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Light-responsive contrast agents for magnetic resonance imaging
(MRI) based on Ni(i) porphyrin molecular spin switches have
recently been introduced. We present their implementation in
water and methanol based gels leading to the first soft materials
that are rewritable with light and readable with MRI. Light of two
different wavelengths as non-invasive stimuli can be applied to
switch MRI contrast on and off, with a high spatiotemporal resolution
and without fatigue.

Magnetic resonance imaging (MRI) is a non-invasive 3D imaging
modality with unsurpassed soft-matter contrast. Paramagnetic
contrast agents (e.g. gadolinium complexes) are used to enhance
structural contrast in tissues and materials." Opposed to structural
imaging is functional MRI with “smart” contrast agents that report
on various parameters, such as pH, temperature or parameters
that are responsive to light.>® Light is a particularly beneficial
stimulus, because it can be applied non-invasively with high
spatiotemporal resolution, during MRI scans.'®!' Contrast
switching with light in soft or heterogeneous materials and in
living tissues opens a number of applications in chemical
engineering and medicine, such as in situ studies of processes
during catalytic reactions,'>"* and the characterisation of mass
transport in heterogeneous polymers or elastomers® including
the monitoring of controlled drug delivery from polymer
gels.""” We now report on the synthesis and investigation of
molecular spin switches in aqueous solution (including human
serum), as well as in methanol and water based gels. We
investigate the properties of these materials towards applica-
tions in medical and material imaging. The synthesis of the
light-responsive but non-water-soluble Ni(i) porphyrins 1 and 2 is
established and their switching properties are investigated.'®™®
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Dendronised Ni(i) porphyrins as photoswitchable
contrast agents for MRI7

a

1st and 2nd generation glycerol dendrimers (H-G[1.0] and
H-G[2.0], Fig. 1) are well known to improve water solubility
even of highly hydrophobic compounds and were prepared as
described previously.'®>* The experimental procedures for the
introduction of the dendrimers are provided in Section SI of the
ESLt The protected dendronised Ni(u) porphyrins 1-G[1.1],
1-G[2.1], 2-G[1.1] and 2-G[2.1] are obtained in yields >70%.
The subsequent quantitative acetal deprotection yields the dendro-
nised Ni(u) porphyrins 1-G[1.0], 1-G[2.0], 2-G[1.0] and 2-G[2.0] (Fig. 1).
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Fig.1 Dendronised porphyrins 1-G[1.1], 1-G[1.0], 1-G[2.1], 1-G[2.0],
2-Gl[1.1], 2-GI[1.0], 2-G[2.1] and 2-G[2.0] were obtained by funtionalisation
of 1 and 2 (Section SI, ESIf). All molecules undergo light-driven
coordination-induced spin state switching (LD-CISSS) between the para-
magnetic 5-coordinate state and the diamagnetic 4-coordinate state
using green (495-530 nm) and blue light (420-435 nm) respectively.
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Although 1-G[1.0] and 2-G[1.0] already have 12 hydroxy groups, they
are not water soluble at all. The 1st generation glycerol dendrimer is
apparently too small and the hydrophobic character of the Ni(u)
porphyrin dominates the molecular property. In contrast, the
solubility characteristics of the 2nd generation dendronised
Ni(u) porphyrins 1-G[2.0] and 2-G[2.0] are dominated by the
hydrophilic dendrimer. The Ni(u) porphyrins exhibit an unlimited
miscibility with water and protic solvents such as methanol. The
2nd generation dendrimer efficiently prevents the aggregation of
the hydrophobic porphyrin cores leading to high solubility.
Further evidence for the non-aggregation is the absence of inter-
molecular coordination. The non-dendronised Ni(u) porphyrins 1
and 2 exhibit dimer formation (intermolecular coordination) and
thus, become paramagnetic with increasing concentration.'” This
process is unwanted because it reduces the efficiency of contrast
switching. The dimer formation can be investigated via "H-NMR
spectroscopy. The experiment was performed in DMSO-d; as it
is the only mutual solvent for 2 and 2-G[2.0]. An increasing
concentration of 2 gives rise to massive signal broadening and
shifting (Fig. 2, left). The bulky 2nd generation dendrimers
prevent the formation of dimers and the accompanying para-
magnetism. The "H-NMR signals of 2-G[2.0] are virtually
concentration-independent (Fig. 2, right). The remarkable solu-
bility characteristics obtained by dendronisation are a useful
tool for porphyrin chemistry in general with a broad variety of
applications.

