couple
Mn'"/Mn" on the square root of the scan rate (v) (Figure S5b),
indicating a diffusion-controlled electron transfer process. A
similar response was observed in published work with other
porphyrins. 18l
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Figure 4. (a) CV for 2.0 mM of Mn(lll)-TPP-p-CF3 (black) in the potential range
0.2V to 1.5V vs. NHE, scan rate 100 mV s. (b) CV for 2.0 mM Mn(lll)-TPP-
p-CFs (black) in the potential range -0.3 V to 0.9 V vs. NHE, scan rate 100 mV
st showing the Mn'"/Mn'" and redox process of the porphyrin ring.

Figure 4 shows the voltammetric response of the Mn(lll)-TPP-p-
CF3 porphyrin couples using two different potential ranges (0.2 V
to 1.5 V vs. NHE (Figure 4a) and -0.3 V to 0.9 V vs. NHE (Figure
4b)) and confirms that the peaks Il,/1lc and lll,/lll; refer to Mn'/Mn"
and Mn"/Mn", respectively. Figure S6a and S6b. depict the
corresponding variation of current with scan rate in the range 10
—100 mV s. The process is diffusional for both manganese redox
couples, since plots of peak current vs. the square root of the scan
rate (v) are linear (Figure S6¢ and S6d ).

Figure 5 displays the CV responses of Mn(lll)-TPP-p-CF; (black)
and Mn(lll)-acetate (red), which enabled confirmation of the peak
assignment of the lll,/Illc couple to Mn(lll). The potential values
exhibited were E™,r = 0.990 V vs. NHE and AE,r =0.254 V for
Mn(lll)-acetate, similar to those for the same couple in the
porphyrin Mn(l1l)-TPP-p-CFs.
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Figure 5. Cyclic voltammetry at GCE in 1.5 mL of 0.1 M HEPES buffer, pH 7.4
+ 500 pL THF for (black) 2.0 mM of Mn(Ill)-TPP-p-CFs and (red) Mn(lll)-TPP-
p-CF3 + Mn(lll)-acetate, scan rate 100 mV s

No signals were observed for the couple Il/llc in the conditions
evaluated for Mn(lll)-acetate. Nevertheless, concerning porphyrin
Mn(l11)-TPP-p-CF3, the redox couple 14/l presented well-defined,
reversible signals for Mn"/Mn'", indicating that, in the porphyrin
complex, manganese increases the reversibility of the Mn'/Mn"!
process. In fact, the introduction of a metal ion in the porphyrin led
to a negative potential shift of these peaks, due to its effect on the
electronic structure of the macrocyclic ring, as observed by Pinto
etal. (8],

Biologically compatible E1/2 of the MnllIP/MnlIP redox couples
range from approximately +100 to +400 mV vs. NHE, which
makes such compounds electron-deficient and allows them to
bind and react with a variety of biologically relevant species. [6].
The E1/2 value of MnPs allows them to accept and donate
electrons, acting as both antioxidants and pro-oxidants. Such
actions are most obvious in the catalysis of dismutation of O2e-,
which occurs in two stages. It is very likely that many other
reactions are possible in vivo.[5667]

Mn(lIl)/Mn(1l) redox conversion

Ascorbate was used as biological reductant to evaluate the
reduction of Mn(lll)-TPP-p-CF; porphyrin to Mn(Il)-TPP-p-CFs.
This reduction was followed by observing the change in the UV-
Vis spectra of Mn(lll)-TPP-p-CF; upon addition of increasing
amounts of ascorbic acid in PBS (ascorbic acid is present as the
ascorbate anion; Figures 6a and 6b). The studies were performed
using THF and DMSO as solvents, for which all the solutions,
including ascorbic acid in PBS, were previously desaerated and
all the UV-Vis spectra were recorded under oxygen free
conditions.
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Figure 6. UV-Vis titration of 0.00426 mM of Mn(lll)-TPP-p-CFs with ascorbate ,
recorded at 25°C: a) in THF; number of equivalents: O (black line), 1 (2uL) (red
line), 2 (4pL) (blue line), 4 (8uL) (green line), 6 (12uL) (purple line); 10 (20uL)
(yellow); b) in DMSO: number of equivalents: O (black line), 1 (2uL) (red line),
2 (4pL) (blue line), 3 (6uL) (green line), 4 (8uL) (purple line), 5 (10pL) (yellow),
6 (12pL) (light blue).

