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Abstract

Mn(lll) porphyrins have great potential as Gd-free MRI contrast agents because both the cation and
the ligand have interesting properties. The redox properties of the Mn(lll)-ion can be exploited for
the preparation of reactive oxygen species for therapy. Moreover, the porphyrin ligand allows these
complexes to have a high affinity for tumor tissues. The inherent properties of the porphyrin ligands
make these systems attractive for photothermal, photodynamic, and sonodynamic therapies.
Therefore, these systems are attractive for the development of theranostics for MRI-guided therapy.
For the magnetic field strengths at which most clinical MRl machines operate at present (0.5 - 1.5 T),
the longitudinal relativity of low-molecular-weight complexes is even higher than that of the classical
Gd-based contrast agents. This review gives an overview of the developments in the field of Mn(lll)

porphyrin contrast agents during the last 30 years.
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Abbreviations: BBB, blood brain barrier; BSA, bovine serum albumin; CD, cyclodextrin; CT,
chemotherapy; DCE, dynamic contrast enhanced; DFT, density functional theory; DOTA, 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetate; DSPE, 1,2-Distearoyl-sn-glycero-3-
phosphorylethanolamine; DOX, doxorubicin; DTPA, diethylenetriamine-N,N,N’,N"”,N"-pentaacetate;
GSH, glutathione; HSA, human serum albumin; i.p. intraperitoneal; i.v., intravenous; MOF, metal—
organic framework; MRI, magnetic resonance imaging; mPEG, polyethylene glycol monomethyl
ether; NCT, neutron capturing therapy; NIR, near infrared; NMOF, nanoscale metal-organic
framework; NMRD, nuclear magnetic resonance dispersion; NP, nanoparticle; PA, photo-acoustic;
PDT, photodynamic therapy; PEG, polyethylene glycol; PLA, polylactic acid; PK, pharmacokinetics; PS,
photosensitizer; PTT, photothermal therapy; RBC, red blood cell; RNS, reactive nitrogen species; ROS,
reactive oxygen species; RT, radiotherapy; SBM, Solomon-Bloembergen-Morgan; SDT, sonodynamic
therapy; SNO, S-nitrosothiol; SOD, superoxide dismutase; SW, shock wave; US, ultra sound; zfs, zero-
field splitting.

1. Introduction

The intensity of a signal of a voxel in an MRI scan mainly depends on the local amount of
water protons and their NMR relaxation rates. Therefore, the contrast can be modulated by
enhancing the relaxation rates through paramagnetic agents. Since the introduction of MRI into
clinics in the 1980s, Gd(lll) polyamino carboxylate complexes including GADTPA and GADOTA have
been used for this purpose [1-5]. Over the last decade, concerns have arisen due to some incidences
of nephrogenic systemic fibrosis and observations of accumulation of Gd(lll) in patients after multiple
MRI exams [6-9]. This has stimulated the interest in Gd-free contrast agents (CAs) [10]. Mn-based
CAs are attractive alternatives because both the high-spin d” cation Mn(ll) (S = 5/2) and the d*cation
Mn(Ill) (S = 2) are strong paramagnets whereas free Mn-cations are considerably less toxic than free
Gd(lll) since they play a role in biology such as in the anti-oxidant enzyme superoxide dismutase
(SOD). However, high concentrations of Mn-ions are neurotoxic and therefore, they need to be
sequestered for safe application as intravenous CA in humans. Research on Mn(ll) chelates and Mn-
ferrite nanoparticles (NPs) as potential MRI CAs has been reviewed recently [11-13]. In the present
review, we describe the application of Mn(lll) porphyrins as potential MRI CAs and theranostics. The
porphyrin complexes are particularly interesting because they have been shown to localize
preferentially in tumors [14,15]. This contrasts with the classical Gd-based CAs which distribute
almost non-selectively over the intracellular space. Furthermore, porphyrins have interesting optical
properties that make them attractive for the development of photothermal and photodynamic
therapies. The multivalency of the central Mn-cation opens avenues to the development of redox
responsive CAs. The focus of this review will be on relaxivity and the design of theranostics. The
synthesis of Mn(lll) porphyrin systems will not be discussed since that topic has been discussed in a

previous review [16].
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2. Structure and some properties of Mn(lll) porphyrins

Mn(lll) is not stable in aqueous solutions, stabilization requires coordination with a
multidentate ligand such as a porphyrin and a phthalocyanine. Particularly, Mn(lll) porphyrin systems
have been extensively studied. In these complexes, Mn(lll) is octahedrally coordinated through
strong bonds with the equatorial Ns-porphyrin ligand and relatively weakly with two remaining axial
ligands. Calculations with the ab initio and density functional theory (DFT) have shown that the
Mn(l1l) ion (effective ionic radius = 0.785 A) fits perfectly in the porphin cavity in a coplanar fashion
within the porphin plane and forms a complex with an Mn(lll)-bound H,O molecule at each of the
axial positions on either side of the plane (g = 2), whereas the larger Mn(ll) ion (effective ionic radius
= 0.970 A) exhibits significant out-of-porphin plane displacement and binds to a single H,O molecule
[17]. It should be noted that porphyrin complexes with the even larger Gd(lll) ion (effective ionic
radius = 1.193 A) are less stable. This is, for example, demonstrated by a rapid decrease of the
relaxivity of Gd(IIl)TPPS, (for structures, see Figs 1 and 2) due to dissociation of Gd(lll), whereas
Mn(llI)TPPS, is stable in human plasma for at least 9 days [18]. The axial water ligands in Mn(lll)
porphyrins may bridge to form dimers or oligomers [19,20]. The self-association is stabilized by the mt-
7 interaction of the aromatic porphyrins and is destabilized by Coulomb repulsion between charged
substituents and by steric strain due to bulky substituents. In the Cambridge Structural Database
(CSD), 19 structures of mononuclear Mn (lll) porphyrin complexes with six-coordinated Mn(lll) and g
= 2 have recently been found. These complexes have an average distance between Mn(lll) and the
Mn-bound water oxygen atom (Mn-Ouater) of 2.25+0.07 A and an average Mn-Huyater distance of

2.7740.11 A.

Electron donating substituents at the porphyrin skeleton enhance the stability of Mn(lll)
porphyrins to a greater extent than the corresponding Mn(ll) complexes, whereas electron-
withdrawing substituents have the opposite effect. The charge density around the Mn cation is also
reflected in the metal-centered reduction potential, E1/, for Mn(lll) porphyrin/ Mn(ll) porphyrin. For
example, the Ey; = -194 mV and + 480 mV for Mn(llIl)TCP (see Figs 1 and 2 for structures) and octa-
brominated Mn(Il)TAMPyP, (the bromine atoms are attached to the S-pyrrole positions) respectively
[21]. The Mn-cation is stabilized in the 3-valent state in Mn(lll)TCP and the 2-valent state in octa-
brominated Mn(Il)T4AMpyP. A value of Ey between -100 to +400 mV allows Mn porphyrins to rapidly
exchange electrons with diverse endogenous reactive species. Compounds with these Ei;; may have

potential as redox responsive CAs and as SOD mimics.



Two classes of Mn (lll) porphyrin derivatives can be distinguished: the meso-substituted and
the pyrrole-substituted (see Figs 1 and 2). The meso-substituted porphyrins are synthetic and the
pyrrole-substituted porphyrins are mostly derived from natural porphyrins. Polar substituents are

usually required to make them sufficiently soluble for use as CA.

In complexes with phenyl derivatives at the meso positions, the steric strain due to the
interaction between the 2,6-phenyl H atoms and the pyrrole H atoms is minimized by rotation of the
phenyl groups from the porphyrin plane, see for example the molecular structure of Mn(IIl)TPP as
obtained by X-ray diffraction (Fig. 3) [22]. The more water-soluble Mn(llI)TPPS, is the first and most
extensively studied Mn(lll) complex for application as MRI CA [14,18,23-29]. It is a g = 2 complex (Ey
=-160 mV), which is stable in air and biological media, but can be easily reduced to Mn(ll)TPPS, with

dithionite [30]. The latter complex is not stable in air but oxidizes rapidly to the Mn(lll) complex in air.
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Fig. 2. Molecular structures of Mn(lll) complexes of pyrrole-substituted porphyrins.

Fig. 3. Molecular structure of Mn(lll)TPP as obtained by X-ray diffraction [22]. Retrieved from The
Cambridge Crystallographic Data Centre, deposition number 116923.
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3. Relaxivity of Mn(lll) porphyrin systems

3.1. The inadequacy of the Solomon-Bloembergen-Morgan equations to model the relaxivities of

Mn(lll) porphyrins

The efficacy of the relaxation enhancement of a potential MRI CA is usually expressed as its
longitudinal or transverse relaxivity (ri with i = 1,2 respectively), which is the enhancement of the
longitudinal or transverse relaxation rate (Ri = 1/T) normalized for 1 mM concentration of
paramagnetic ion, Mn(lll) in the present case. In the vast majority of studies on Mn(lll) porphyrin-
based CAs, 1 < ry/r1 < 1.5, which leads to an increased signal intensity (positive contrast) in Ti-
weighted images. The relaxation enhancement of water protons by a paramagnetic complex
originates from the dipole-dipole interaction between the fluctuating magnetic fields of the electron
spins of the paramagnetic metal ion and the *H nuclear spins of water molecules in their proximity
due to three mechanisms: (i) the reorientation of the Mn-Hyater vector (correlation time ), (i) the
chemical-exchange of Mn(lll)-bound water with the bulk (correlation time 7w = kex), and (iii) the

electronic relaxation (correlation time ).

The relaxivity can be separated into an inner-sphere contribution by water molecules
exchanging between the first coordination sphere of Mn(lll) and the bulk and an outer-sphere
contribution due to water molecules in the bulk that diffuse in the surroundings of the metal ion
without being bound to it (r1,0s). The in vivo concentration of a CA needed is always very small (in the
mM range) and the Mn(lll)-induced chemical shifts of the water protons are negligible. Under those
conditions, ry is given by Eqn (1) [31,32]. Here Tiu is the average longitudinal relaxation time of an
Mn(Ill)-bound water molecules and 7y is the average residence time of water molecules in the first

coordination sphere of Mn(lll).

q
n=—————""—+n 1
17 sssselmy+ry) - 1OF (1)

Koenig et al. suggested based on data of Mn(ll)-DTPA that ry,0s of Mn(llI)TPPS; is less than 5%
of riis [25] and Schaefle and Sharp have concluded from a simulation using spin and molecular
dynamics calculations that this contribution was less than 2-3% [33]. To the best of our knowledge,

no experimental data on aqueous solutions of Mn"

complexes lacking inner-sphere water molecules
to confirm this have been reported until now. According to the Solomon-Bloembergen-Morgan
(SBM) model [2,3,5], Tim is governed by correlation times 7, which are given by Eq. (2), where 753
and 7 are the longitudinal and transverse electronic relaxation times, respectively and z is the
rotational correlation time. Fitting of graphs of r; as a function of the magnetic field strength (Bo) or

the *H Larmor frequency (LF), known as nuclear magnetic resonance dispersion (NMRD) profiles, of
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Gd(lll) complexes with this model generally provides good estimates of the parameters governing

their relaxivity.

=ttt i=12 2)

The electronic structure of the d* ion Mn(lll) is less symmetric than that of the d” ion Mn(ll)
and the f”ion Gd(lll). Consequently, the electronic relaxation times of Mn(lll) complexes are shorter
(102°-10* 5) than that of Mn(ll) (102 s) and Gd(Ill) complexes (10%-10° s) [34]. For example for
Mn(lII)TPPSs, Tam ~ 103-10* s, both i andz are in the order of magnitude of 10%° s [33,34],
whereas v = 3.7x10°8 [35]. Therefore, u is negligible in Egs (1) and (2) and r; is almost independent
of it. Accordingly, the shapes of NMRD profiles for Mn(lll) porphyrins generally differ significantly
from those for Mn(Il) and Gd(IIl) complexes. For Mn(lll) porphyrins the NMRD profiles show always a
maximum at 10 < LF < 40 MHz, but Gd(IIl) and Mn(ll) complexes of low molecular weight ligands are
always almost flat at LF > 10-20 MHz. Some typical examples are compiled in Fig. 4 [36-38]. These
plots indicate that Mn(lll) porphyrins perform optimally between 0.5 and 1.5 T (LF = 20-65 MHz),
which is the range of 'H Larmor frequencies at which most clinical MRl machines operate nowadays.
Moreover, the r; values of Mn(lII)TPPS, are higher than those of the classical CA GdDOTA [39]. This
can be explained in part by the higher g value of Mn(ll1)TPPS,: 2 as compared to 1 of GADOTA.

