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Nanotexaphyrin: One-Pot Synthesis of a Manganese Texaphyrin-
Phospholipid Nanoparticle for Magnetic Resonance Imaging
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Cheng S. Jin, Warren D. Foltz, Jonathan C. Irish, and Gang Zheng*

Abstract: The discovery and synthesis of novel multifunctional
organic building blocks for nanoparticles is challenging.
Texaphyrin macrocycles are capable and multifunctional
chelators. However, they remain elusive as building blocks
for nanoparticles because of the difficulty associated with
synthesis of texaphyrin constructs capable of self-assembly. A
novel manganese (Mn)-texaphyrin-phospholipid building
block is described, along with its one-pot synthesis and self-
assembly into a Mn-nanotexaphyrin. This nanoparticle pos-
sesses strong resilience to manganese dissociation, structural
stability, in vivo bio-safety, and structure-dependent T, and T,
relaxivities. Magnetic resonance imaging (MRI) contrast
enhanced visualization of lymphatic drainage is demonstrated
with respect to proximal lymph nodes on the head and neck
VX-2 tumors of a rabbit. Synthesis of 17 additional metallo-
texaphyrin building blocks suggests that this novel one-pot
synthetic procedure for nanotexaphyrins may lead to a wide
range of applications in the field of nanomedicines.

N anoparticles have been produced with a range of materi-
als, such as lipids," transition metals,”! inorganic salts,” and
even organic macrocycles.! The functions of these nano-
particles are usually unimodal, that is, one building block
leads to one particular function. As a result, nanoparticles are
commonly modified to include several building blocks, to
create “multifunctional” agents. This perceived “all-in-one”
approach does possess certain shortcomings, including
a requirement for multistep syntheses and purification,
complex toxicity studies for multiple components, and
potentially heterogeneous formulations that pose a challenge
for clinical translation.””! In contrast, an approach may be used
where a nanoparticle is composed of intrinsically multifunc-
tional building blocks. This simplified approach lowers trans-
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lation hurdles and allows for the discovery of new nanoscale
properties, unseen with individual monomers. However,
synthesizing such multifunctional building blocks, particularly
those made of organic molecules, presents significant techni-
cal challenges. An example of organic multifunctional build-
ing blocks are porphyrin-lipids, which are capable of forming
nanovesicles (porphysomes).*) Porphysomes are applicable in
photothermal therapy, photoacoustic imaging, activatable
fluorescence imaging, and photodynamic therapy.l! Addi-
tionally, they are capable of chelating **Cu in a stable fashion
and consequently serve as a PET agent in vivo.”! While these
porphyrin building blocks possess attractive traits suitable for
in vivo applications, their propensity for stable metal chela-
tion is primarily limited to dications. This again stresses the
need for the discovery of new, organic-based multifunctional
building blocks that are synthetically attainable.

Texaphyrins are pentaaza Schiff base macrocycles that are
related to porphyrins. In comparison with the 4-coordination
pocket available in porphyrins, texaphyrins are capable of
binding metals in an “expanded” 5-coordination pocket. With
a demonstrable capacity to form 24 different stable 1:1
complexes with metal cations, applications of texaphyrins
have been demonstrated in cancer therapy and imaging.”’
Absorbing strongly in the near-infrared range (700-900 nm),
texaphyrins uniquely offer in vivo excitation. Additionally,
texaphyrins exhibit selectivity to tumors and tolerable toxicity
profiles in human subjects.®) Moreover, changing the centrally
coordinated metal in the texaphyrin core allows texaphyrin
functionality to be tuned. Efforts have been made to
incorporate texaphyrins into nanoparticles, such as the
encapsulation of gadolinium-texaphyrin (GdTx) in nano-
particles for invivo MRIL! and hyperthermia agents."”
However, the use of texaphyrins as nanoparticle building
blocks has not been reported. The discovery and synthesis of
a texaphyrin-based building block capable of nano-assembly
will enable the use of dozens of medically relevant metal ions
in a single building block nanoparticle, thus unleashing the
metal chelating power of texaphyrin for use in nanomedicines.

Our first venture into nano-assembly of a metallo-texa-
phyrin library started with the synthesis of a manganese Mn-
texaphyrin-phospholipid building block. Paramagnetic Mn is
a potent MRI contrast agent that causes strong reduction of
both T, and T, relaxation time constants in tissue. Many
chelation strategies have been developed to improve Mn
delivery, including 1)invivo stability, 2) bio-safety, and
3) contrast enhancement. Porphyrins have been used as
a promising chelating macrocycle for Mn,"" providing fairly
stable complexes in vivo, while possessing efficacious contrast
enhancement (mostly in the context of T;).'”) The success of
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direct incorporation of Mn into the porphyrin lipid building
blocks of porphysome nanoparticles imparted MRI sensitivity
while improving photostability and providing nanostructure
dissociation-driven signal enhancement. The larger architec-
ture and stronger coordination (5-coordination state) of
texaphyrin in comparison with traditional porphyrins
(4-coordination state) could lead to more stable Mn-based
chelation with new properties, such as improved stability and
relaxivity.