The addition of ascorbic acid in PBS to the Mn(lll)-TPP-p-CF3
solution clearly changed the oxidation state of the porphyrin
complex from Mn(l11) to Mn(ll), in both solvents. The addition of 1
equivalent (Figure 6a, THF) and 2 equivalents (Figure 6b, DMSO)
induced a decrease in the absorption at 473 nm and 462 nm,
respectively, which is the typical wavelength range for the charge
transfer Soret band of Mn(lll) porphyrins, with the concomitant
appearance of a new band at 432 nm and 438 nm, the typical
absorption wavelength of the Soret band for Mn(ll) porphyrins59
Total reduction of Mn(lll)-TPP-p-CF; to Mn(ll)-TPP-p-CF; was
achieved after the addition of 10 equivalents (Figure 6a, THF) and
6 equivalents (Figure 6b, in DMSO), respectively. Re-oxidation
was performed by leaving the samples in contact with
atmospheric O for both systems. As shown in Figure 7a and 7b,
complete oxidation was observed for both systems after 1h,
indicating the complete reversibility of the Mn(Il1)/(I1)-TPP-p-CF3
redox process.
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Figure 7. UV-Vis spectra showing the re-oxidation of Mn(Il)-TPP-p-CFs upon air
exposure after 1h, at 25°C: a) THF and b) DMSO, Mn(lIl)-TPP-p-CFs3 (red line),
Mn(I11)-TPP-p-CFs3 obtained after air exposure (black line).

In order to determine the empirical rate law for the reduction of
Mn(Ill)-TPP-p-CF; by ascorbic acid, a series of kinetic
experiments was conducted, at 25°C, in the absence of oxygen
and under pseudo-first order conditions, following the
disappearance of the Soret band at 473 nm (e=1.65x10° M1 s?)
over time, at 500 ms intervals. Mn(ll1)-TPP-p-CF3 concentrations
were determined using the molar absorption coefficient
(e=1.65x10° M*s) and the relationship between absorbance and
concentration (A = sbc-Beer-Lambert law). We assumed, like in
previous studies (8 that the reduction obeyed second order
kinetics (Figure S7a to d). Initial reaction rates were measured at
two different ascorbic acid concentrations (0.6 mM and 1.25 mM)
keeping the initial Mn(lll)-TPP-p-CF; constant at 0.05 mM (Figure
S5).The experimental data evidenced that the reduction reaction
rate is first order in relation to Mn(lll)-TPP-p-CF; displaying an
overall second order constant of k,~127 + 5 M*s’? and half-life
(t12) of 8.3 s and 0.6 s at total ascorbic acid concentrations of 0.6
mM and 1.25 mM, respectively. The k; value of Mn(lll)-TPP-p-CF;
(in the absence of oxygen) is about three times higher than the
second order constant of ko~ 46 + 5 Ms obtained earlier by us
for the Mn(lll) pegylated perfluorinated porphyrin  Mn(lll)-
TPFPP(PEG),,*® indicating faster reduction by ascorbate Under
normal blood plasma concentrations of ascorbic acid, which are
in the 20-40 uM range 89 the calculated ty;, value for Mn(lll)-
TPP-p-CF3is in the 14-27 s range, compared with the range of ti/,
values of 6-13 min for Mn(lll)-TPFPP(PEG), in the same
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conditions.™*8 Moreover, ascorbic acid accumulates in circulating
immune cells, reaching up to 1.2-3.5 mM concentrations!®® giving
an intracellular half-life for Mn(lll)-TPP-p-CF; of 0.4-4.6 s, shorter
than the range reported for Mn(lll)-TPFPP(PEG),,!® if these
complexes could enter those cells.

We note that no reduction of Mn(lll)-TPP-p-CF3 is observable with
glutathione, even in a large excess of this reducing agent,
similarly to what was reported for Mn(lll)-TPFPP(PEG),.18 This is
likely the consequence of the coordination of the glutathione
carboxylate groups to Mn'"" in the axial position, as previously
evidenced for Mn(lll)-TPFPP(PEG), by NMR data. It was
suggested that the formation of the glutathione-porphyrin Mn(lIl)
ternary complex prevents the electron transfer between the thiol
group and the metal center.