B, (T}

0.001 0.010 0.100 1.000
B e

Mn{ITPPS,
a

20

s
E Gd(IDOTA
©
10
Mn(Il}TPPS,
54
0, ‘ . T T
0.01 0.1 1 10 100

Fig. 4. Comparison of the 'H NMRD profiles of Mn(Il)TPPSs, [Mn(lIl)TPPS,4, and Gd(III)DOTA at 298 K.
The plot was constructed with experimental data from ref. [37], [36], and [39], respectively. The
shaded region indicates the range of LFs at which most clinical MRI machines operate today. The
lines are intended only as guides to the eye.

Fitting of NMRD profiles of Mn(llIl)TPPS, and other Mn(lll) porphyrins with the classical SBM-
theory resulted in good fits but with physically unrealistic best-fit parameters [25,29,40,41]. For

example, a value of about 2.20 A for the distance Mn-Huater has been obtained from such fittings [25],
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which is much too short compared to the Mn-Hy.ater distances found in crystal structures (2.7740.11
A, see above). It has been suggested that delocalization of the electron spin onto the porphyrin may
be the reason for this unusual shape of NMRD profiles of Mn(lll) porphyrins [25,29]. However,
unrestricted Hartree-Fock calculations have suggested that, in Mn(lll)TPPS,, the electron spin is
localized on Mn(lll) [42]. But on the other hand, a substantial delocalization of the unpaired spin

density is supported by spin densities calculated using DFT methods [43-46].

The second-order zero-field splitting (zfs) interaction parameter D for Mn(Ill)TPPS, has been
determined to be -3.16 cm™ by EPR [47]. For such a large D-value, the electron spin system will
probably be in the vicinity of the zfs limit and then the simple SBM model for the inner-sphere
relaxivity is no longer adequate. More complicated models are required to interpret the relaxation
data [33,48,49]. Schaefle and Sharp fitted NMRD data of Mn(lIl)TPPS,; both in water and a
polyacrylamide gel with a complex model taking into account the effects of zfs interactions and
relatively slow and anisotropic Brownian motion, using as variable parameters the distance Mn-
Hwater, different electron spin relaxation correlation times for the ms = 1, and ms = 2 doublet
manifolds, and the 4™-order zfs tensor component, Bs* [33]. All other parameters were fixed at
values that were determined independently with other methods. Good fits were obtained for both
datasets with a best-fit value of the Mn-Hyater distance of 2.80 and 2.82 A for the pre-gelled and
gelled sample, respectively (see Fig. 5). These results are in excellent agreement with the distances
found in X-ray crystal structures (2.77 A, see above). The parameter B,* appeared to be the principal
determinant of the unique shape of the *H NMRD profile with a local maximum at By ~ 1 T. The
immobilization of the Mn(lll)-complex in the polyacrylamide gel resulted in a significant increase of r;

particularly at the high field part. (Bo > 0.1 T, see Fig. 5).

35.00

30.00

25.00

20.00

r (s mm1)

15.00

10.00

5.00

0.00 t + + t
1.00E-04 1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01

Bo (T)

Fig. 5. Simulations of Mn(Il1)TPPS, *H NMRD profiles with the use of the model of Schaefle and Sharp
[33]. The samples contained, from top to bottom: gelled polyacrylamide (293 K, [J), the acrylamide
monomer solution prior to gelation (293 K, ¢), and a control sample lacking gel components (pH 8,
293 K, A). The experimental data from the latter samples were taken from refs [41] (+) and [40] (O)



and were measured at 298 K. Reproduced with permission from ref. [33]. Copyright 2005 American
Chemical Society.

It seems that only the more complex models, like that of Schaefle and Sharp, can provide a

_porphyrin systems. NMRD profiles have

good quantitative description of the spin dynamics of Mn
been published for a few Mn(lll) porphyrin systems [25,36,37,40,41,45,50-56] and usually, no fittings
to a model are provided. Many other publications on Mn(lll) porphyrins and phthalocyanines report
relaxivities measured at only one or two magnetic field strengths. Table 1 compiles these relaxivities
and in Fig. 6, reported relaxivities of the porphyrins are plotted as a function of the H Larmor
frequencies at which they were measured. Because of the large variation in these frequencies, the

full NMRD profile of Mn(llI)TPPS, is included in the Fig. 6 for comparison.

Table 1. Relaxivities of Mn"" -porphyrins and phthalocyanines.

entry ligand Bo(T) T(K) ri(s*mM?)  r(stmM?)  Ref.

Meso-substituted porphyrins

1 TCP 3 RT 7.90 9.11 [57,58]
2 TPP 1.0 RT 12.9 17.9 [59]
3 TPP in thermosensitive microgel 3.0 298 8.4 [60]
4 TPP in thermosensitive microgel 3.0 310 14.5 [60]
5 TPP-mPEGsso in methylated 3 RT 15.69 [61]

cyclodextrin-dimer

6 TPP-mPEGsse in methylated 3 RT 12.64 [61]

cyclodextrin

7 TPP-2-0OCH,COO" 0.47 RT 13.0 17.2 [62]
8 TF4PP(MPEGy)s 0.94 298 10.75 [51]
9 para-(TPPSs), 3.0 RT 14.1 18.0 [57]
10 para-(TPPS3), 1.0 298 20.9 [55]
11 para-(TPPSs),+ HSA 1.0 298 15.8 [36]
12 meta-(TPPS3); 1.0 298 15.2 [36]
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Fig. 6. The longitudinal relaxivities of Mn(lll)-porphyrins reported in the literature. @ Meso-
substituted Mn(lll)porphyrins, A pyrrole-substituted Mn(lll)porphyrins. The numbers refer to entries
in Table 1. The black curve represents the NMRD profile of Mn(llI)TPPS, at 298 K, constructed with
experimental data reported in ref. [36].

3.2. The effect of self-association and q

A striking trend in Fig. 6 is that the Mn(lll) complexes of pyrrole-substituted porphyrins
generally have lower r; values than Mn(lll)TPPS;, while most meso-substituted complexes have
approximately equal or higher relaxivities. Kellar and Foster investigated the effect of the addition of
acetone-ds on the NMRD profiles of series of Mn(lll) porphyrins with relatively low r; values in
aqueous solution (Mn(lll) complexes of MSP, PP, CP1) [40]. It appeared that the r; values increased
up to values that were similar to that of Mn(llIl)TPPS,4, whereas the addition of acetone-ds to a sample
of Mn(lll)TPPS, had almost no effect on its NMRD profile. Since acetone is known to disrupt the self-
associates of porphyrins, it may be assumed that the differences in relaxivities are due to the self-
association of the Mn(lll) complexes of MSP, PP, CP1. The aggregation was confirmed by UV-
spectroscopy [40]. It may be accompanied by bridging through the formation of Mn-O-Mn or Mn-
(OH)-Mn bridges from the axial water ligands, which results in a reduction of g and since g is linearly

proportional to ry, s (see Eq. 1), also to a reduction of ri. Fig. 6 suggests that the Mn(lll) complexes of



pyrrole-substituted porphyrins are more prone to aggregation than those of the meso-substituted
porphyrins. Possibly steric repulsion among the phenyl substituents blocks the association of the
meso-substituted porphyrin complexes. The relatively high r1 of Mn(l11)D24DSA (r; = 10.03 s mM?at
0.23 T and 290 K, see Table 1) [40] may probably be ascribed to the prevention of self-association by
Coulomb repulsion due to the 4 negatively charged substituents in this complex. It should be noted
that the formation of Mn-O-Mn bridges may also affect the electronic properties of the Mn(lll) ions

by magnetic coupling.

The Mn(lll) complex of tetra sulfonated phthalocyanine (Mn(lll)PcS, see Fig. 1) has an r; value
(10.1 st mM™at 0.25 T and 310 K) of the same magnitude as Mn(Il)TPPS, [38,75]. However, Mn(lll)
complexes of phthalocyanines with four polyethylene glycol chains (PEGsao) or choline substituents to
increase the water-solubility have relatively low r; values (4-6 sTmM™ at 0.23 T, 298 K) in comparison

to Mn(III)TPPS, [76].
3.3. The effect of the water exchange rate (kex = Tv2)

The water exchange rates of a few Mn(lll) porphyrin complexes have been determined from
the temperature dependence of YO NMR longitudinal, transverse relaxation rates, and induced
chemical shifts [35,73,92,93]. The reported 7y values, the activation parameters, and the

corresponding r; values are compiled in Table 2.

Table 2. Water residence times and activation parameters in Mn(lll) porphyrin complexes

Complex pH  AH? ASt wm® N ref
(kimol)  (JmoltK?) (ns) (sTmM7)

Mn(Ill)TPPS, 6.0 54 +79 37 10.4° [35]
Mn(1ll)T2EPYP 6.0 36 +4 243 5.1° [35]
Mn(lll)T2HexPyP 6.0 34 -2 175 5.3 [35]
Mn(ll1)TsMPyP 55  33.22 +13.47 214 10.6° [40]
Mn(lll)PP 55  21.05 -34.10 474 26" [40]
Mn(lll)PP-PGA 55  29.92 -10.96 104 6.1¢ [40]
Mn(Ill)TPPS, 2 32.7 +1.65 71 10.4° [93]
Mn(ll1)TsMPyP 2 40.7 +45.3 100 10.6° [93]

aAt310 Kand 0.41 T, ref. [23]; Pat 293 K and 7 T, ref. [74]; At 310 Kand 0.47 T

Although the ionic radius of Mn(lll) is smaller than of Gd(lll), the order of magnitude of the

nw-values are comparable with most Gd(IIl) complexes [2,3,94]. This high lability of the axially bound



water can be explained by the cis-effect of the hydrophobic porphyrin unit and by the Jahn-Teller
distortion in the d* high-spin electronic configuration of Mn(lll). The relatively high positive AS* for
Mn(lII)TPPS, suggests that a dissociative interchange mechanism (/4) is operative here. The positively
charged ortho-substituents in Mn(lII)T2EpyP and Mn(lll)T2HexPyP reduce the water exchange rates
by an order of magnitude and seem to shift the mechanism towards interchange (/), but if the
charges are located at the para-position the effect is rather small. High-pressure NMR measurements
of the activation volumes for Mn(lll)TPPS, at pH 2 gave small positive values (2.9 ¢cm® mol?),
supporting that a dissociative interchange mechanism (/q) is operative [35]. Anyway, the zy-values are
all long compared with 7z and short compared with Ty and therefore, they most likely do not

influence the relaxivities of these complexes.
3.4. The electronic effect of substituents

It may be expected that the distribution of the spin density and the molecular electronic
potential in the porphyrin backbone are affected by electron-withdrawing or donating effects of
substituents and that this is reflected in the parameters governing the relaxivity [43—45]. Bryant et al.
have attempted to demonstrate this by investigating the effect of hexa-bromination (in the fFpyrrole
positions) of TPPS, on the NMRD profiles of the Mn(lll) complex [41]. A significant increase in r; was
observed (6.3 — 8.5 sTmM?) at the low-field region (LF < 0.2 MHz) of the NMRD profile, which was
suggested to be due to a dominant contribution of spin delocalization. An undesirable side effect of
the electron-withdrawal by the Br-atoms was the destabilization of the porphyrin complex resulting

in leaching of Mn(lll).