Synthesis of texaphyrin-phospholipid failed repeatedly
following previous reports for porphyrin-phospholipid syn-
theses by conjugation between an exocyclic porphyrin
carboxylate and the hydroxy group of a lipid."! We developed
a novel synthetic strategy by building a core C16-LysoPC
conjugated o-phenylenediamine, which subsequently under-
went a 1:1 Schiff base condensation with a tripyrrane
dialdehyde. A five-carbon spacer is placed between the o-
phenylenediamine and phospholipid, predictably aiding in
favorable self-assembly interactions, such as van der Waals!®
and cation-alkane interactions.™! The detailed synthetic
methods for texaphyrin-phospholipid and subsequent Mn
chelation will be reported elsewhere. Herein, we introduce
the one-pot synthesis and self-assembly of Mn-texaphyrin-
phospholipid. Mn was able to instantaneously chelate to
texaphyrin-phospholipid upon addition of an organic base
(such as triethylamine) at temperatures as low as —20°C.
Remarkably, the reaction was quantitative, requiring no
additional purification after solvent removal. This high
quantitative and efficient labelling protocol makes our
texaphyrin-phospholipid conjugate suitable for radioisotope
labelling, particularly *Mn (PET ¢, =5.591d, 8 +=29.6%,
E(f+)max=0.576 MeV), enabling potential applications as
a dual-modal PET/MRI imaging agent."” The UPLC-MS
results (Figure 1) confirmed the texaphyrin-phospholipid
structure, presenting the predicted masses for both free-base
texaphyrin-phospholipid ~ conjugate  (m/z  caled for
Ce1HosNOoP [M]" 1087.44, found 1088.00) and Mn-texa-
phyrin-phospholipid conjugate (mlz caled for
Ce;HooMnN,O,P [M]* 1137.34, found 1136.8). The resultant
Mn-texaphyrin-phospholipid, with an extinction coefficient of
£451=23,400m ' cm " and &5,3 =10,600m ' cm !, subsequently
self-assembled into the corresponding Mn-nanotexaphyrins
(Figure 1). The formulation for these particles included
40 molar % cholesterol and 5 molar % 1,2-distearoyl-sn-glyc-
ero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-
2000] (DSPE-2KPEG), to improve in vivo pharmacokinet-
ics."! These particles were monodisperse and were around
100 nm in size.

We evaluated Mn-nanotexaphyrin at a field strength of
7 T. The longitudinal (r,) and transverse (r,) relaxivities were
determined by plotting the inverse relaxation time against the
Mn-texaphyrin-phospholipid concentration (Figure 2). Intact
Mn-nanotexaphyrins showed a dose-dependent increase in
both T,- and T,-weighted images, where marked increases in
positive (T;) and negative (T,) contrast enhancement were
observed. A calculated r;, of 0.81 mM~'s™! was determined for
intact Mn-nanotexaphyrins (Figure 2a). Geometric calcula-
tions for vesicles 100 nm in diameter, composed of phospha-
tidylcholine headgroups, indicate that there are roughly
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Figure 1. One-pot synthesis and self-assembly of Mn-nanotexaphyrin.
The absorption spectra and corresponding mass spectra of texaphyrin-
lipid and Mn-texaphyrin-lipid. Dynamic light scattering size and trans-
mission electron microscopy (TEM) of Mn-nanotexaphyrin. Key: 1) tex-
aphyrin-lipid, Mn(OAc), in methanol; 2) Mn-texaphyrin-lipid; 3) lipid
film; 4) Mn-nanotexaphyrin; A) NEt; at 0°C; B) DSPE-2KPEG, choles-
trol, evaporation; C) hydrated with PBS, self-assembly.