Reduction of Mn(lll)-TPP-p-CFs followed by °F NMR

The reduction of Mn(lll)-TPP-p-CF3z to Mn(ll)-TPP-p-CF3 using
ascorbic acid in PBS (pH= 7.4) was also followed by °F NMR. As
expected, upon reduction, the stronger paramagnetic relaxation
effect of Mn(ll) caused the disappearance of the broad 'H signal
of Mn(lll)-TPP-p-CF3 at 6=7.85 ppm. In the °F NMR spectrum
(Figure 8), addition of 0.5 equivalents of ascorbate led to the
appearance of a second, broader signal at -59.6 ppm, belonging
to Mn(ll)-TPP-p-CF3, ~2 ppm apart from the °F signal of Mn(lll)-
TPP-p-CF; (8= -61.11 ppm). The broadening of the signal for
Mn(Il)-TPP-p-CF3 is in accordance with the more important T,
shortening of Mn(ll). Addition of 1.0 equivalent of ascorbate
results in complete reduction of Mn(lll)-TPP-p-CF; at this
concentration (1.6 mM), evidenced by the complete
disappearance of the Mn(lll)-TPP-p-CF3 '°F peak in the spectrum.
Reoxidation of Mn(Il)-TPP-p-CF; to Mn(Ill)-TPP-p-CF; occurs
with air oxygen and can be followed in time by °F NMR (Figure
8).

56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 6 77
ppm

Figure 8. Reduction of Mn(lll)-TPP-p-CFs with ascorbate and reoxidation of
Mn(I1)-TPP-p-CF3 with air, as followed by *°*F NMR; cwn= 1.6 mM. 1) Mn(lll)-
TPP-p-CFs dissolved in 0.6 ml DMSO and 10 pl H20; 2) Mn(lll)-TPP-p-CF3z +
0.5 equ. ascorbate; 3) Mn(lll)-TPP-p-CF3z + 1.0 equ. ascorbate; 4) Mn(Il)-TPP-
p-CF3 exposed to air for 1 h; 5) Mn(Il)-TPP-p-CFs exposed to air for 4 h; 6)
Mn(I1)-TPP-p-CF3 exposed to air for 1 day. The peak at -76.55 ppm corresponds
to NaTFA as reference.

In order to further visualize the redox-dependent changes,
phantom °F MR images have been acquired for the oxidized and
reduced forms at 7 T, in DMSO. As a consequence of the shorter



T2, MRI signal intensity becomes considerably weaker for the
reduced sample, with a three-fold decrease in the signal to noise
ratio (SNR). Reoxidation of the sample in open air can be also
monitored on the !°F MRI phantom images. Under our
experimental conditions, complete oxidation occurred in ~24
hours. The °F signal intensity of the sample is progressively
increasing upon oxidation, with a SNR which is linearly
proportional to the percentage of Mn(lll)-TPP-p-CFs, as it is
determined from integration of °F NMR spectra recorded in
parallel on the same samples (Figure 9b).
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Figure 9. a) **F MRI phantom images acquired at 1.1 mM Mn(lI1)/(1)-TPP-p-
CF3 concentration in DMSO. b) Monitoring reoxidation of Mn(ll)-TPP-p-CF3
(cmn= 1.6 mM) by air oxygen: signal to noise ratio (with respect to the Mn(lll)-
TPP-p-CF3 peak) as a function of the oxidized Mn(lll)-TPP-p-CFz content (%);
the signal of the Mn(Il) complex was saturated with a selective pulse.

B =7T; TR: 60 ms; TE: 1.3 ms; FA: 90°; NA: 256; acquisition time 8 min 11 s.