All presented Ni(u) porphyrins undergo light-driven coordination-
induced spin state switching (LD-CISSS). The isomerisation of the
azopyridine changes the coordination number and thereby the
spin state of nickel. The thermodynamic stable ¢rans isomer
cannot coordinate intramolecularly. With a coordination number
of four, the Ni(u) porphyrin is diamagnetic and MRI silent (MRI
contrast off). The cis isomer coordinates intramolecularly. With a
coordination number of five, the Ni(u) porphyrin is paramagnetic
and MRI active (MRI contrast on). The two isomers interconvert
upon irradiation with green light (495-530 nm, trans to cis) and
blue light (420-435 nm, cis to trans). As presented previously,
the switching efficiency (difference between the minimum and
maximum amount of the isomers obtained by irradiation) of the
Ni(n) porphyrins strongly depends on the intramolecular coordina-
tion strength.'® While the cis to trans isomerisation with blue light is
reliably quantitative (>95%), the trans to cis isomerisation with
green light is facilitated by a strong intramolecular coordination.
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Fig. 2 Partial *H-NMR spectra (DMSO-de, 300 K) of 2 (left) and 2-G[2.0]
(right) at different concentrations. The signal broadening and shifting in
the case of 2 indicate increasing paramagnetism due to intermolecular
coordination. Dendronised 2-G[2.0] does not show a similar effect even at
higher concentrations.

This journal is © the Owner Societies 2019

View Article Online

PCCP

Ni(u) porphyrin 1 with pyridine as an axial ligand exhibits a
photostationary state (PSS) of 65% cis isomer (495 nm, acetone)."”
Ni(u) porphyrin 2 with the stronger binding 4-methoxy pyridine
exhibits a PSS of >95% cis isomer under the same conditions.'®**
Functionalisation with the glycerol dendrimers affects the binding
constant and thus influences the switching properties. The binding
constant is lowered because the electron withdrawing para fluorine
atoms are substituted by the electron donating glycerol dendrimer.
This affects the PSS of the derivatives of 1. The influence of the
acetal deprotection is minor and the generation of the dendrimer
has no influence at all. Thus, the switching efficiency has the order
of 1 > 1-G[1.1] = 1-G[2.1] > 1-G[1.0] = 1-G[2.0] (Fig. S1 left, ESI}).
This trend is not observed for the derivatives of 2 where PSS is
largely independent of the meso-substituent (switching efficiency:
2 = 2-G[1.1] = 2-G[2.1] = 2-G[1.0] = 1-G[2.0], Fig. S1 right, ESI{)
Apparently, the stronger binding of the para-methoxy pyridine
overcompensates the loss of binding affinity caused by the
dendrimers providing an almost quantitative photoswitching of
all five derivatives in organic solvents. However, switching MRI
contrasts of an aqueous solution is much more challenging. The
donor strength of pyridine ligands is drastically reduced due to
hydrogen bonding with water. Disappointingly, the switching
efficiency of 1-G[2.0] drops to almost zero when dissolved in
water. The most likely reason for this finding is that pyridine is
too weak a ligand and cannot coordinate to the Ni(i) porphyrin in
the presence of water. In contrast, 2-G[2.0] bearing the stronger
binding methoxy pyridine ligand retains a dia- to paramagnetic
switching efficiency of 19% (Section SIL.4, ESIt). This efficiency is
sufficient to perform MRI contrast switching in water (Fig. S13,
ESIt) and even in human serum (Fig. 3). 2-G[2.0] is the first
molecule performing LD-CISSS in aqueous solution and the first
MRI contrast agent that changes between a MRI silent and a MRI
active state upon light irradiation.'® The thermal half-life of cis
2-G[2.0] in water at body temperature (37 °C) is 39 days which is
more than sufficient for MRI applications (Section SIL.5, ESIt).