For Gd(lll)-complexes, lowering the symmetry results in a decrease in r; in the low-field
region of NMRD profiles caused by a reduction in the electronic relaxation time [95-97]. An
inspection of the low field regions of published NMRD profiles of Mn(lll) porphyrins with g =2 shows
a similar phenomenon [25,36,55,56,37,40,41,45,50,51,53,54]. Most of these NMRD profiles concern
compounds with Cs-symmetry and have low-field (LF < 0.2 MHz) ri-values around 6.5 s*mM?,
whereas less symmetric compounds have at least 20% lower ri-values in the flat low field part of
their NMRD profiles. However, it is unclear whether this trend continues at the higher field strengths,

which are of relevance for clinical MRI diagnostics.
3.5. The effect of molecular mobility (x)

Fig. 6 suggests that reduction of mobility is an important tool to increase the r; of Mn(lll)

porphyrin-based MRI CAs at the clinical most interesting magnetic field strengths (0.5-1.5 T). Most of



the data points in Fig. 6 that are located above the profile of Mn(lll)TPPS, (the black curve) represent

Mn(lll) porphyrins with reduced mobility, achieved via several methods.
3.5.1. Heme proteins with Mn(lll) substituting the natural metal ion in the porphyrins

Several natural metalloproteins containing a Fe(lll)PP or Fe(ll)HP-IX domain have been
modified by replacing the native Fe(lll) by Mn(lll); horseradish peroxidase and myoglobin by classical
chemical strategies [80] and more recently, cytochrome P450 BM3 [82] and the nitric oxide/oxygen-
binding protein from Thermoanaerobacter tengcongensis [81] by protein engineering techniques.
Generally, the substitution led to an increase of the r; value, because Fe(lll) occurs predominantly in
the low spin state (S = %), whereas Mn(lll) is in the high spin (S = 2) state, but the values did not
exceed those of free Mn(lll)PP in the monomeric state (see Table 1, entries 45, 52-56). In these
proteins, the self-association is impossible but g probably does not reach a value of 2 because the
axial sites at Mn(lll) are coordinated to amino acids or not accessible to water for steric reasons. An
exception is Mn(lll)PP included in the heme Nitric oxide/OXygen binding (H-NOX) domain from
Thermoanaerobacter tengcongensis (Table 1, entry 54), which had relatively high relaxivities,
probably thanks to structural perturbations increasing the water accessibility of the paramagnetic
center or to an increase of g and the beneficial effect of an increase in i [81]. The X-ray structure of

this compound showed that one of the axial positions is occupied by a histidine.
3.5.2. Min(lll) porphyrins covalently bound to large size compounds

Covalent attachment of the Mn(lll) complex of protoporphyrin (Mn(lll)PP) to polylysine and
copolymers of lysine and some other amino acids resulted only in a modest increase in relaxivity
compared to free Mn(Il)PP (r1 = 2.6 st mM™ at 0.47 T and 37 °C); the r; values of the conjugates
were found to be in the range 3.2-7.1 s mM* (see Table 1, entries 46-50) under the same conditions
[73,77]. Fluorescence depolarization measurements indicated that the conjugates have dynamic
characteristics very similar to free Mn(lll)PP and therefore, = of the conjugates is probably
determined by the local mobilities of the Mn(lll)PP units. The modest increase in r; observed upon
conjugation can be attributed to the disruption of the self-aggregation. Maybe, coordination of the
axial sites of Mn(lll) by lysine amino groups contributes to the disappointing increase in r;. Since
multiple Mn(lll) porphyrins are bound to each (co)polymer molecule, this may be a useful approach
for the design of targeted CAs, since each polymer molecule can deliver a large amount of
paramagnetic Mn(lll) ions to the sites of interest. Conjugation of Mn(lIl)TPPS:A (r1 = 7.4 st mM? at
4.7 T) to oxidized dextran also resulted only in a small increase in relaxivity (to r; =8.9. s mM*at 4.7

T [68] but it should be noted that the effect of an increase of # at this relatively high magnetic field



strength may be expected to be relatively small. An investigation with a cancer cell line showed that

this CA accumulates at the cell membrane.

By contrast, linking of Mn(I11)TPPSsA to the surface of polylactic acid (PLA) NPs, (diameter 99
nm; r1 =27.9 stmM?at 0.5 T and 310 K) [66] or to a fullerene ([6,6]-phenyl-Cs1-butyric acid) gave
conjugates with much higher r1 (19.2 sTmM*at 0.5 T and 300 K) [67]. Apparently, the local mobility
in the latter two systems is more effectively reduced. High relaxivities were also reported for
Mn(l1I)TPPSsA attached to the surface of other NPs. A theranostic system fabricated by the formation
of an Au nanoshell around PLA NPs entrapping the chemotherapeutic doxorubicin (DOX), followed by
covalently attaching Mn(IlI)TPPSsA to the Au shell surface through a PEG linker resulted in a system
(DOX@PLA@AuU-PEG-TPPS3A) with a diameter of 124 nm and r1=22.2 s'mM™at 0.5 T and 310 K [69].

Surprisingly high ri-values (47.7 s mM™at 11.7 T and 303 K) were obtained for Mn(Il)TPPC,4
conjugated through amide bonds with four mPEG tails (molecular weight 2.3 kDa) [71]. The large
relaxivity, which is rather unexpected for such a high magnetic field strength, was attributed to a
reduction of the molecular tumbling. It was shown that the four PEG chains can wrap the porphyrin
plane. Possibly, the hydrophilic PEG chains keep exchangeable protons and water molecules nearby

the paramagnetic center with favorable residence times.

An efficient approach of increasing relaxivities through an increase of % is by dimerization.
The advantage is that the increase in 7z is accompanied by a doubling of the number of Mn(lll) ions
per molecule. Dimers have been obtained by connecting two MnTPPS3 molecules through either the
meta- or para-carbon atoms of the non-sulfonated phenyl groups to give meta-(Mn(llI)TPPSs), and
para-(Mn(llI)TPPSs),, respectively [36,56]. An additional advantage of the phenyl-phenyl bridge is its
restricted mobility. Para-(Mn(llI)TPPS3), appears to have the highest relaxivity (20.9 s'mM?, see
Table 1, entries 9,10,12) likely due to a difference in molecular volume. Experiments with rats have
shown that these CAs exhibit hepatic clearance in contrast to the more polar Mn(llI)TCP, which has a
rapid renal clearance at a rate comparable to Gd-DTPA [56]. Very recently, a study on somewhat
similar dimers and trimers was reported [52]. The connection between the monomeric units was not
directly between two phenyl groups but through a thiourea linker. These oligomers had somewhat
lower ry values (r; = 17-20 s mM™ at 1 T and 298 K) probably due to higher local mobility of the

linkers between the monomeric units.

3.5.2. Min(lll) porphyrins non-covalently bound to large size compounds



A study of the interaction of Mn(lll)TPPS; with BSA shows that the r; of Mn(llI)TPPS, in the
presence of bovine serum albumin (BSA) is at 4.9 T and 296 K more than twice as high as in the
absence of BSA, up to about an equimolar molar ratio Mn""TPPS/BSA, probably due to an increase of
7z upon binding of the Mn(lll)-complex [98,99]. With an excess of Mn(llII)TPPS,, r1 drops to ultimately
the value for free Mn(llIl)TPPS, suggesting that upon further increase of the molar ratio
Mn(lII)TPPS,/BSA, the Mn(llI)TPPS,; on the BSA dimerizes on the surface to an aggregate with
negligible relaxivity, which has been ascribed to an antiferromagnetic coupling between the

neighboring Mn(lll)-ions and a decrease in g.

In the presence of 0.67 mM HSA, the r; of Mn(lll)TPPC, conjugated with four PEG tails (see
above) was even higher by a factor of 1.3, probably due to a non-covalent interaction between the

CA and HSA [71]. Such an increase was not observed with Mn(ll1)TPPS,.

Sur et al. have investigated host-guest interactions between cyclodextrins (CDs) and MnTPPS,
[53]. The strongest interaction occurs with 3-CD; in the presence of a 10-fold excess of this CD, 30%
increase in r; was observed for Mn(lll)TPPS, at 0.47 T and 298 K. From an inspection of molecular
models, it was concluded that only two out of the four phenyl groups of Mn(lll)TPPS, can be
encapsulated by B-CD. Sun et al. have included a mPEGylated derivative of Mn(llI)TPP into a bridged
bis(permethyl-B-CD) (see Fig.7) [61]. A polymeric inclusion compound was formed, whereas a mono-
B-CD gave a 1:2 Mn(llI)TPP-CD inclusion compound. The relaxivities of these inclusion compounds at
3 T and RT were somewhat lower than those of the non-included compounds (see Table 1, entry 5,6).
Probably the water access in the CDs is somewhat hindered and counteracting an increase in r; due

to the larger .




Fig. 7. Schematic representation of the polymeric inclusion compound formed from a bridged
permethylated B-CD (the cones in the Figure) and mPEGylated Mn(lII)TPP.

The above discussed dimeric porphyrin derivative para-(Mn(lll)TPPSs3), binds tightly to HSA
through the biphenyl bridge (Kg = 0.23 + 0.03 uM ) and in vivo studies in rats have shown that it has a
long retention time in blood. Therefore, it has potential as a blood pool agent [55,57]. However, the
HSA binding is accompanied by a decrease in r1 (from 20.9 to 16.8 sTmM™ at 1 T and 298 K) rather
than an increase as would be expected. The UV spectrum of the dimeric agent para-(Mn(ll1)TPPSs),
suggests that there is little or no electronic interaction among the two Mn-porphyrin units of the
dimer. Possibly, the para-(Mn(lII)TPPSs), is buried deeply in the HSA pocket, which reduces g and
thus r; [55]. The isomeric compound meta-(Mn(lII)TPPSs),, in which the bridging phenyl groups are
connected through their meta-C-atoms, has a twisted shape and a lower molecular volume.
Accordingly, it has a lower r; at about 1 T. The non-covalent binding of this compound with HSA is
weaker (Kg = 16.5 uM) in comparison to para-(Mn(llI)TPPS3),, as a result, both isomers have about

the same r; at about 1 T in the presence of HSA [36].
3.5.3. Min(lll) porphyrins included in micelles, liposomes, and virus capsids

Hydrophobic porphyrins have been converted into amphiphilic compounds that self-
assembled to soft NPs (micelles, or liposomes). Micelles formed by an amphiphilic PEG-dendron
derivative of 5,15-diphenylporhyrin [72] had a much lower relaxivity (r; = 5.0 s* mM™ at 9.4 T) than
for example, the above-described Mn(lll)TPPC, conjugated through amide bonds with four mPEG
tails. The somewhat disappointing relaxivity may be due to high local mobility in the micelles. Higher
r1 values (9.53 s'mM™ at 3 T) were obtained by self-assembly of the amphiphilic block copolymer
(P(PEGMA-co-APMA)-b-PMMA) (see below) [64]. In that system, the higher relaxivity is most likely

due to reduced mobility thanks to cross-linking of the amphiphilic chains.

Porphysomes, liposome-like NPs (~100 nm diameter), are constructed by self-assembly of
porphyrin lipids (see below). The porphyrin packing density per particle is high (>80 000 per particle).
They have also lower relaxivities than free porphyrin-peptide conjugates as is witnessed by an
increase in relaxivities upon disruption of the supramolecular structure by a detergent (r:: 1.2 —» 4.0
sTmM?Y; r: 7.0 &> 12.9 st mM?) [86]. The relatively low relaxivities in the liposomes have been

ascribed to the limited water access to the Mn"' cations in the bilayer. These systems can be applied

in MRI-guided photothermal therapy (see below).

Liposome-like porphysome nanovesicles have also been constructed with the Mn(IlI)HPPH-

lipid and Mn(ll1)N-HPPH-lipid included in the bilayer [87]. Molecular dynamics calculations suggested



that the latter conjugate had a relatively high amount of water contained in the hydrophobic bilayer.
Correspondingly, the relaxivity of the Mn(IlI)N-HPPH-lipid nanovesicles (r; = 2.46 s mM™) was higher
than of Mn(llII)HPPH-lipid (0.98 s mM). It was suggested that this is rationalized by the formation of

water networks inside the Mn(III)N-HPPH-lipid nanovesicles.

Pan et al. have included Mn(lll)PP in toroidal-shaped NPs (190 nm diameter, Mn(lll)-
nanobialys) prepared by self-assembly from an amphiphilic conjugate of branched polyethyleneimine
(MW — 10 kDa) and linoleic acid [100,101]. The relaxivities were rather high (rn=3.7 s'mM?*at1.5T
and 298 K), suggesting that the Mn(lll)PP chelates are readily accessible for water molecules,
although the effect of immobilization seems to be negligible. Since each NP contained about 165,000
Mn(lll)- ions, these systems are very suitable for targeting, which was demonstrated for fibrinogen
clots after attaching biotin as a targeting vector. The NPs have also potential as theranostics (see

below).

Various loadings of Mn(lll)PP (90 to 3,646 molecules per capsid) have been covalently
attached to a cross-linked polymer synthesized from aminoethyl methacrylate and N,N'-
methylenebisacrylamide (x-AEA) inside the cavity of bacteriophage P22 virus capsid (P22-xAMEA-
Mn(llI)PP) [83]. The r1 values of these loaded capsids were almost independent of the degree of
loading and about equal to that of free Mn(lll)PP (1.5-3.7 s mM™ at 2.1 T and 298 K), but obviously,
the relaxivities per particle here and also in the other soft NPs discussed above are impressive [83].
The r1 values increase substantially upon the addition of 20 % acetone-ds, which suggests that
interaction between the Mn(llIl)PP units inside the capsid is responsible for the low ri values as
compared to free Mn(llI)PP. It should be noted that NPs with Mn(lll) porphyrin complexes at the
outer surface have much higher r; values (see above). Surprisingly, r, of these capsids decreases with
the degree of loading with Mn(III)PP. Possibly, this is caused by antiferromagnetic coupling between

neighboring Mn(lll) cations inside the capsid [83].
3.5.4. Mn(lll) porphyrins included in hard nanoparticles

Very high relaxivity (r; = 35.3 s'mM™ at 1 T and 298 K) was exhibited by a nanoparticulate
metal-organic framework (NMOF) that was constructed by self-assembly of Mn(lll)TPPC, ligands and
eight-connected bio-compatible Zrg clusters (PCN-222) [65]. The high r1 can be attributed to the open
network structure of the MOF with channels (pore size 1.25 nm) having a high affinity and good
access of water to Mn(lll), while the mobility is optimally reduced. In another approach, the Zr in the
NMOF (diameter 265 nm) was attached to S-nitrothiol functions [102]. The r; of this material was

26.9 at 1.2 T. Both MOF materials have potential as theranostic (see section 7).