IH relaxivity

Both +2 and +3 redox forms of manganese are paramagnetic in
the high spin state and can be efficient relaxation agents. In
particular, Mn(ll) complexes are extensively explored as potential
contrast enhancing probes for *H MRI, but Mn(lll) chelates also
attract considerable attention.’®7172 Although the Mn(ll)/(I1)-
TPP-p-CF3 chelates are not soluble in pure water, it seemed
interesting to compare the relaxation properties of the two
oxidation states in mixed DMSO/water (20/80) solvent. In the
presence of water, two water molecules are expected to
coordinate to the metal in axial positions in both Mn(l11)/(11)-TPP-
p-CF3, as in typical porphyrin complexes of Mn(ll) and Mn(lll). The
NMRD profiles recorded at 25°C for Mn(lll)/(Il)-TPP-p-CF3 are
shown in Figure 10. The reduction results in a change in the
electronic structure of Mn from the 3d* to the much more
symmetrical 3d® configuration, and this is accompanied by a
change in the form of the NMRD curves. The profiles of Mn(ll) and
Mn(lll) porphyrins usually cross each other and the relaxivity
difference between the two oxidation forms can be largely field-
dependent. Typically, small molecular weight porphyrin Mn(ll)
complexes display higher relaxivities at low fields, while their
Mn(lll) analogues have a characteristic high-field relaxivity peak
between 10-100 MHz. The NMRD profiles of Mn(lll)-TPP-p-CFs
and Mn(ll)-TPP-p-CF; show the same tendency; however, the
absolute values of the relaxivities for both forms are very low, for
instance above 10 MHz, they are approximately 4 times lower
than those previously measured for PEGylated porphyrin Mn(ll)
and Mn(lll) complexes.*8 The relaxivity is also highly dependent
on the concentration: for Mn(lll)-TPP-p-CF3, dilution from 3.24 to
1.95 mM results in a ~50% relaxivity increase at all fields.
Similarly low relaxivities have been previously reported for some
Mn(ll1) porphyrin complexes, like the protoporphyrin Mn(lll)-PP
(8,13-divinyl-3,7,12,17-tetramethyl-21//,23Ff-porphine-2,| 8-
dipropionic  acidlmanganese(lll) chloride) or  Mn(lll)-CPI
(3,8,13,18-tetramethyl-2l//,23/f-porphine-2,7,12,17-tetrapropionic
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acidlmanganese(lll) chloride), and their low values have been
related to substantial aggregation.[”3 Aggregation is a well-known
phenomenon for porphyrins, where van der Waals forces operate
to hold two or more molecules together. For Mn(lll)-PP and
Mn(lI)-CPI, Kellar et al. associated this large relaxivity decrease
in the aggregated form with respect to monomer Mn(lll)
porphyrins to a close Mn(l11)-Mn(lll) proximity making metal-metal
interactions possible.”®! While the electronic relaxation times
might not be significantly altered in homodinuclear species even
if strong magnetic coupling occurs, such effects can alter the
interaction between the paramagnetic ions and the protons they
relax.’47%1 Moreover, in a face-to-face aggregated structure,
where one porphyrin is stacked directly above the other, the
coordination of the water molecule or its sufficiently fast exchange
can be also prevented. Since proton relaxivity is linearly
proportional to hydration number, this effect would diminish
relaxivity in the same proportion in the entire frequency range. As
shown in Figure 9, dilution of the Mn(lll)-TPP-p-CF; sample
breaks up aggregates and leads to a partial recovery of the
relaxivity values, in a similar way as it was reported by Kellar et
al. upon adding acetone to aggregated Mn(lll) porphyrin solutions.
It seems difficult to analyse more in details the H relaxation
effects. Nevertheless, we can conclude that porphyrin
aggregation strongly limits proton relaxivites under our
experimental conditions, and that, at most frequencies, there is
an important difference between the two oxidation states in terms
of the shape of the NMRD profiles and of the absolute relaxivity
values.
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Figure 10. *H NMRD profiles recorded at 298 K in 20% DMSO and 80% water
mixture for Mn(lll)-TPP-p-CFs at 3.24 mM (blue ¢) and 1.95 mM (red W)
concentrations and for Mn(lIl)-TPP-p-CFs at 2.98 mM concentration (green A).

Antiproliferative effect of Mn(lll) -TPP-p-CFs porphyrin

Despite having a low solubility in water, which renders the
complex unsuitable as a MRI contrast agent, the Mn(lll)-TPP-p-
CF3 porphyrin was assessed regarding its antiproliferative effect
on the Caco-2 cell line, through the SRB assay (results expressed
as a percentage of the control at time 0 h, Figure 11) using a very
low percentage of DMSO in order to attain a high enough solubility
(up to 5 uM). Overall, the Mn(lll)-TPP-p-CF; complex was not
found to exert a significant impact on this cell line. However, a
higher effect was seen for the lowest and highest concentrations
at all time points. This is still unexplained, and requires further
biological tests in order to determine whether it may be due to a
cellular accommodation to the intermediate concentrations of the
Mn-complex. Moreover, longer exposure periods should be
probed, with a view to assess the complex’s impact on cellular
function.
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Figure 11. Effect of Mn(lll)-TPP-p-CFs on the Caco-2 cell line, assessed by the
SRB colorimetric assay. 72 hours after the addition of Mn(lll)-TPP-p-CF3, the
medium was discarded and new culture medium was added. Results are
represented as mean + SD of three independent experiments (n = 3), performed
in triplicate for each experimental condition. Data were analyzed using the one-
way ANOVA method followed by the Tukey’'s multiple comparison test: p* <
0.05; p** < 0.01; p*** < 0.001; p# < 0.0001 were considered statistically
significant. If p > 0.05, no statistically significant differences were considered.