8x10* texaphyrin conjugates per nanotexaphyrin. Since
each texaphyrin in our Mn-nanotexaphyrin constitutes
a stable 1:1 porphyrin:metal chelation, this equates to each
Mn-nanotexaphyrin carrying approximately 8 x 10* Mn" ions
(r, of 6.48x10*mmM's™! per nanoparticle). We also inves-
tigated whether the supramolecular structure of Mn-nano-
texaphyrins affected the longitudinal relaxivities by possible
hindrance of the accessibility to water protons in the
surrounding environment. After dissociating the Mn-nano-
texaphyrins into individual monomers in PBS containing
0.5% Triton X-100, a calculated r, of 0.99 mM's™' was
established, indicating a 22 % enhancement in comparison to
the self-assembled construct. The high loading of Mn" in each
individual nanoparticle, coupled with enhanced delivery and
selectivity to neoplastic tissues by the enhanced permeability
and retention effect,!'” could offer advantages that are
unattainable when individual monomers are used.

The transverse relaxivity properties of Mn-nanotexaphyr-
ins were also evaluated and compared to the corresponding
dissociated individual monomers. Intact Mn-nanotexaphyrins
demonstrated an r, of 13.59 mm's™" at 7 T. Following the
same geometric calculations as previously mentioned, each
Mn-nanotexaphyrin (100 nm in diameter) possesses an r, of
1.09x 10°mm~'s™!. Dissociating Mn-nanotexaphyrins into
individual monomers lead to a calculated 1, of 820 mm's™?,
a 60 % decrease from that of intact Mn-nanotexaphyrins. This
observation is in accordance with previous reports, which
indicate that increasing particle size leads to increases in r,."!
The effect is presumably caused by an increase in the relative
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in R, (Figure2d). Instead,
a slight initial increase in R,
was observed in the presence
of FBS (compared to the sample
in PBS), indicating that Mn-
nanotexaphyrin particles might
form a protein corona, where
a larger particle size induces an
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Figure 2. Solution-based MRI evaluation at high field strength (7 T) for both T, and T, relaxation.
Quantitative a) T, and b) T, maps of Mn-nanotexaphyrin at varying concentrations in solution with
corresponding plots of measured R, (1/T;) and R, (1/T,) values along with fitted linear regression lines
and relaxivity values, respectively. ) Manganese chelation stability in serum (50% FBS) for 24 and 48 h

(n=5). d) Serum stability based on T, relaxation times.

saturation magnetization with increasing particle size, a cor-
relation demonstrated in ferrites and iron-based nanoparti-
cles.")

Mn-nanotexaphyrins maintained stable chelation to Mn in
the presence of fetal bovine serum (FBS). Stability was
evaluated by UPLC-MS, which allows a clear distinction to be
made between free-base texaphyrin-phospholipid and Mn-
texaphyrin-phospholipid by absorption spectroscopy and
mass spectrometry. The stability of Mn-chelation to nano-
texaphyrin was 99.5 £ 0.8 % and 98.8 0.8 % after 24 and 48 h
in 50% FBS, respectively, thus demonstrating the strong
affinity of Mn for the texaphyrin macrocycle chelator (Fig-
ure 2¢). Since Mn-coordination causes the “sp>-texaphyrin”
to become fully aromatic when chelating a metal ion, the
thermodynamic favorability of aromaticity might contribute
to the strong affinity of texaphyrin for Mn, and resilience to
Mn dissociation. The structural stability of Mn-nanotexa-
phyrin in serum was evaluated by T,-weighted imaging, where
structural degradation can be observed in relation to a drop in
R, values, as previously mentioned.

Mn-nanotexaphyrin in 50 % FBS was shown to possess
structural stability for up to 48 h, with no significant decrease
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adjacent  metastatic  lymph
node (Figure 3). As a proof of
concept, the images support the
notion that Mn-nanotexaphyrin
drains from the injection site
towards the Ilymph node,
thereby providing contrast en-
hancement in this area. Addi-
tionally, while still a proof of concept, these results highlight
the potential utility of Mn-nanotexaphyrin for in vivo imaging
as an MRI contrast agent for SLN biopsy procedures.
Subsequently, we evaluated the bio-safety of Mn-nano-
texaphyrin in vivo, establishing whether this stability trans-
lated to invivo tolerability and bio-safety. We performed
a toxicity study to evaluate the potential for Mn-nanotex-
aphyrin acute toxicity effects (Supporting Information, Fig-
ure S1). Healthy female BALB/c mice (n=5) were injected
with a high dose (10 mgkg™') of Mn-nanotexaphyrin. After
24 h mice were sacrificed and the blood collected by cardiac
puncture. Blood was collected from a control group of mice of
the same age and gender, and was used as a reference for the
tested parameters. We also demonstrated that treatment with
a high dose of Mn-nanotexaphyrin does not affect the level of
diagnostically significant liver enzymes. Counts of red blood
cells and heme level did not change significantly, demonstrat-
ing unaffected physiological regulation of endogenous por-
phyrins. No change in white blood cell counts indicates that
Mn-nanotexaphyrin is non-immunogenic in the acute phase.
Major organs from the control and experimental groups of
animals were harvested and sent for histopathology analysis