4. Biodistribution, pharmacokinetics and toxicity

Much research has been carried out on the synthesis, structural characterization, physical,
and biological properties of Mn(lll) porphyrin derivatives aiming at using them as MRI CAs. Very
promising data have been obtained by design improvements of the ligand structure. However,
concerns regarding the in vivo biodistribution, pharmacokinetics (PK), and toxicity of these
compounds are limiting their translation into clinical studies. A brief overview of experimental results
on these properties with cells and animal models is reported here, as well as an attempt to correlate
structural and biological properties. These properties are essential in determining their prospects for
diagnostic clinical application.

Because Mn(lll) porphyrin complexes tend to localize in tumors, the biodistribution and PK of
Mn(Ill) porphyrin complexes have often been studied using dynamic contrast-enhanced (DCE) MRI of
animal tumor models. Mn(llI)TPPS, was the first Mn(lll) porphyrin considered as a potential
alternative to Gd-based MRI CAs, and it is the most investigated one, including in vitro and in vivo
studies with different animal models.

Mn(llI)TPPS, was tested in athymic mice bearing subcutaneous human colon carcinoma
xenografts. After i.v. injection, Ti;-weighted MRI images showed, initially, enhanced contrast in blood
and various tissues (kidney, tumor, liver, muscle) due to the local increase of R; of water protons.
However, the compound rapidly cleared from the blood and concentrated in those organs, followed
by a decrease of contrast in the kidney and liver and a final increase in the tumor. At the highest dose
used, a maximum contrast in the tumor was reached after 4 days [14,18]. Another study with mice
bearing L1210 solid tumors showed that Mn(llI)TPPS, had a biodistribution and PK similar to the
tumor model previously mentioned, and was a tumor-specific MRI CA. T:-weighted MRI images at a
0.15 T clinical scanner showed an enhancement in the contrast between the tumor and adjacent
tissue with an R; value in the L1210 tumor proportional to the concentration of Mn(lll)TPPS,
administered and the time intervals between the injection and analysis. Relatively high intensity
ratios of tumor to normal tissues were obtained (e.g. > 90 for tumor/muscle), with preferential renal
excretion [24]. The effect of Mn(III)TPPS, as MRI CA was also evaluated in experimental rat brain
tumors. Cells from the glioma cell line F98 were inoculated in the animal brain, and after some days
to grow the tumor, Mn(Il)TPPS; was i.p. injected (0.25 mmol kg?). After four days, the contrast
between tumor and peritumoral tissue was strongly enhanced in T;-weighted images [103]. The
Mn(lll)-tetra-sulfonated phthalocyanine (MnPcS,4, Fig. 1) was also found to be a potential tumor-
selective contrast agent in MRI, with relaxivity higher than Gd-DTPA and similar to Mn(III)TPPS,4, and

liver retention longer than for Mn(lI1)TPPS, [38].



Ni et al. observed with 0.05 mmol kg Mn(Il)TPP(3CM), that liver tumors showed contrast
enhancement one time after 5 min (analog to non-specific interaction) but at other times only after a
delay of more than 3 h [62]. An MR imaging-microangiography-histology matching technique
revealed that the latter compartments were non-viable components, including necrosis (n = 10),
thrombosis (n = 7), and cystic secretion (n = 3), but not viable tumor tissue. This has been exploited
to visualize necrosis in acute myocardial infarction [59,104].

Substituents on the Mn(lll) porphyrin determine to a large extent the biodistribution and the
excretion; size and polarity are important parameters. This is nicely demonstrated by Cheng et al.,
who monitored the pharmacokinetics by whole-body MRI of healthy mice after administration of
0.05 mmol kg of GADTPA, Mn(lII)TCP, Mn(Ill)TPPS,, or para-(Mn(llI)TPPS3), (see Fig. 8) [56,57]. With
the smallest CAs, GADTPA and Mn(lll)TCP, the kidney lights up in the images within 10 min, soon
after followed by the bladder, and the contrast enhancement fully disappears after 24 h, suggesting
very rapid renal clearing. The somewhat larger Mn(lll)TPPS, gives initially enhancement of kidney and
bladder, but after some time also of the liver. This agent shows both renal and hepatic clearance.
With the dimeric agent, para-(Mn(llIl)TPPS3),, the intensity of the bladder does not increase after the
injection of the CA, but the intensity of the cardiovascular system is greatly and long-lasting
enhanced, which shows that it is a blood pool agent. Analysis of the urine confirmed the above

conclusions regarding the clearance.
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Fig. 8. T;-weighted whole-body MRIs of rats at 3 T. The location of the left kidney is highlighted in the
yellow circle, while that of the bladder, from separate bladder MRl slices, is delineated within the
blue circle. Copied with permission from Ref. [56]. Copyright 2014 American Chemical Society.

Aiming at improving the biological properties of Mn(lll)TPPS4, chemical changes were made
to the porphyrin moiety. The size, charge, acid/base properties, lipophilicity, and hydrophilicity have
been modified to tune the complex for optimal performance. MnTPPS;A was synthesized and its T,
contrast enhancement capacity was compared with that of MnTPPS,in an in vitro study using several
clinical subtypes of breast cancer cells, at 3.0 T. It was shown that MnTPPS;A gave the highest
positive contrast. Both Mn-porphyrin complexes, at non-toxic concentrations, are significantly more
sensitive to detect breast cancer cells than Gd-DTPA, due to their higher tumor cell uptake and
higher relativity [63].

Following the same ligand design strategy to change chemical properties (hydrophilicity and
lipophilicity) of the compounds, studies with other tumor-seeking Mn(lll)-porphyrins presenting
different lipophilicities were carried out by DCE MRI. The lipid-soluble Mn(lll)Meso (Fig. 2) can cross
the blood brain barrier (BBB). After i.v injection in a rat with a brain glioma, T;-weighted images
showed an enhancement of both the tumor and normal hepatic tissue. This CA is rapidly excreted
through the biliary system [89]. In vivo experiments in normal Sprague-Dowley rats injected with a
water-soluble cationic complex prepared by amidation of Mn(llI)TPPC, with 2-amino-1,3-propanediol
showed significant MRI positive contrast in the heart, liver, lungs, and gastrointestinal tract, with long
retention in the liver, but suffered from acute toxicity (LDsp = 0.1 mmol kg?, see later) [54]. The
Mn(l11)-HOP-8P complex (HOP-8P = HP-IX endowed with phenylethyl substituents at the hydroxyl
functions and with the carboxylate functions amidated with aspartic acid) contains a side-chain
combination that confers amphiphilic properties to the complex, allowing a higher concentration in
tumors. Its potential as a tumor-specific MRI CA was evaluated in the tumor-bearing SCC-VII mouse
model, at 1.5 T. During 24 h after i.v. injection of the CA, the MRI images showed tumor
enhancement. The CA was cleared from the circulation, liver, kidneys, and muscle, in the 24 h
following administration of 0.1 mmol CA kg, but was progressively accumulated within the tumor,
presenting a wider imaging window than other compounds and no severe toxic effects. Although no
detailed PK and toxicity data were reported, this Mn(lll) porphyrin might be a promising theranostic
for the monitoring of photodynamic, neutron capture, and radiation therapeutic effects of Mn(lll)-
porphyrins [105,106]. Later, a histopathologic correlation revealed that both necrotic and viable
tissue were enhanced but with different enhancement patterns [107].

Mn(lI)T2EPYP>* and Mn(Il)T2HexPyP>* (Fig. 1), which already demonstrated to be

antineoplastic SOD mimics, peroxynitrite scavengers, and cell redox signaling modulators, were also



investigated as MRI CAs for prostate cancer imaging (at 7.0 T), using C57 black mice implanted with
RM-9 prostate cancer cells on the hind limb. Both CAs were i.p. injected 90 min before image
acquisition and notorious positive tumor/background contrast ratios were observed, which was
greatest for Mn(lIl)T2EPyP>* due to its higher tumor accumulation, although the R; value was higher
for Mn(lll)T2HexPyP>*. The detection limit observable for such contrast was in the low pM range,
which is 1-2 orders of magnitude lower than for the clinical small Gd-based MRI CAs, which is a great
advantage [21,74].

Recently, Mn(lll)-chelated porphyrin microbubbles (MnP-MBs) have been prepared by self-
assembly of an Mn(lll)-chelated porphyrin lipid encapsulated in perfluoropropane gas. Upon i.v.
injection of the MnP-MBs into U87 glioblastoma tumor-bearing nude mice, an enhanced ultrasound
(US) imaging capacity of these structures was observed. Local tumor US disruption converts MnP-
MBs into nanoparticles in situ, leading to tumor MRI contrast enhancement within 30 min at the very
low Mn injection dose of 0.09 mg (1.65 umol kg?), demonstrating to be an efficient US/MRI bimodal
tumor CA [108].

Comprehensive biodistribution and PK studies using conventional methods have been
reported on a series of positively charged Mn(lll) porphyrins (the hydrophilic Mn(Il)T2EPyP>* and
Mn(II)T2MPyP>*, and the lipophilic Mn(lII)T2BuPyP>*, Mn(lll)T2HexPyP>*, and Mn(Il)T2BuOEPyP**,
see Fig. 1) in different organisms using different administration modes [109]. The obtained data
showed that these complexes accumulated up to 10-fold more in tumor than in normal tissue and
distributed in all organs and cellular organelles explored. The biodistribution of these Mn(lll)
porphyrins was related to their lipophilicity. The highest levels of Mn(lll) porphyrins were found in
the liver and kidneys (at uM levels), and the lowest in the brain (at nM levels). The lipophilic and
cationic, Mn(Il1)T2HexPyP>* and Mn(l1l)T2BuOEPyP** accumulated several-fold more in the brain than
the hydrophilic Mn(llI)T2EPyP>*, indicating a more efficient BBB crossing of the former one. The
complex Mn(lIl)T2BuOEPyP>* was shown to have lower toxicity, reduced liver accumulation, and
slightly reduced brain accumulation compared to the more lipophilic Mn(ll)T2HexPyP>*. The
penetration of these Mn(lll) porphyrins into cellular organelles was also investigated. All the cationic
Mn(lll) porphyrins accumulated more in the nucleus than in the cytosol of macrophages due to their
high positive charge, and their binding to membranes, lysosomes, and the endoplasmatic reticulum
of adenocarcinoma cells. The latter is favored because of the presence of anionic phospholipids in
these organelles. At high levels, these Mn(lll) porphyrins can damage membranes and be toxic. All
these Mn(lll) porphyrins showed preferential accumulation in mitochondria relative to the cytosol. In
vivo studies indicated that the most hydrophilic compound (Mn(Il)T2EPyP**) accumulates in heart
mitochondria with a mitochondria/cytosol ratio of 1.6:1, whereas this ratio increases to 3:1 for the

more lipophilic MnT2BUOEPYP>* and MnT2HexPyP®*. In a mouse brain, this ratio was 1:0.5 for



MnT2BUOEPYP>* and MnT2HexPyP*>*, whereas MnT2EPyP>* was not found in mouse brain
mitochondria. These data show that Mn(lll) porphyrins with high cationic charge and high
lipophilicity of the pyridyl alkyl chains favor mitochondrial accumulation [21,109].

Free Mn cations are considerably less toxic than Gd ions. In the blood of healthy humans, the
Mn-concentration ranges from 4 to 15 pg L, but overexposure to Mn is neurotoxic and may lead to
Parkinson-like symptoms [110]. Porphyrin is an ideal ligand for the sequestering of Mn(lll) because
that ion fits perfectly in the cavity of the Ny-site. This is demonstrated by the fact that dissociation
could not be detected 9 days after the dissolution of Mn(lll)TPPS; in human serum [18]. Mn (llI)TCP
has been shown by UV-Vis, HPLC, and NMRD to be kinetically inert for more than a month at pH 2-7
and 310 K, including when challenged with competing endogenous metal cations [111]. Moreover,

urine collected during in vivo experiments with rats did not contain metal-free porphyrins.

While most of the requirements to obtain therapeutic Mn-porphyrin complexes with acceptable
redox properties have been met, it remains a challenge to minimize their toxicity. Features such as
lipophilicity, polarity, and hindered cationic charge can affect their interaction with biological
molecules and cause various toxic effects. Many studies on the cytotoxicity of Mn(lll) porphyrins

have been reported. Here we focus on in vivo toxicity and safety studies with animal models.