Regarding the reversibility study, cellular proliferation increased
significantly over time even after removal of the compound from
the culture medium (up to 72 h). Therefore, in the presence of
Mn(Ill)-TPP-p-CF3 the cells appear to sense a significant effect at
longer times (> 3 days), even when not in contact with the
compound. This interesting behavior may indicate a long-term
impact, but further studies are needed in order to validate this
hypothesis. In any case, the existence of many FDA-approved
CF; containing drugs!"®indicate that these substituents present in
Mn(Ill)-TPP-p-CF3 do not induce toxicity.

Conclusion

In the quest for responsive MRI agents that can provide a dual *H
and F MRI response to biological redox stimuli, we have
synthesized a novel fluorinated manganese porphyrin, (Mn-TPP-
p-CF3). Although the complex has low water solubility, its full
characterization by combined experimental and theoretical
methods gives interesting insights into the structural design
requirements of such imaging probes. °F relaxation time
measurements for the non-metalated porphyrin as well as for the
Mn(lll) and Mn(ll) oxidation states of Mn-TPP-p-CF; show the
different paramagnetic effect of the two metal ions to accelerate
relaxation. Mn(lll)-TPP-p-CF; provides a favorable ratio of
transverse and longitudinal *°F relaxation times, with T»/T; = 0.61,
avoiding excessive line-broadening that would prevent efficient
19F signal detection. This is related to the appropriate Mn(lll)-F
distances (dwn.r = 9.7-10 A) as estimated by DFT calculations.
Mn-TPP-p-CF; has a reversible Mn(I)/Mn(lll) redox potential of -
0.574 V vs. NHE. Fully reversible redox transformation of Mn-
TPP-p-CF3; between Mn(Ill)/Mn(ll) oxidation states can be
generated by ascorbate (reduction) and air oxygen (oxidation).
These processes can be monitored via the charge transfer Soret
bands of the Mn(lll) and Mn(ll) porphyrins in UV-Vis spectroscopy,
the °F NMR signals observable for both oxidized and reduced
forms, or the signal intensity changes in *°F MRI phantom images.
Proton relaxivities recorded for the Mn(ll1)/(I1)-TPP-p-CF; chelates
in mixed DMSO/water (20/80) solvent reflect the typical shape of
Mn(ll) and Mn(lll) porphyrins, however, with very low absolute
values related to aggregation.
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Based on these results, and in particular the appropriate Mn(lll)-
F distance and related relaxation properties, Mn-TPP-p-CF3 is an
interesting core structure for the development of redox MRI
probes, though further modifications are required to make it fully
water-soluble. Previous experience shows that the integration of
charged groups or PEG chains on the porphyrin are viable
solutions to achieve this.

Experimental Section

Materials and Methods

Commercially available reagents were purchased from Aldrich,
and used as received. All solvents were pre-dried according to
standard laboratory techniques. For the cell culture and in vitro
assays, antibiotics (penicillin—streptomycin 100x solution,
ethylenediaminetetraacetic acid (EDTA, disodium salt, dihydrate),
Minimum Essential Medium (MEM), MEM non-essential
aminoacids solution (NEAA, 100x), phosphate buffered saline
(PBS), sodium pyruvate solution (100 mM), trypan blue (0.4%),
trypsin (10x solution, 25 g porcine trypsin per liter in 0.9% sodium
chloride), and inorganic salts and acids (of analytical grade) were
purchased from Sigma-Aldrich Chemical S.A. (Sintra, Portugal).
Fetal bovine serum (FBS) was obtained from Gibco-Life
Technologies (Porto, Portugal). The epithelium-like Caco-2
(Cancer coli-2) cell line, from human colorectal
adenocarcinomal’sl, was obtained from the European Collection
of Cell Cultures (ECACC 09042001, Salisbury, UK).

UV-Vis absorption spectra were recorded on a Hitachi U-2010
using quartz cells. *H NMR and °F NMR spectra were recorded
on a Bruker Avance Ill 400 MHz NMR spectrometer (*H and °F
frequencies of 400.101 and 376.5 MHz, respectively). Mass
spectra (ESI-FIA-TOF) were acquired using Applied Biosystems
Voyager DE-STR instrument equipped with a nitrogen laser
(A=337 nm).