The relaxivity in water of 2-G[2.0] in its contrast-on-state is
0.03 s~ mM " (Section SIIL3, ESI). The poor performance is due to
the decreased switching efficiency in water, which allows a max-
imum concentration of 19% paramagnetic species (Section SIL4,
ESIt). The relaxivity of the contrast-on-state in methanol is much
better (0.191 s~ ' mM ™, Section SIIL3, ESIt) and similar to
previously presented non-dendronised Ni(n) porphyrins.'®
Improvement of the performance in water is the next step towards
the application of the photoswitchable Ni(u) porphyrins and can be
realised with even stronger ligands such as imidazole.***

The remarkable solubility characteristics of the dendronised
Ni(u) porphyrins allow the immobilisation in gels to investigate
the spatial resolution of the light-induced MRI contrast switching.
Previous attempts using 1 and 2 failed due to agglomeration and
poor solubility. The dendronised Ni(u) porphyrins 2-G[2.1] and
2-G[2.0] were incorporated with two different gels: (a) a methanol
based gel containing the gelator (+)-trans-1,2-bis(dodecylureido)-
cyclohexane®*”” and (b) an agar hydrogel. UV-vis spectroscopy
proves that the switching efficiency is not hampered by the gels.
LD-CISSS is as efficient as in solution (Fig. S2, ESIt). Diffusion of
the large molecules is slow and doesn’t affect the measurements.
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Fig. 3 MR image of 5 mM 2-GJ[2.0] solution in human serum irradiated with blue (435 nm, left) and green light (505 nm, right) respectively. The solutions
are kept in NMR tubes in an agar phantom. Experimental details are provided in Section SlII.2 of the ESI.{
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Fig. 4 Photographs and MR images of gels in cuvettes (
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30 x 10 x 1 mm) containing the switchable contrast agents. Left: Methanol gel containing Ni(i)

porphyrin 2-G[2.1] (0.8 mM), right: water based gel (agar) containing Ni porphyrin 2-G[2.0] (5.0 mM). (a) Before irradiation, (b) after irradiation with green
light (505 nm), (c) after irradiation with violet light (435 nm). The nominal resolution of the letters CAU (Christian Albrechts University) amounts to 0.33 x

0.33 x 1 mm. Experimental details are provided in Section SlII.2 of the ESI.{

To investigate the spatial resolution, we prepared a 0.8 mM
solution of 2-G[2.1] in the methanol gel. The gels were prepared
in cuvettes of the dimension 3.0 x 1.0 x 0.1 cm. The cuvette was
irradiated with green light (505 nm) for 1 min using a template
of letters CAU. Conversion to the paramagnetic cis isomer is
barely visible with the unaided eye (Fig. 4b, left). The MR-image
of the gel, however, clearly reveals the pattern (Fig. 4b). The gel
can be erased by irradiation with blue light and the sample can
be rewritten. Equivalent to the parent systems 1 and 2, the
dendronised Ni(ir) porphyrins show no sign of fatigue over many
cycles (Section SII.3, ESL;¥ >100000 cycles performed for 2
previously).'® The effect using 2-G[2.0] in a hydrogel (agar) is
similar but slightly less distinct. Due to the lower switching
efficiency a higher concentration (5 mM instead of 0.8 mM) is
required to obtain a similar contrast difference. The higher
concentration demands a longer irradiation time of 10 min (in
MeOH gel: 1 min). To the best of our knowledge the 2-G[2.1]
and 2-G[2.0] gels are the first light-writable and MRI-readable
materials. The writing can be clearly recognised by MRI proving
that we can address and read the contrast agent with a sub-
millimetre resolution.

24298 | Phys. Chem. Chem. Phys., 2019, 21, 24296-24299

Dendronised molecular spin switches based on photo-
switchable Ni(u) porphyrins were used to realise MRI contrast
on-off switching in aqueous solution and in human serum. No
sign of fatigue was observed after repeated switching cycles.
Both states are stable for weeks (thermal half-life of the on-state
is 39 days at body temperature). The incorporation of methanol
and water based gels does not impede the switching efficiency
with respect to the pure solvents. The gels are the first light-
writeable (and rewriteable) MRI-readable materials. With a
light addressable spatial resolution of ~200 pm, a number of
unprecedented applications in medical imaging, interventional
radiology and imaging of mass transport in soft and hetero-
geneous materials arises. Further studies are devoted to
improving the switching efficiency and relaxivity by the repla-
cement of the pyridine ligand by imidazole,** or by replacing
Ni?* with Fe*" within the porphyrin core.?®?°
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