The toxicity of Mn(lll) porphyrin complexes at doses required for sufficient MRI contrast
(usually the lowest detection limit is between 5 and 50 umol kg™) might be of some concern. No
acute toxic effects have been reported on MRI studies in which Mn(lll)TPPS, was intravenously
injected into mice at doses lower than 0.38 mmol kg. Such doses are somewhat lower than the LDsp
for mice (0.51 mmol kg?) [18,112]. The LDso for Mn(ll1)PcS is in the same range (0.72 mmol kg?) [38].
It should be noted that often temporary greenish or brownish discoloration of the skin has been
observed after i.v. administration of Mn(lll) porphyrin CAs [113].

The more lipophilic pyrrole substituted porphyrins like Mn(llI)PP and Mn(lII)JUROP-1 are more
toxic and have LDso values of 0.19 and 0.18 mmol kg?, respectively [90,114]. Also, when the
hydrophilic water-soluble Mn(lll) complexes of TPPC, amidated with amino-propanediols were
injected into Sprague-Dowley rats at a dose of 0.1 mmol kg™, acute toxicity was observed, showing
that this dose is too high for clinical use. As monitored by T;-weighted MRI images, this effect is a
consequence of too long retention in the liver, after its accumulation in the heart, liver, lungs, and
gastrointestinal tract [54].

After extensive in vivo safety and toxicity studies using animal models, the radioprotective
and cancer therapeutic properties of some positively charged tetrakis(N- alkyl-pyridinium-2-yl)-
substituted Mn(lll)-porphyrins led to clinical trials in humans for the radioprotection of various

organs, such as brain and neck [21,115]. After i.v. administration of Mn(lll)T2EPyP>* (Fig. 1) to mice



and monkeys, using relevant doses for clinical use, no toxic effects were observed in specific target
organs, including kidney, liver, central nervous system, or heart. Moreover, the mice did not show
signs of toxicity due to free Mn-cations [116]. A systematic and comparative toxicity and safety
animal study carried out by subcutaneous injection of Mn(Ill)T2EPyP>* and its analogs,
Mn(II)T2BUOEPYP>* and Mn(lIl)T2HexPyP>*, showed differences related to their different
lipophilicities [21]. Mn(lIl)T2EPyP>* is the least toxic of these cationic Mn(lll) porphyrins, mainly due
to its very low ability to cross the BBB. This Mn(lll)porphyrin gave a negative Ames test and a no-
observed-adverse effect level (NOAEL) with 18 daily i.v. bolus injections, followed by 17 days of
recovery. Cynomolgus monkeys were less sensitive to this drug than mice, with a histopathological-
based NOEL of 15 mg kg™ per day. Concerning Mn(Il1)T2BUOEPyP>*, no genotoxic risk was observed in
humans, only a marginally positive Ames test and a NOAEL in mice of 12 mg kg™ per loading dose
after 5-week daily injections, and a NOAEL in cynomolgus monkeys of 6 mg kg™ per dose loading for
five consecutive weeks, followed by a 2-week recovery period. The highest toxicity was observed for
the most apolar and lipophilic of the three investigated cationic complexes, Mn(Il)T2HexPyP>*. Due
to its relatively high lipophilicity, this Mn(lll) porphyrin distributes in all organs and therefore, it has
dose-dependent toxicity. The TDso (the dose at which toxic effects were observed with 50% of the
mice) of Mn(llI)T2HexPyP is 12.5 mg kg™ (= 0.01 mmol kg) when injected subcutaneously compared
to 91.1 mg kg for Mn(Il1)T2EPyP (0.09 mmol kg?). The adverse effects observed were shaking and
hypotonia. These toxic effects were reverted with no observable pathological changes during four
weeks after the administration [21]. However, it should be taken into account that these toxicity
studies were carried out at therapeutic concentration ranges that are about one order of magnitude
lower than the typical necessary concentrations of Mn(lll)porphyrins used as MRI CAs. Although the
reported TDso values seem to indicate that MnT2EPyP®* is the most promising for MRI applications, in
vivo MRI evaluation has yet to be carried out.

In conclusion, the studies described show that the lipophilicity, polarity, charge, size, shape,
and bulkiness of the substituents at the parent porphyrin system determine their biodistribution and
PK. An accurate and perfect balance of these chemical properties is required to fulfill the requisites
for clinical use. An important factor is their in vivo toxicity, which is a consequence of their
biodistribution and PK properties. The more lipophilic structures are distributed in all organs,
including the brain, and preferentially in the liver, and have higher retention, slower liver excretion,
which may cause higher toxicity. The more hydrophilic structures have more limited biodistribution
and faster preferential renal excretion. However, these correlations are not at all linear and, besides
lipophilicity and hydrophilicity, other factors like charge, size, and acid/base characteristics also

influence the overall behavior of the Mn(lll)-complexes, often in an unexpected way.



5. Cell tracking

Several meso-substituted porphyrins have been developed for application as cell tracking agents,
particularly to visualize the initial steps in cell therapies including delivery, migration, and
engraftment. Traditionally, superparamagnetic iron oxide nanoparticles (SPIONs) are used for the
monitoring of cells. However, these CAs have the disadvantage that they are negative CAs: they
produce a decrease in intensity, which is often more difficult to observe than the effect of positive
CAs, like the Mn(lll) porphyrins. The lipophilic tetraacetoxyethyl ester of Mn(llIl)TCP is a T; CA that
easily crosses the cell membranes. Inside the cells, the ester is enzymatically cleaved by esterases in
the cytosol to afford the corresponding carboxylate, Mn(l1I)TCP [50,117]. The latter does not leak out
of the cell because it is more hydrophilic and negatively charged. Furthermore, outside of the cell,
the ester is self-aggregated and consequently has a low relaxivity, whereas after hydrolysis inside the
cell the aggregates break down to give rise to an increase in relaxivity (see Fig. 9). The sensitivity in
mouse stem cells is 4 times as large as that of GADTPA [117]. Moreover, the viability and the
proliferation of the cells were not affected. Therefore, this CA is promising for stem cell tracking
[117]. Similar agents (tetraacetoxyethyl ester of Mn(IlI)TCP and the tetraethyl ester of Mn(llI)TCP)
have been reported with improved performance and easier preparation procedures [118]. The
tetraethyl ester of Mn(lII)TCP has been shown to effectively label human embryonic stem cells at a
very low concentration (10-40 uM) without affecting the viability. The agent localizes predominantly
at the cell membrane and not in the nucleus [118]. Mn(llI)TPPSsA (structure, see Fig. 1) passed the
cell membrane and even entered the nucleus [119]. It should be noted that the relaxivity of cell

tracking CAs generally is lost after some time due to dilution when the cells concerned divide rapidly.

Fig. 9. Proposed mechanism for cell labeling with an ester of Mn(llI)TPPC,. Copied from ref. [50].
Published by The Royal Society of Chemistry.

6. Responsive probes



Abnormal redox potential and partial oxygen pressure (p0O,) are important diagnostic parameters for
several diseases including cancer, inflammation, and cerebral infarcts. Therefore, there is a need for
effective redox-responsive CAs. Since Mn can switch easily between the two- and three-valent
oxidation states with different relaxation characteristics, Mn-based compounds may be interesting
candidates for this class of CAs. Ideally, redox-responsive CAs should have the following properties
[120]: (i) a redox half-cell potential that is accessible to biologically relevant reducing agents like
glutathione (GSH); (ii) a ligand that stabilizes both Mn(ll) and Mn(lll) such that reduction or oxidation
does not result in decomposition; (iii) turn-on of the imaging signal change upon activation; and (iv)

kinetics that is rapid on the imaging time scale.

Aime et al. have exploited the difference in sensitivity of r; to = between Mn(ll) and Mn(lll) for
the design of a pO, sensitive CA [37]. Mn(lll)TPPS; was reduced to Mn(II)TPPS, by dithionite, which
was then used to cross-link poly-B-cyclodextrin (containing 3-9 monomeric CD units) through host-
guest interactions between CDs and the phenyl sulfonate groups of MnTPPS,;. The interaction
strengths of Mn(Il) and Mn(lll) with poly-B-CD are similar and the Mn(ll) oxidizes easily in response to
pO0,. The ry values in the Mn(ll) and Mn(lll) adducts are 40.8 and 15.2 s mM™ at 0.47 T and 298 K,

respectively.

Pinto et al. have designed a modified probe in which the four phenyl sulfonate groups were
replaced by 2,3,5,6-pentafluoro-4-(mPEG)phenyl groups. By the electro-withdrawing effect of the
fluoro atoms, the stabilization of Mn(lll) relative to the Mn(Il) state was reduced. Consequently,
these complexes can be reversibly and rapidly switched between these valence states by reduction
with ascorbic acid or B-mercaptoethanol and oxidation with air. This probe exhibited a 3-fold
increase in r; at 0.5 T and 298 K. At 1.5 T upon reduction, the increase was half as large.
Unfortunately, reduction by glutathione or cysteine is prevented by the coordination of a carboxylate

group of these compounds to Mn(lll) at the axial position, as was evidenced by NMR data [51].

A Zn*-responsive CA has been constructed by replacing one of the phenyl sulfonate
functions in Mn(lll)TPPS, with a dipicoline derivative Mn(l11)(DPA-C2)-TPPSs (Fig. 10) [121]. The idea is
that two pyridine nitrogen atoms of this unit are coordinated to the axial sites of Mn(lll) in the
absence of Zn?* and thus blocks these sites for water coordination (g = 0). After binding of Zn%, the
DPA-C2 arms move away from the porphyrin to render Mn(lll) available for two water molecules and
this would rise g to ultimately 2, which will be reflected in an increase in r1. This appears to happen in
solution but in cell culture, binding of Zn?* leads to an unexplained decrease in ri, although r;
increases. Since the binding of Zn?* also results in increased fluorescence, this compound can be

applied as a dual MRI-fluorescence probe. Mn(lllI)(DPA-C2)-TPPSs penetrates cells more effectively



than the more polar Mn(llI)TPPS, and is more persistent. This was demonstrated with intracranial

injection in rats [122]. It provided relatively high contrast, particularly in the Zn%-rich hippocampus.

Mn(Ill)(DPA-C,)-TPPS; Mn({lllTPPP,,

Fig. 10. Schematic representation of the molecular structures of the Zn*-sensor Mn(lll)(DPA-C,)-
TPPS; (R = SO37) and the gene expression detector Mn(l11)TPPP,.

A method has been proposed to detect gene expression via the secreted reporter enzyme
alkaline phosphatase. In its presence, the phosphonate groups of Mn(lll)TPPP, (see Fig. 10) were
cleaved off resulting in the corresponding phenolic compound, which precipitated. As a result, the

relaxivity dropped substantially as was demonstrated in both cell and in vivo studies [123].

A series of arachidonic acid-responsive CAs has been generated by directed evolution of the
heme domain of Bacillus megaterium cytochrome P450 BM3 in the presence of Mn(lll)PP [82]. The
compound with the optimum response showed an r; decrease from 3.3 to 1.2 s mM™ upon addition

of arachidonic acid, probably due to blocking of the water accessibility of Mn(lll) by arachidonic acid.

Thermosensitive Mn(lll)-based microgels have been prepared by cross-linking an Mn(lll)-
tetra(3-vinyl phenyl) porphyrin core with poly(alkyl acrylamides) [60]. Optimum results were
obtained with N-isopropyl acrylamide, which gave a 3-dimensional network that decreases in
hydrodynamic diameter from 133 to 103 nm between 298 and 310 K, respectively. This was
accompanied by a sharp increase in r; (8.4 — 14.5 s mM™ at 3 T) as a result of the reduced mobility

of the Mn(lll) porphyrin cores.

7. Applications of Mn(lll) porphyrins in MRI guided theranostics

The high stability and relaxivity of Mn(lll) porphyrins and their preferential uptake by tumors
make them efficient MRI CAs for cancer imaging. They also have optical and biological properties

with potential therapeutic applications. These properties of Mn(lll) porphyrins potentiate the



integration of the advantages of MRI as an imaging tool with different types of therapeutic

approaches in MRI-guided theranostics. Here, some recent examples of such studies are described.

7.1. MRI-guided chemotherapy

Chemotherapy (CT) consists of the use of a chemical to treat a disease, usually applied to
cancer, where a powerful drug kills fast-growing cancer cells in the body. It uses a large variety of
biological mechanisms, including immunotherapy and gene therapy. However, most
chemotherapeutic agents have their efficacy limited in vivo by short half-lives and undesirable side-
effects due to toxicity to healthy tissues. To minimize these issues, nanocarriers have been
developed which are able to selectively deliver the drug at the therapeutic site through controlled
drug release, providing at the same time temporal control and protection of the therapeutic cargo.
Some nanoplatforms have integrated Mn(lll) porphyrins as MRI CAs with targeted drug delivery

capabilities to improve their cancer therapeutic efficacy through MRI-guided drug delivery.