Synthesis

5,10,15,20-tetrakis(4-trifluoromethylphenyl)porphyrin,
TPP-p-CFs (1)

The synthesis of 5,10,15,20-tetrakis(4-
trifluoromethylphenyl)porphyrin (1) was carried out according to
the NaY/nitrobenzene methodology!®>%8 A mixture of acetic acid
(210 mL) and nitrobenzene (70 mL) was introduced in a round
bottom flask. Then, NaY (20 Q) and 4-
(trifluoromethyl)benzaldehyde (8.18 mL, 0.06 mol) were added
and the reaction was stirred at 120°C for 20 minutes. 1H-Pyrrole
(4.1 mL, 0.06 mol) was added dropwise and the reaction was
stirred for two hours under reflux. Then, the hot suspension was
filtered and the resulting solid material was washed with THF. To
induce precipitation from the recovered liquid, methanol was
added and then the solid was filtered using vacuum filtration. The
resulting pure porphyrin was obtained in 20% yield. *H NMR (400
MHz, DMSO-dg) & ppm: 8.82 (s, 8Hg), 8.34 (d, J=8Hz 8Ha), 8.05
(d, 3=8Hz 8Ha), -2.80 (s, 2Hn); °F NMR (376.5 MHz, DMSO) §
ppm: -61.04 (s, 12 F); HRMS (ESI-TOF) m/z: calculated for
CugH2sF12N4: 886.2036, obtained 887.4532 [M+H]". IV falta
introduzir

UV-Vis (THF): Aabs, nM (g, Mt cm?): 418 (3.3x10°%); 512 (1.7x10%;
546 (5.8x10°); 589 (5.1x10%); 645 (2.5x10%).



Mn(ll1)-5,10,15,20-tetrakis (4-
trifluoromethylphenyl)porphyrin, Mn(lll)-TPP-p-CF3 (2)

Porphyrin TPP-p-CF3 1 (100 mg, 0.113 mmol), manganese
acetate (ll) (156 mg, 0.903 mmol) and sodium acetate (370 mg,
0.451 mmol) were dissolved in acetic acid (3 mL). The mixture
was stirred for two hours at 80°C and controlled by UV-Vis
spectroscopy. After complete conversion into the porphyrin
complex Mn(lll)-TPP-p-CF3 2, the reaction mixture was dissolved
in 5mL CH,Cl, and the crude washed several times with H.O
(5mL) to remove the excess of salt. The organic layer was dried
over anhydrous sodium sulfate and concentrated under vacuum.
The resulting pure porphyrin was obtained in 85% yield. HPLC
showed that the purity of the obtained porphyrin was 98%. °F
NMR (376.5 MHz, DMSO) 8 ppm: -61.56 (s, 12 F). HRMS (ESI-
TOF) m/z: calculated for CagHzsF12MnN4: 941.13, obtained
941.1254. UV-Vis (THF): Aaps, NM (g, M2 cm™): 473 (1.65x10%);
584 (7.8x10%); 619 (7.7x10%)

Falta introduzir IVFigure S1 shows the MS spectrum of the
porphyrin  Mn(lll)-TPP-p-CFs.  Figure S2 shows HPLC
chromatogram and Figure S3 shows the IV.

IH and °F NMR study

IH NMR spectra were measured in CDCIz for TFPP but Mn(lll)-
TFPP and TPP-p-CF; 1 in DMSO-ds. F NMR spectra were
acquired only in CDCls; for Mn(lll)-TFPP, in CDCI3 and DMSO for
TFPP, but only in DMSO for TPP-p-CF3 1 and Mn(lll)-TPP-p-CF;
2. In the reduction and reoxidation experiment, the solution of
Mn(Ill)-TPP-p-CF; 2 (1.6 mM) was prepared in DMSO. The
reduction of Mn(lll) to Mn(ll) was achieved by adding ascorbate
in PBS (pH = 7.4) and was followed by °F NMR spectroscopy
(9.4 T Bruker Avance Il NMR spectrometer) at room temperature
(25 °C). Proton and *°F chemical shifts are given in parts per
million (ppm) relative to tetramethylsilane (TMS) and sodium
trifluoroacetate (NaTFA) in D,O, respectively. TMS was used as
internal standard (5 0.00 ppm for *H) and NaTFA was used in an
insert tube (-76.55 ppm for 1°F).