Time / h
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Figure 3. T,- and T,-weighted imaging of the tumor site (top) and
lymph node (bottom) of a head and neck VX-2 rabbit tumor. Mn-
nanotexaphyrin (8 mgmL™", 1.5 mL), was injected subcutaneously in
the area surrounding the tumor. After 2 h, T;- and T,-weighted imaging
was performed on a 7 T preclinical MRI system, showing enhanced
visualization of lymphatic drainage from the tumor site to adjacent
lymph nodes. Sagittal T;- and T,-weighted imaging of the head and
neck area is shown for, T, (pre-injection), T, (post-injection), and T,
(post-injection) of the tumor site (top) and the cervical metastatic LN
(bottom). Clear signal enhancement was detected after injection of
Mn-nanotexaphyrin demonstrated lymphatic drainage (yellow arrows).

(Figure 4), further demonstrating that Mn-nanotexaphyrin
does not exhibit acute toxicity effects 24 h post-injection.

To broadly expand the purview of nanotexaphyrin utility,
we further synthesized a library of 17 additional different
metal-texaphyrin-phospholipid conjugates (detailed synthe-
ses will be reported elsewhere). A large and diverse nano-
texaphyrin library (Figure 5) was generated in this way, with
each centrally coordinated metal-texaphyrin-phospholipid
possessing its own unique, intrinsic properties, and potential
applications in radiotherapy, radiosensitization, PET and
SPECT imaging, MRI, photodynamic therapy, and fluores-
cence imaging. Moreover, these metal-texaphyrin-phospholi-
pids can be combined to create mixed nanotexaphyrins with
multifunctionality.

The formation of a new nanoparticle building block, and
a proof of concept demonstration of the utility of a single
nanotexaphyrin, highlights the potential of this nanotechnol-
ogy. Promising results for the intrinsic r; and r, properties of
Mn-nanotexaphyrin will prompt further evaluation and
optimization of these contrast agents for in vivo imaging,
and in so doing reveal the potential of these organic nano-
particle-based agents. Facile synthesis of Mn-nanotexaphyrin
by one-pot self-assembly makes them suitable for future
applications in **Mn PET imaging, expanding the utility of
these agents beyond the field of MRI. This method offers new
opportunities in nanomedicine, and addresses a need for
innovative, organic-based, multifunctional building blocks,
enabling the discovery of new nanoscale properties unseen
with individual monomers.
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Figure 4. Representative haematoxylin and eosin stained sections of
indicated mice organs 24 h after intravenous injection of 10 mgkg™
Mn-nanotexaphyrin or PBS (control). Scale bar=100 nm.
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Figure 5. The texaphyrin-phospholipid conjugate chelation library. Ele-
ments demonstrated to have stable 1:1 chelation are displayed in bold.
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Experimental Section

One-pot formation of Mn-nanotexaphyrin: Free-base texaphyrin-
phospholipid conjugate (60 mg, 55.18 umol) and Mn(OAc),-4H,O
(13.52 mg, 55.18 umol) in anhydrous MeOH (10 mL) were added to
a reaction vessel and cooled to 0°C. Subsequently, triethylamine
(76.71 uL, 551.75 pmol) was added, whereupon an instant color
change from light red to deep green was observed, indicating
instantaneous chelation of Mn. Cholesterol (14.83 mg, 40 mol %)
and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(po-
lyethylene glycol)-2000] (DSPE-2KPEG, 13.46 mg, 5mol%) were
introduced and the solvent removed under high vacuum, resulting in
formation of a film. Films were rehydrated with PBS (30 mL),
subjected to eight freeze-thaw cycles, and extruded with a 100 nm
polycarbonate membrane at 75°C. Mn-nanotexaphyrin size was
determined with a Nanosizer ZS90 (Malvern Instruments). TEM
images were collected using an FEI Technai 20 microscope with
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200 kV accelerating voltage (and 150000x magnification). Samples
were deposited on carbon-coated copper grids and incubated with
2% uranyl acetate stain to introduce image contrast. Fluorescence
quenching of Mn-nanotexaphyrin was characterized using a Fluoro-
max fluorometer (Horiba Jobin Yvon). Mn-nanotexaphyrin solutions
in PBS (intact particles), and PBS with 0.5% Triton-X100 (nano-
structure disrupted samples), were excited at 460 nm and fluores-
cence emission spectra collected from 600-800 nm. The area under
the emission peak was integrated and values from intact and
dissociated nanoparticles compared.
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