Mn(lll)-labeled nanobialys have been developed as potential MRI theranostic NPs targeted to
fibrin clots. These toroidal-shaped, 180-200 nm sized NPs were prepared by molecular self-assembly
of amphiphilic branched polyethylenimine (PEI), forming inverted micelles, and including, at their
surface, Mn(lll)PP chloride as MRI contrast agent and biotin-caproyl-DSPE (Fig. 11) [100]. Their
relaxivities at 1.5 T and 298 K were r; = 3.7 s mM™ Mn and r, = 5.2 s mM™* Mn, providing high
particulate relaxivities. Nanobialys with biotin and Mn(lll), with biotin and no Mn(lll), and no biotin
with Mn(lll) were targeted in vitro to fibrin clots using avidin-biotin interactions and biotinylated
fibrin-specific monoclonal antibodies. MRI images (3 T) of the clots only showed positive contrast
enhancement of the fibrin-targeted Mn(lll) nanobialys. Nanobialys loaded with both hydrophilic
(DOX) and hydrophobic (camptothecin) chemotherapeutic agents released the drugs in vitro,
demonstrating their potential utility for theranostic applications for microthrombi in ruptured

atherosclerotic plaques [100].
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Fig. 11. Schematic representation of the structure of a bialys soft NP [100].

The controlled release of the therapeutic agent to increase its accumulation at the tumor
target and drastically decreasing side effects can be performed by a variety of triggering signals, such
as local pH changes. In order to also avoid the premature release of the MRI probe, theranostic NPs
were prepared by covalent conjugation of Mn(lII)TPP3A at the surface of DOX-loaded poly(lactic acid)
(PLA) nanoparticles (MnP-DOX NPs) of 98.6 nm size for potential T:-weighted MRI imaging and pH-
sensitive drug delivery. The in vitro release of DOX from MnP-DOX NPs increased significantly under
acidic conditions, while the MnP-DOX NPs were quickly internalized by Hela cells and effectively
suppressed their growth due to the accelerated drug release in acidic cell lysosomes. The MnP-DOX
NPs had a much higher r; (27.8 s mM™ Mn) than Mn(lIl)TPPS3A (6.70 mM™ s Mn) at 0.5 T. Upon i.v.
injection of these NPs in male nude mice bearing an HT-29 tumor, the tumor showed a selective
positive contrast in Ti;-weighted in vivo MRI images (7.0 T). Therefore, this nanoplatform was

considered a promising tool for cancer MRI-guided responsive theranostics [66].
7.2. MRI-guided hyperthermal therapy

In hyperthermal therapy (HTT) a body tissue is exposed to higher than normal temperatures for the
treatment of cancer. It uses several kinds of heating sources, such as light ranging from radio
frequencies to microwaves, ultrasound waves, and magnetic fields (magnetic hyperthermia), which
can induce moderate heating in a specific target region (local hyperthermia). Hyperthermia is defined
as heating a tissue to a temperature in the range 314-320 K for a time period of tens of minutes.
Thermal ablation involves the destruction of a tissue by extremely high (hyperthermia) or low
(hypothermia) temperatures. In general, temperatures of either below 233 K or above 333 K cause

complete cell necrosis almost instantaneously.

Photothermal therapy (PTT) is a form of HTT in which cancer tissues are destroyed by a
controlled heat generation. This occurs through the interaction of electromagnetic radiation in the
form of laser light (mostly in the NIR, which is more efficient in penetrating tissue and is less
energetic, and therefore less harmful to surrounding cells and tissues) with photothermal agents,
which mediate the conversion of light into heat. These agents, like photosensitizers, are activated by
light with a specific frequency to an excited state, where it releases vibrational energy (heat) which
kills the targeted cells. Unlike photodynamic therapy (PDT, see later), PTT does not require oxygen to
interact with the target cells or tissues. Heating is localized to the tissue areas in which the applied
light excites the photothermal agent that is distributed there. This provides excellent spatial control

of the therapeutic process, minimizing off-target tissue damage. PTT is emerging as a minimally



invasive and highly effective therapeutical modality. Currently used photothermal agents include Au
nanoshells and nanorods, as well as nanoscale graphene and graphene oxide sheets, which are

efficient and photostable but not biodegradable [124].

Several studies were reported on the application of NPs that include Mn(lll) porphyrins for
MRI-guided PPT. One of these systems consists of PLA NPs entrapping DOX, which are surrounded by
an Au nanoshell having a Mn(lll) porphyrin derivative covalently linked to its surface through a PEG
spacer (DOX@PLA@Au-PEG-MnP NPs) (Fig. 12). These NPs, with a diameter of 123.6 nm, showed
excellent colloidal stability and long blood circulation time due to the presence of PEG. Under NIR
light irradiation, the NPs showed an efficient photohyperthermic effect and a light-triggered release
of DOX due to the high NIR light absorption coefficient of the Au nanoshell. The Mn(lll) porphyrin
(MnP) at the NPs surface provided a relaxivity (r; = 22.18 mM™1 st at 0.5 T and 310 K) three times
higher than the free MnP. An in vivo MRI evaluation in HT-29 tumor-bearing nude mice showed a
positive MRI contrast effect in the tumor region in T;.weighted images, which could be used to
accurately locate the tumor site to guide external NIR laser irradiation for photothermal ablation of
the tumor. These in vivo experiments showed that the combination of CT and PTT based on the
theranostic NPs provided a synergistically improved therapeutic effect compared with either therapy

used separately [69].

PEG spacer
DOX-loaded PLA nanoparticle

MnP
gold shell

Fig. 12. Schematic representation of DOX@PLA@Au-PEG-MnP NPs. Copied from ref. [69].

An alternative is the use of porphysomes (PS), which are nanovesicles formed from self-
assembled biocompatible porphyrin bilayers, with favorable optical, photothermal, and
photoacoustic properties. Their large aqueous core can be loaded for multimodal theranostic
applications [125]. Incorporation of Mn3' ions directly into the porphyrin building blocks of
porphysome NPs led to Mn(lll)-porphysome nanovesicles (MnPS), which were shown to be a non-
toxic alternative to inorganic NPs for MRI-guided PTT (Fig. 13). The 120-130 nm size MnPS NPs
incorporating 80000 porphyrins per particle, showed relaxivities r1=1.2 s'mM?*and r, = 7.0 s mM*!

at 7 T, corresponding to per particle relaxivities of r1 = 96000 s* mM™ and r, = 560000 s* mM™. The



MnPS originated positive contrast in T;-weighted MRI phantom images. In addition to providing MRI
contrast, the incorporation of paramagnetic Mn* into the porphyrins has quenched their
luminescence by promoting energy loss from their excited states via non-radiation decay pathways.
Moreover, that suppressed their ability to generate reactive oxygen species (ROS) associated with
PDT activity and self-destructive photochemical reactions, improving their photostability. Thus, the
MnPS decay was purely in the photothermal mode, with high photothermal efficiency. These
favorable properties are unprecedented for an organic NP system with a single functional component

[86].

Fig. 13. A) Molecular structure of amphiphilic porphysome building block. B) Schematic
representation of Mn-porphysome nanovesicles (not to scale). C) Representative TEM of Mn-
porphysome NPs. Reproduced with permission from ref. [86] Copyright 2014 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Another organic nano-micelle platform was developed based on the amphiphilic
poly[(poly(ethylene glycol) methyl ether methacrylate)-co-(3-aminopropyl methacrylate)]-block-
poly(methyl methacrylate) (P(PEGMA-co-APMA)-b-PMMA) block copolymer prepared using the
reversible addition-fragmentation chain transfer radical polymerization technique. Multifunctional
micelles were developed by self-assembly of the copolymer molecules, crosslinking of the shell with
the photosensitizer TPPC, as a photodynamic agent, and fluorescence indicator, which was labeled
with Mn(ll) ions (which oxidize spontaneously to Mn(lll)) to act as an MRI contrast agent. Non-
covalent incorporation of the IR825 dye in the micelle core provided photoacoustic (PA) imaging
ability and a photothermal effect (IR825@P(PEGMA-co-APMA)-b-PMMA@TPPCs/Mn NPs) (Fig. 14).
These biocompatible NPs of 80 nm size were highly soluble and stable in a physiological medium.
They also had high singlet oxygen (!0;) generation yield upon irradiation at 660 nm and high
photothermal conversion efficiency during exposure to 808 nm laser light. The in vitro relaxivity of
the NPs was r; = 9.53 st mM™ at 3.0 T. Their use as a theranostic agent for the combined effect of
PTT and PDT cancer treatment was evaluated in vitro in 4T1 cells. They had high in vivo tumor uptake
with a long blood circulation half-life (~3.64 h) by the EPR effect after i.v. injection in 4T1 tumor-

bearing Balb/c mouse model, as shown by fluorescence, a positive contrast of the tumor in T;-



weighted MRI images and PA imaging. In vivo anti-tumor effects were demonstrated by combined

PTT and PDT with a much improved synergistic therapeutic effect in both superficial and deep

regions of the tumor [64].
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Fig. 14. Schematic illustration of the construction of multi-modality CA for MRI imaging-guided
photothermal and photodynamic therapy. Adapted with permission from ref. [64] Copyright 2016
The Royal Society of Chemistry.

Several nanoscale metal-organic framework (NMOF) systems for MRI-guided PTT have
recently been reported. An NMOF was prepared hydrothermally from biocompatible Zr** ions, the
Mn(lll)-TPPC4 porphyrin as a bridging ligand (Fig. 15), and S-nitrosothiol (SNO) conjugated to the
surfaces of the NMOF (NMOF-SNO), for MRI-guided PTT and nitric oxide (NO) delivery. The NMOF-
SNO particles were spindle-shaped of 60 x 140 nm size, with triangular channels 1.25 nm size. In
water solutions, they had a hydrodynamic size of 265.5 nm, with a relaxivity r1 =26.9 s mM?tat1.2 T
and 298 K. The Mn(lll)TPPC, porphyrin provided strong T;-weighted MRI positive contrast, while SNO
was used for heat-sensitive NO generation upon irradiation with NIR light, which also triggered the
photothermal effect. Upon i.v. injection into MCF-7 tumor-bearing nude mice, NMOF-SNO readily
accumulated in the tumor, as shown by its strong positive contrast in T:-weighted MRI images (3 T) at

1 h post-injection. When exposed to a NIR laser, the growth of the tumors of mice injected with



NMOF-SNO was completely inhibited. Thus, the NMOFs—SNO is an effective theranostic system for

MRI-guided NO release and PTT synergetic therapy upon a single NIR irradiation [102].

Mn(lII)TPPCa

Zre-cluster B
J . o,

Fig. 15. The unit cell of PCN-23, a) viewed down the triangular channels, b) viewed perpendicular to
the triangular channels. Retrieved from The Cambridge Crystallographic Data Centre, deposition
number 1016164 [126]. In NMOF-SNO, the TPPC, ligands are loaded with Mn(lll) and SNO is
conjugated at the surfaces [102].

Another NMOF was also synthesized using a hydrothermal method from a Hfs cluster and
Mn(llI)TCPP4, followed by functionalization with folic acid (FA) at the Hf nodes to give the
multifunctional theranostic targeted nano agent FA-Hf-Mn-NMOF (Fig. 16). These NPs were
characterized in vitro, showing spindle shapes with long and short average diameters of 93.4 nm and
32.3 nm, respectively, high photostability and high photothermal conversion efficiency upon 808 nm
laser irradiation. While no cytotoxicity was observed on Hela cells in the presence of the FA-Hf-Mn-
NMOF without irradiation, their irradiation with an 808 nm laser for 10 min or with 4 Gy X-rays,
separately or together, led to a dramatic and synergistic decrease of cell survival, showing their
potential as activators for synergistic PTT/radiotherapy (RT) of tumors. Furthermore, FA-Hf-Mn-
NMOF generates O, from H,0, and 'O, upon X-ray irradiation. It has a high relaxivity, r; = 16.75 s

mM?, at 3 T, and the NPs are efficiently internalized into Hela cells, as shown by cell brightening in



T;-weighted MRI after cell uptake. An in vivo study using BALB/c mice with subcutaneously implanted
S$180 tumor cells indicates that the agent has good biocompatibility, tumor targeting, positive
contrast in T;-weighted MRI, as well as CT attenuation due to the presence of the high-Z Hf atoms,
and PAI contrast due to the photothermal properties of Mn(lll)TCPP,. It showed to be effective in

imaging-guided synergistic PTT/RT of tumor [127].

Fig. 16. Structure of Hf-Mn-NMOF viewed down the channel. The Hfs-clusters (in orange) are
connected through Mn(llI)TPPC4 complexes. In FA-Hf-Mn-NMOF, folic acid is coordinated to the Hf-
clusters. This framework is the Hf-analog of the PCN-222 framework shown in Fig. 19. Image copied
from ref. [127].