19F NMR Relaxometry

Solutions of TFPP, TPP-p-CF3 1, Mn(lll)-TPP-p-CF; 2 (c= 1.6
mM) and Mn(ll)-TPP-p-CF; (1.1 mM; received by the reduction of
Mn(lll) complex) were prepared in CDClz; and DMSO. Their
longitudinal and transverse °F relaxation times were measured
on the 400 MHz Bruker Avance Ill NMR spectrometer (vior) =
376.5 MHz, 25 °C). An inversion recovery pulse sequence was
used for T; determination and a CPMG spin-echo sequence to
determine To.

Cyclic Voltammetry

Owing to low aqueous solubility, the Mn(lll)-TPP-p-CF; 2 stock
solution was prepared by dissolving the solid compound in a
mixture of 0.1 M HEPES buffer (pH 7.4) in water (as supporting
electrolyte) and THF (500 uL THF + 1 mL buffer; HEPES = N-[2-
hydroxyethyl]piperazine-N'-[2-ethanesulfonic acid] hemi-sodium
salt; Sigma, St Louis, USA). Millipore Milli-Q nanopure water
(resistivity = 18 MQ cm) was used for the preparation of the buffer
solution. All experiments were performed at room temperature (25
* 1 °C). pH measurements were carried out with a CRISON 2001
micro pH-meter (Crison, Spain).

10

WILEY . vcH

Cyclic voltammetry (CV) measurements were carried out with an
Ivium  CompactStat  potentiostat  (lvium  Technologies,
Netherlands) controlled by IviumSoft software (version 2.024).
The electrochemical cell, volume 2 mL, contained a glassy carbon
electrode (GCE), d = 1 mm (EDAQ, France) as the working
electrode, a platinum wire as counter electrode and an Ag/AgCl
(3 M KCI) reference electrode. Prior to the CV measurements, all
solutions were degassed by N2 bubbling for 15 min and during
potential cycling a flux of N, was kept flowing on top of the cell
solution.

All the potentials obtained were corrected to be reported in
relation to the normal hydrogen electrode (NHE).

UV-Vis reduction study/Reduction kinetics

A stock solution of ascorbic acid (c=6.76 mM) in PBS and stock
solutions of Mn(ll)-TPP-p-CF; 2 in THF and DMSO (¢c=0.004 mM)
were prepared. The reduction study was monitored by UV-Vis
spectroscopy by adding different volumes of ascorbic acid to the
stock solution of Mn(lll)-TPP-p-CF3 placed in the quartz cell. For
the reduction kinetics experiment, the final concentration of
Mn(lll)-TPP-p-CF3 2 was kept at 0.05 mM . Two experiments were
performed by adding 12 equivalents (corresponding to 0.6mM in
the cuvette) of a stock solution of ascorbic acid in PBS and 25
equivalents of ascorbic acid (corresponding to 1.25mM in the
cuvette). The conversion of Mn(lll)-TPP-p-CF3 2 to Mn(ll)-TPP-p-
CF3; was monitored by the disappearance of a strong UV-Vis
absorbance band at 473 nm (e=1.64x10°% Ms!) which is absent
in the UV-Vis spectrum of the Mn(ll) complex. The decrease of
the absorbance at 473 nm of the Mn(lll) porphyrin in the presence
of excess ascorbic acid, with the concomitant appearance of a
new band characteristic of the Mn(ll) porphyrin spectrum, was
monitored over time. All the solutions used were argon de-aerated
and measured in a sealed cuvette. The experimental setup used
to monitor the kinetics of the reaction consisted of a fiber coupled
Ocean Optics spectrometer (USB4000-UV-Vis) used in
absorption mode together with a MiKropack DH-2000-BAL UV-
Vis-NIR light source. The absorption spectra were recorded at
intervals of 500 ms and monitored up to complete formation of the
Mn(lIl) porphyrin species.

Theoretical calculations

Quantum chemical calculations were carried out in order to
assess the F-Mn(lll) distance in Mn(lll) porphyrins, which is
important for the °F relaxation rates. The structure and the
preferred conformations of Mn(lll)-TPP-p-CF; were investigated.
For a comparison, another Mn(lll) porphyrin complex, Mn(lll)-
TFPP, was also included in this study (name, structure and °F
NMR characterization shown in Fig S4, S5). The structure of
these complexes was optimized at the DFT level using the
B3LYPU7:7879 hybrid functional and the 6-31G(d,p) basis set. The
most stable arrangements of the ph-CF3; and ph-F groups around
the C-C bond that defines their orientation relative to the porphyrin
plane were explored considering different starting structures.
Calculations were performed using the Gamess® program
package. Graphical representations were produced with
Gaussview.