7.3. MRI-guided radiation therapy

Radiotherapy uses high-energy ionizing radiation, generally as part of cancer treatment, to control
the growth or kill malignant cells. However, RT usually has side effects, inducing lesions on all
irradiated tissues. RT damages the cell DNA, and when this cannot be repaired, they stop dividing or
die. The ionizing radiation in RT can also produce high levels of reactive oxygen species (ROS), such as
peroxides (ROOH), superoxide (0;), singlet oxygen (10,), and hydroxyl radicals (¢OH), and reactive
nitrogen species (RNS), like peroxynitrite. In a biological environment, this results in further DNA
damage of the cells (oxidative stress). However, this strong radiosensitizing effect of oxygen, which
strongly increases the effectiveness of a given radiation dose, can be limited by the tendency of the
cells of solid tumors to become oxygen deficient when their growth is faster than their blood supply.
A hypoxic environment makes tumor cells much more resistant to radiation damage than a normoxic
one. One of the ways to overcome this problem is to use hypoxic cell radiosensitizers such as

misonidazole and metronidazole.



Differential effects of Mn(lll) porphyrins, consisting of anti- and pro-oxidative reactions, on
normal versus cancer cells are controlled by their differential redox environments. Mn(lll) porphyrins
have been successfully used preclinically as adjuvants to radiotherapy of tumors of multiple
histologies, including brain, breast, prostate, and melanoma [128]. An example is the effect of the
SOD mimetic [Mn(lIl)T2EPyP]** (Structure, see Fig. 1) on the radio responsiveness of rodent tumors. It
was shown that [Mn(lll)T2EPyP]>* increases radiation-induced damage to the tumor vasculature
through its antiangiogenic effect as anti-oxidative scavenger of radiation-produced ROS/RNS that
promotes vascular angiogenesis while protecting normal tissues from radiation injury through their

pro-oxidant properties as scavengers of ROS/RNS [115].

MRI-guided radiation therapy is a promising approach for improving the clinical outcomes of
patients treated with RT [129]. Mn(lll)-porphyrins have been used as RT sensitizers [21,115,128] and
as tumor-specific MRI contrast agents. MRI-guided RT studies using Mn(lll) porphyrins as CAs and
selective RT sensitizers have been suggested [130] and reported in the literature [131]. In this study,
a conjugate of Mn(lII)KADTF (an Mn(lll)PP derivative with the hypoxic radiosensitizer  2-
nitroimidazole KU2280 at a side chain, see Fig. 2) was initially tested in vitro with Hela cells, showing
enhancement of the effect of radiation under hypoxic conditions. Injection of the Mn(lll) KADTF
conjugate (0.1 mmol kg?) into the tail vein of SCCVIl tumor-bearing C3H/HE mice, led to positive
contrast-enhanced T;-weighted images (at 1.5 T) of the tumor after 1.5 h. MRI-guided RT at 20 Gy 1.5
h after infusion of KADTF (0.15 mmol kg?), inhibited tumor growth more significantly than a single
radiation treatment at the same dose. These results indicate that the Mn(lll) porphyrin promoted the
transfer of the 2-nitroimidazole to the tumor. No toxicity effects were observed, with an LDsg > 0.8

mmol kg™. The results of this study show that effective MRI-guided RT of tumors is possible [131].
7.4. MRI-guided photodynamic therapy

Besides ionizing radiation, the ROS/RNS can be produced by environmental stress triggered by light,
heat, and sound. Photodynamic therapy (PDT) is based on the cell destruction caused by toxic singlet
oxygen (10,) and/or other ROS produced within the cells by the effect of light through a sequence of
photochemical and photobiological processes. These processes are initiated by the reaction of a
photosensitizer (PS) with tissue oxygen upon light irradiation with a specific wavelength in the visible
or NIR region. The decay of the excited singlet state of the PS should mainly occur through
intersystem crossing to efficiently populate an excited triplet state (3PS*). The latter can produce
toxic ROS, such as 10,, by first reacting with other molecules, generating intermediate free radicals
that yield ROS (type | photochemistry). However, the most relevant mechanism is a direct energy

transfer from 3PS* to molecular oxygen in its ground triplet state (30,) producing cytotoxic 10, (type



Il photochemistry), because most PSs are very effective in producing 0. The ROS produced inside
the cells cause irreversible damage, in particular to mitochondria, triggering cell apoptosis, if PSs can
accumulate there. PDT can selectively kill cancer cells if PSs can accumulate in them. An ideal PS
should follow several requirements: a) have high selectivity for cancer cells; b) be able to produce
ROS efficiently; c) show efficient NIR (700-800 nm) light absorption; d) have no dark toxicity and
minimal skin photosensitivity; e) be amphiphilic for optimal absorption, distribution, metabolism, and
excretion; f) be stable and easy to dissolve in injectable solvents; g) be chemically pure and easy to

prepare.

PDT has been clinically approved in the treatment of dermatological and ocular disorders, as
well as of various early-stage superficial tumors. Its main advantages are that it is a localized
treatment, with minimal invasiveness and side effects, while a main disadvantage is low tissue
penetration depth due to light scattering and absorption by endogenous molecules. Several classes
of PSs have been studied, such as porphyrin-type compounds, phthalocyanines, naphthalocyanines,
and their metallated analogs such as Al, Co, Si, Zn, and Lu complexes or expanded porphyrins related
to texaphyrin [132]. Several PSs are at various stages of advanced clinical and preclinical studies, such
as Photofrin®, Levulan®, Radachlorin®, Visudyne®, Foscan® and Tookad® [133]. Porphyrin and
phthalocyanine conjugates with Gd** complexes have been developed as PSs for MRI-guided PDT
[134], while the corresponding theranostic agents based on NPs have also recently been reviewed

[135-137].

Several nanoplatforms incorporating Mn(lll) porphyrins have been reported for MRI-guided
PPT, including the one reported in section 7.2 above for combined PTT/PDT [64]. The encapsulation
of hydrophobic PSs within liposomes prevents their aggregation in agueous media, which causes self-
quenching, and improves their target delivery and ROS production. Many types of nanocarriers, such
as polymeric micelles, conjugated polymer NPs, and silica NPs, have been used to obtain stable
aqueous PS dispersions. However, they often have poor drug loading or increased self-aggregation of
the entrapped PS, leading to self-quenching and almost no photosensitizing effect [138]. This is what

happens to porphysomes, despite their high absorption in the NIR.

Liang et al. developed a theranostic nanocarrier for MRI-guided PDT cancer therapy with a
high PS loading that did not leach out. This agent consisted of porphyrin dyad NPs (TPD NPs, see Fig.
17), containing two types of porphyrins: Mn(IlI)TPPSsA located in a hydrophilic shell as an MRI CA,
and the metal-free porphyrin TPPSsA in a hydrophobic core functioning as a photosensitizer for PDT.
The free TPPSsA was covalently grafted to a lipid (PGL) [70]. The PDT and MRI properties of the TPD

NPs were optimized at a porphyrin/Mn(lIl) porphyrin ratio of 40.1%. The TDP NPs were spherical with



~60 nm size and the quenching of the production of 0, by the PGL porphyrin due to the Mn(lll)
porphyrin present at the surface was minimized. Their relaxivity, r1 = 20.58 s mM™ at 0.5 T and 298
K, was four times higher than for free Mn(ll1)TPPS3A (5.16 s mM™) due to the immobilization on the
NPs. The NPs were passively taken up by Hela tumor cells. After 24 h i.v injection of the optimized
TPD NPs to nude mice bearing the HT-29 tumor, T;-weighted MRI images (at 7.0 T) showed a positive
contrast of the whole tumor area relative to the surrounding healthy tissue (Fig. 18), allowing to
guide laser light to the desired tumor site for PDT ablation, which was 100 % within 7 days in the

presence of TPD NPs [70].

Fig. 17. Schematic representation of porphyrin dyad nanoparticles for MRI-guided PDT [70].




Fig.18. In vivo Ti-weighted MRI images of nude mice bearing HT-29 tumor before and after
administration of TPD NPs with the Mn-porphyrin/PGL molar ratio of 40.1 % (a-c) and PGL NPs (d-f)
acquired at different time intervals: before (a, d) and after injection for 30 min (b, ) and 24 h (c, f).
Copied with permission from ref. [70] 2014 copyright Elsevier Ltd.

To overcome the severe limitations of the therapeutic effect of PDT in hypoxic tumor regions,
due to the essential role of molecular oxygen in this modality, a porous NMOF NP was developed for
MRI-guided PDT with the capacity of generation O, from H,0, present in hypoxic tumors. This system
(PCN-222(Mn)) was prepared from a hydrothermal reaction of Mn(Ill)TPPCs with Zr** ions as Zre
clusters (Fig. 19). PCN-222(Mn) NPs had an olive-like shape with 300 x 130 nm sizes, that were stable
in aqueous solution and had a high relaxivity r; = 35.3 s mM™ (1.0 T) due to the uniform distribution
of Mn3* ions in the open framework (pore size: 3.7 nm) and to the high water affinity of the channels.
It also showed good catalase-like catalytic conversion of H;0, into O, by the Mn(lll)JTPPC,, with
potential for improving tumor hypoxia during PDT. An i.v. injection of PCN-222(Mn) into 4T1 tumor-
bearing mice induced a long-lasting and high positive contrast of the tumor in T;-weighted MRI in
vivo images. It also effectively inhibited the tumor growth upon single-laser irradiation, reflecting the

effective local generation of '0, and MRI-guided PDT effect [65].

Fig. 19. The catalytic decomposition of H,0; into O, and the formation of 0, by light in NMOF PCN-
222. In the framework, the vertices are occupied by Zrs-clusters (red) and the edges by Mn(l1I)TPPC,4
molecules (gray) Ref. [65]. The framework is retrieved from The Cambridge Crystallographic Data
Centre, deposition number 893545 [139].

Finally, a new porphyrin-based photosensitizer (Pt-Mn(lll)Por-PPh3) was prepared for

integrated MRI and fluorescence imaging and mitochondrial-targeted PDT. The lipophilic



triphenylphosphonium cation, used as a mitochondria-targeted agent, was conjugated with the
Mn(lll)-hydroxy tripyridylphenoxyporphyrin (MnPor) through an alkyl chain, and subsequently
coordinated at the pyridine rings with trans-platin to yield (Pt-Mn(lll)Por-PPhs) (Fig. 20). Under laser
light irradiation for 10 min, Hela cells treated with 50 pg mL? of the Pt-Mn(lll)Por-PPhs had reduced
viability with an 1Cso of 30.74 pg mL?, which was attributed to the high ROS production and PTT
effect of Pt-Mn(lIl)Por-PPhs. Its fluorescence properties were exploited to study the cellular uptake
and subcellular localization by confocal laser scanning microscopy, showing good mitochondrial-
targeting in Hela cells. Due to the Mn(lll) porphyrin unit, the Pt-Mn(lll)Por-PPh; gave good positive

contrast in T;-weighted MRI images (at 3 T) of phantoms [140].

Pt-Mn(lll)Por-PPh;

Fig. 20. Molecular structure of Pt-Mn(lll)Por-PPh3

7.5. MRI-guided sonodynamic therapy

Sonodynamic therapy (SDT) is an anticancer therapy involving a chemical sonosensitizer (a drug that
only becomes cytotoxic upon exposure to ultrasound) and high-intensity focused ultrasound. This
technique is non-invasive, accurate, efficacious, and safe because the drug dose and the US
irradiation power used can be reduced. In SDT, the cytotoxicity is originated from the ROS produced,
triggered by ultrasonic stimuli. The process consists of several phases: a) the therapeutic US
transducer (0.5 - 3.0 MHz frequency), consisting of a piezoelectric material to which an alternating
voltage is applied, emits a focused beam, which creates high pressure inside the tumor area; b) this
induces oscillating bubbles in the medium (cavitation); c) bubbles collapse under high pressure and

induce various stresses — a shock wave, formation of «OH and ¢H radicals, and high temperatures; d)



the collapsing bubbles lead to the creation of ROS derived from the sonosensitizer; e) the ROS kill the
cancer cells through the induced oxidative stress. The potential for cellular damage and range of
action of the created ROS depend mainly on their half-life. In a biological environment, the generated
ROS depend on the nature of the sensitizer. Several organic sonosensitizers have been reported in
preclinical and clinical studies, such as 5-aminolevulinic acid, chlorins, porphyrin derivatives, and
phthalocyanines, that accumulate preferentially in tumor zones. Inorganic TiO, nanoparticles have
also been used, but biodegradation and biosafety issues have been the main obstacles to their
clinical translation. An important advantage of SDT relative to PDT is that US energy can be targeted
directly onto deep-seated cancer sites, as opposed to the low penetration of light through the skin
and tissues, which limits PDT to the treatment of superficial and endoscopically reachable tumors

[141].