1H NMRD measurements
Relaxometric measurements of both Mn(ll) and Mn(lll) porphyrin
complexes were carried out in 20% DMSO-80% H,O mixtures at



1.95 and 3.24 mM for Mn(l1)-TPP-p-CF; and 2.89 mM for Mn(ll)-
TPP-p-CF3. The Mn(ll)-TPP-p-CF; sample was obtained by
reduction of a Mn(lll)-TPP-p-CF; solution prepared in DMSO, by
addition of 12 equivalents of ascorbic acid solution (0.19 M,
prepared in aqueous PBS, pH 7.4). Complete reduction was
verified by recording UV-Vis spectra. *H NMRD (Nuclear
Magnetic Relaxation Dispersion) profiles of Mn(ll)-TPP-p-CF3; and
Mn(Ill)-TPP-p-CF;  solutions were recorded on a Stelar
SMARtracer Fast Field Cycling NMR relaxometer (0.01-10 MHz)
and a Bruker WP80 NMR electromagnet (20, 40, 60 and 80 MHz)
adapted to variable field measurements and controlled by a
SMARtracer PC-NMR console. The temperature was monitored

by a VTC91 temperature control unit and maintained by a gas flow.

The temperature was determined by previous calibration with a Pt
resistance temperature probe. The longitudinal proton relaxation
rates (1/T,) were determined in water at 25 °C.

F MRI

F MRI measurements on tube phantoms of 250 pl volume were
conducted on a Bruker 7 T PharmaScan Bruker spectrometer,
using a home-made loop-gap coil and FLASH pulse sequence
with the following parameters: flip angle 90°; TR 60 ms; TE 1.3
ms; field of view 1.28 cm x 1.28 cm; slice thickness 2 mm; number
of averages 256; reconstruction/acquisition matrix 32 x 32;
measurement time 8 min 11 s. Phantom °F MRI images on
Mn(lll)-TPP-p-CF3 and Mn(ll)-TPP-p-CF; were recorded at 1.1
mM concentration. The Mn(Il)-TPP-p-CF; complex was obtained
by reduction of a Mn(lll)-TPP-p-CF; solution prepared in DMSO,
by addition of 12 equivalents of ascorbic acid solution (0.19 M,
prepared in aqueous PBS, pH 7.4). Re-oxidation of the Mn(ll)-
TPP-p-CF3; complex was investigated at 1.6 mM concentration.
During the re-oxidation measurements, the signal of the Mn(ll)
complex was saturated with a selective pulse (length: 4 ms
duration, bandwith: 320 Hz; offset: 645 Hz; amplitude 5 pT; 1
pulse, magnetization transfer module). The signal to noise ratio
was calculated using the following equation: SNR = [2 x ((signal)?
- (noise)?)/ (noise)?]V/2.[81

In vitro Assays
Cell Culture

The human Caco-2 epithelium cell line, from colorectal
adenocarcinoma, was used in this study. The cells were cultured
as monolayers at 37 °C, in a humidified atmosphere of 5% CO..
The cultures were maintained in MEM medium supplemented
with 10% (v/v) heat-inactivated FBS, 1% (v/v) NEAA, 1% (v/v)
sodium pyruvate, 1% (v/v) penicillin (100 U/mL)/streptomycin
(100 mg/mL) and sodium bicarbonate-20 mM (pH 7.4). Cells were
sub-cultured at 80% confluence, using trypsin-EDTA (1x). Under
these conditions, the duplication time was around 24 h. The cells
were always in the logarithmic phase of growth when the tested
agents were added.

Evaluation of Antiproliferative Effect

Cell density was evaluated by the SRBI®Z assay, yielding the
antiproliferative ability of the Mn(lll)-TPP-p-CF3 complex.
Untreated cell cultures (control samples) were also assessed at
the same time points. The tested compound was solubilized in
water with a maximum of 10% DMSO, yielding a final
concentration of 0.01% of DMSO. Controls were also tested at
this final concentration. For the SRB assay, the cells were seeded
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in 24 wells at a density of 3x10* cells/cm?, treated with different
concentrations of the tested compound and monitored over time
— after 24, 48 and 72 h of exposure. In addition, a reversibility
study was carried out, by removing the medium containing the
tested agent after 72 h and substituting it by new culture medium,
after which the cells were left to incubate for 72 h (a total of 144
h). Cell density was measured at each time point.

Supporting Information

Supporting Information is available. NMR, mass spectrum,
additional cyclic voltammograms, kinetic experiments, electronic
structure calculations.
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