Several Mn(lll) porphyrin-based systems have been described for MRI-guided SDT. For
example, the potential of poly(methyl methacrylate) (PMMA) core-shell NPs loaded with the TPPS,
(TPPS,-PMMA NPs) as a sonosensitizer associated with shockwaves (SWs), was investigated. These
core-shell NPs were obtained by an emulsion polymerization reaction of methacryloyloxy-undecyl-
dimethyl-ethyl ammonium bromide and methylmethacrylate and had an average hydrodynamic
diameter of 93 nm. The positively charged ammonium groups located at the surface allowed loading
the NPs with the negatively charged TPPS. The resulting TPPS;-PMMA NPs were stable in
physiological medium, with no release of TPPS,. The cytotoxic effect of the sonodynamic treatment
with the NPs and SWs was investigated on the human neuroblastoma cell line, SH-SY5Y. Cell
proliferation decreased after SDT with the NPs and SWs, with an increase in necrotic (16.91%) and
apoptotic (27.45%) cells at 48 hours. A 15-fold increase in ROS production compared to free TPPS,
was achieved after 1 hour. Therefore, the sonosensitizing properties of TPPS, were significantly
enhanced once loaded onto the NPs [142]. This study of the TPPS,-PMMA NPs was exploited for the
construction of in vivo sonosensitizing systems, PET radiotracers, and MRI CAs, by loading the
positively charged PMMA NPs with TPPS, for SDT anticancer treatment, with ®*Cu(ll)TPPS, for
biodistribution studies by PET imaging or with Mn(lll)TPPS,; for evaluation of their tumor
accumulation by MRI. The TPPS,-PMMA NPs showed favorable biodistribution in the tumor of a Mat
B Il syngeneic rat breast cancer model as shown by PET analysis. SW SDT responsiveness was
confirmed by a 50 % decrease in tumor volume between pre- and post-treatment as measured in
MRI images (Fig. 21). Treatment with TPPS;-PMMA NPs plus SW appeared to be much more effective
than with free TPPS, [143].
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Fig. 21. Effect of SDT on Mat B Ill/Fisher 344 tumor growth. Rats with growing tumors were treated
with TPPS, TPPS-PMMA NPs or SWs alone and in combination (10 mg/kg body weight intravenous
and 0.88 mJ/cm? for 500 impulses, four impulses/s, respectively) on day 9 from tumor cells
inoculation and tumor volumes were determined by MR at day 8 and 11. Representative T>-weighted
images of control (A, B) and TPPS-PMMANPs and SW-treated (C ,D) rats at day 8 (24 h pretreatment
[A ,C]) and 11 (48 h post-treatment [B ,D]). The tumor volumes, at day 8 and day 11, of each
experimental group, are reported as mean t standard deviation for at least three separate
experiments each in at least four animals per group (E). Copied with permission from ref. [143] 2015
Copyright Future Medicine Ltd.

Multifunctional surface PEGylated mesoporous organosilica nanoparticles with the organic
sonosensitizer protoporphyrin (PP, see Fig. 2) and the paramagnetic Mn(lll)PP MRI CA conjugated
through amidation with 3-aminopropyl)triethoxysilane bound at their inner pore surfaces were
developed for efficient in vivo MRI-guided SDT cancer theranostics. The spherical mesoporous
structure of the NPs with 50 nm average size, allowed the 10, generated upon US irradiation to freely
diffuse out of the mesopores (3.4 nm size) to cause the SDT effect. This structure, with a large
surface area, also maximized the accessibility of water molecules to the paramagnetic Mn(lll) ions,
leading to high MRI relaxivity (r; = 9.43 s mM™). The highly biocompatible NPs were efficiently
endocytosed into 4T1 cancer cells and biodegraded by intracellular glutathione. They also showed
high SDT efficiency for inducing cancer-cell death in vitro. l.v. administration of the NPs into 4T1
tumor-bearing BALB/c nude mice increased in vivo T;-weighted positive contrast of the tumor and

suppressed the tumor growth in vivo upon US irradiation [144].

To improve the efficacy of SDT in hypoxic tumor regions, a new carrier system was developed
based on red blood cells (RBC) with high concentrations of catalase to decompose tumor endogenic
H,0, into O, and combine SDT and chemotherapy. RBCs were loaded with the hydrophilic
Mn(llI)TPPS, as sonosensitizer and MRI CA and the DOX drug to obtain DOX/Mn-TPPS;@RBCs. The
NPs had high catalase activity in vitro with efficient O, production, which promoted the rupture of

the RBCs and showed improved release of DOX under US irradiation. Hemoglobin (Hb) was



simultaneously oxidized into highly oxidative ferryl-Hb species by H,O, and ROS, resulting in
cytotoxicity. Ferryl-Hb, with a longer half-life than the ROS, can diffuse further in cancer cells and
cause more oxidative damage than the conventional ROS. The improved cytotoxicity of the
RBCs/H,0,/US combination was verified in MCF-7 cells, which took up the NPs as shown by
fluorescence microscopy. Aqueous solutions of the loaded RBCs had a high relaxivity, r; = 18.32
sTmM™at 3 T, showing their potential to enhance the MRI signal intensity of a tumor site. The in vivo
behavior of the NPs was studied in MCF-7 tumor-bearing mice after i.v. administration using Ti-
weighted MRI and fluorescence imaging using the NPs labeled with the fluorescent dye IR783,
showing that the new system overcame hypoxia in the tumor and improved the efficacy of SDT in

this combination therapy [145].
7.6. MRI-guided neutron capture therapy

Neutron capture therapy (NCT) is another nonsurgical therapeutic modality for treating
localized tumors. A patient is first injected with a tumor-localizing drug containing the non-
radioactive isotope boron-10 (1°B) with a natural abundance of 20%, which has a much higher
capacity (cross-section) to capture neutrons than other elements present in tissues. After neutron
irradiation from a nuclear reactor or an accelerator, the neutrons lose energy when they penetrate
the tissue and are selectively captured by the 1°B nuclei present preferentially in the tumor cells. The
198 nuclei emit high-energy alpha particles in a °B (n, a)’Li nuclear reaction that kill adjacent cells.
Although the use of other non-radioactive isotopes such as *’Gd (natural abundance of 15.65%) has
been studied, the only clinical experience is with 1°B, known as boron neutron capture therapy

(BNCT) [146,147)].

The affinity of porphyrins for tumors has been exploited in studies of BNCT with porphyrins
conjugated with boron cages and transition metal complexes of these compounds, including Mn
[147]. The complex Mn(ll)BOPP (see Fig. 2) has been suggested for application as theranostic in MRI-
guided BNCT [91]. Its performance was compared with that of Mn(Ill)TPPS4. The 0.25 T relaxivity of
Mn(II1)BOPP was 3.60 and 4.43 s mM™? at 298 K and 310 K, respectively. Upon i.v. injection,
Mn(II1)BOPP selectively localized in a rat 9L gliosarcoma, as shown by the observed positive contrast
of the tumor versus the normal brain in T;-weighted MRI images (1.5 T). A maximum contrast
enhancement was observed 24 hours after injection, whereas maximum relaxivity was reached with
Mn(llI)TPPS, already after 5 min. Thus, Mn(lll)-BOPP had a slower tumor uptake than Mn(llI)TPPS,

but longer retention in the tumor, making it potentially effective as an agent for BNCT.

Finally, the most relevant MRI-guided theranostic systems discussed in this section, which

have been applied for in vivo tumor animal models, are summarized in Table 3.



Table 3. Examples of Mn'""P MRI-guided theranostic systems with in vivo applications

System Techniques r1 (Bo) Use/animal tumor model Refs
mM-1 s Mn (T)
DOX@PLA@MnP MRI/chemotherapy  27.8 (0.5) Tiw MRI (7 T) of acid pH triggered DOX 66
release/HT-29 mice
DOX@PLA@AuU- MRI/PTT 22.2 (0.5) T1iw MRI of NIR triggered DOX 69
PEG@MnP release/HT-29 mice
IR825@P(PEGMA- MRI/PTT/PDT 9.5(3.0) T1w MRI, PAI and fluorescence of NIR 86
co-APMA)-b- induced PTT/PDT by TPPC, sensitizer
PMMA@MnTPPC,4 /4T1 Balb/c mice
Zrs-SNO-MnTPPC, MRI/PTT/chemothe  26.9 (1.2) Tiw MRI (3 T) of NIR induced PTT by
NMOF rapy TPPC, sensitizer and chemotherapy by
NO release/MCF-7 BALB/c mice 102
FA-Hfs-MnTPPC,4 MRI/PTT/RT 16.7 (3.0) Tiw MRI (3 T) of NIR induced PTT by 127
NMOF TPPC,4 sensitizer and RT by X-rays
induced 10, /S180 BALB/c mice
MnKADTF MRI/RT not reported Tiw MRI (1.5 T) of X-rays and KU2280 130
nitroimidazole induced RT/SCCVII
C3H/HE mice
MnTPPS;A-PGL- MRI/PDT 20.6 (0.5) Tiw MRI (7 T) of NIR triggered PDT by 70
TPPS3A polymer TPPS3A sensitizer/SCCVII C3H/HE mice
Zre-MnTPPC4 NMOF  MRI/PDT 35.3(1.0) Tiw MRI of NIR induced PDT by TPPC, 65
(PCN-222(Mn)) sensitizer and O; release of hypoxic
tumor/4T1 Balb/c mice
MnTPPS;-PMMA MRI/SDT not reported Tiw MRI of US induced SDT by TPPS, 143
polymer sensitizer /Mat B Ill/Fisher 344 mice
HMONs-MnPplX- MRI/SDT 9.4 Tiw MRI of US induced SDT by PP 144
PEG sensitizer/4T1 Balb/c mice
DOX/Mn-TPPS, MRI/SDT/chemothe  18.3 (3.0) Tiw MRI of US induced SDT by TPPS, 145
IR783@RBCs rapy sensitizer and chemotherapy by ferryl-
Hb/MCF-7 mice
MnBOPP MRI/NCT 3.6 (0.25) Tiw MRI (7 T) of BNCT /9L gliosarcoma 91

rat

8. Conclusions

During the last decades, great progress has been made in the development of Mn(lll)-porphyrins as
Gd-free alternatives for the classical Gd-based MRI CAs. Optimal relaxivity can be obtained for
complexes in which the tendency for self-association can be suppressed. Particularly, Mn(lll)
complexes of the fully synthetic porphyrins with charged groups at the meso-positions are useful in
this respect because for these complexes, generally, two water molecules are present in the first

coordination sphere of Mn(lll) and then r;-values for low-molecular-weight complexes are generally



in the range 10-15 s mM™ at magnetic field strengths 0.5-1.5 T and 298 K. This is considerably higher
than the relaxivity of the classical CA GADOTA under the same conditions (r1 = 4-5 s mM™). Even
higher relaxivities (30-40 s mM™?) can be obtained by immobilization, for example by incorporation

of mesoporous Mn(lll)porphyrins in NMOFs.

The Mn(lll) porphyrins have a preference for tumor tissue, which has been exploited for the
development of many interesting CAs for MRI-guided therapy. The pharmacokinetics of Mn(lll)
porphyrins is dependent on their polarity. Hydrophilic systems like Mn(IlI)TPPS, and Mn(llIl)TCP are
rapidly renally excreted, whereas hydrophobic complexes follow a preferential hepatic pathway and
have longer residence times. Interesting cell-labeling has been achieved with esters of Mn(Ill)TCP,
which appear to be taken up by cells, and once inside the cells they are hydrolyzed by esterases to

the more hydrophilic carboxylates which cannot extravasate.

The toxicity of highly charged and hydrophilic Mn(lll) porphyrins, like Mn(lll)TPPS, and
Mn(II)T2EPyP>*, with fast PK and short tissue accumulation, is lower than for hydrophobic ones, such
as MnT2HexPyP>*, with wider biodistribution and higher brain accumulation. In animal studies, the
difference between toxic and effective doses is moderate. Therefore, it is important to design

systems with lower toxicity and/or higher efficiency.

The photothermic, photodynamic, and sonodynamic properties of porphyrins are preserved
in the Mn(lll)complexes, which have been exploited in the development of a variety of MRI CAs for

MRI-guided therapies.

The perspectives for the clinical use of Mn(lll) porphyrins as MRI contrast agents depend
mostly on minimizing their in vivo toxicity at the doses required to produce observable contrast,
which are about one order of magnitude higher that those used in radioprotection applications. As
the full knowledge of the factors determining in vivo toxicity of Mn(lll) porphyrins is still lacking, their
administered dose could be significantly lowered by exploiting their natural concentration in tumors.
Their application as CAs for MRI-guided therapies could also be further exploited, in particular for

MRI-guided chemo, radiation and neutron capture therapy.
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