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Abstract

Liposomes containing high-spin Fe(lll) coordination complexes were prepared towards the
production of T; MRI probes with improved relaxivity. The amphiphilic Fe(lll) complexes were
anchored into the liposome with two alkyl chains to give a coordination sphere containing
mixed amide and hydroxypropyl pendant groups. The encapsulated complex contains a
macrocyclic ligand with three phosphonate pendants, [Fe(NOTP)]3, which was chosen for its
good aqueous solubility. Four types of MRI probes were prepared including those with
intraliposomal Fe(lll) complex (LipoA) alone, amphiphilic Fe(lll) complex (LipoB), both
intraliposomal and amphiphilic complex (LipoC) or micelles formed with amphiphilic complex.
Water proton relaxivities r; and r, were measured and compared to a small molecule
macrocyclic Fe(lll) complex containing similar donor groups. Micelles of the amphiphilic Fe(lll)
complex had proton relaxivity values (r; = 2.6 mMs-1) that were four times higher than the
small hydrophilic analog. Liposomes with amphiphilic Fe(lll) complex (LipoB) have a per iron
relaxivity of 2.6 mM-1st at pH 7.2, 34 °C at 1.4 T whereas liposomes containing both amphiphilic
and intraliposomal Fe(lll) complexes (lipoC) have r; of 0.58 mM-s on a per iron basis
consistent with quenching of the interior Fe(lll) complex relaxivity. Liposomes containing only
encapsulated [Fe(NOTP)]3 have a lowered r; of 0.65 mM-1s1 per iron complex. Studies show
that the biodistribution and clearance of the different types liposomal nanoparticles differ

greatly. LipoB is a blood pool agent with a long circulation time whereas lipoC is cleared more
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rapidly through both renal and hepatobiliary pathways. These clearance differences are

consistent with lower stability of LipoC compared to LipoB.

Introduction

Paramagnetic liposomes have been studied extensively as contrast agents for the
modulation of water proton relaxation in T; weighted magnetic resonance imaging (MRI).13
Such liposomal agents amplify water proton relaxation by incorporation of tens of thousands of
paramagnetic complexes, generally Gd(lll)-based, per particle.* This amplification serves to
increase the contrast signal to noise produced by probes, facilitating their use in challenging
applications in molecular imaging.> > For example, liposomal MRI probes with high relaxivity
may be functionalized by attachment of recognition moieties such as oligopeptides, proteins,
antibodies, and target-specific phospholipids. Such targeted liposomes have been used for
molecular imaging including to image tumor endothelium with cyclic RGD peptides,® to target
endothelial integrins that are overexpressed in tumors, and as tools for imaging angiogenesis.”
Paramagnetic liposomes also serve as drug carriers that can be tracked for monitoring drug

distribution and release for MRI guided drug delivery.!

Paramagnetic metal complexes incorporated into liposomes are most commonly Gd(lll)
complexes.*® Gd(lll) containing liposomes have been studied as T, and T, agents as well as
liposomal CEST agents.? While Gd(lll)-based probes show promise in molecular imaging
through the incorporation of targeting moieties or activatable ligands,'° paramagnetic
transition metal complexes bring another level of responsiveness to molecular imaging through
their ability to change oxidation states, spin states and their unique solution chemistry.11-13
Moreover transition metal complexes, especially those of high-spin Mn(ll) and Fe(lll) are of
interest as alternatives for Gd(lIl) agents given that both metals are biocompatible and both
have an electronic configuration that enables their development as T, agents.1 12,1416 Co(ll)
and Cu(ll) have less favorable properties as T, agents,’” and most studies of these metal ions
feature applications as redox-responsive agents.'> 18 Fe(lll) agents in particular are of interest
for further development in light of the body’s ability to sequester, store and recycle iron.'®

While Mn(ll) agents have been used in humans in early studies and improved versions are
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under development,?° studies of Fe(lll) complexes as MRI contrast agents has lagged behind.
Fe(lll) complexes were investigated in early studies of MRI contrast agents,?! but interest
decreased as Gd(lll) agents were developed. Interest in Fe(lll)-based MRI probes has increased
recently with several new reports highlighting the challenges of their development as

coordination complexes!? 12.14,15,22,23 3nd in nanostructures.?*

Our laboratory focuses on the development of transition metal MRI probes, including

CEST agents (Fe(ll), Co(Il) and Ni(ll)),*> 2> liposomal CEST agents?® and relaxivity agents such as
high-spin Fe(lll) complexes.'? The development of Fe(lll) based agents has many challenges
including overcoming low water solubility and lowered relaxivity'? 27-2° and complicated
solution chemistry.39 Recently, we reported on an Fe(lll)-based liposomal MRI probe that was
studied in solution and in mice.?® Our study featured macrocyclic complexes of Fe(lll)
containing hydroxypropyl pendants that are effective in promoting second-sphere water
interactions. One Fe(lll) complex had an amphiphilic tail and hydroxypropyl pendants and the
encapsulated complexes contained only hydroxypropyl pendants. This study was one of the
first reported liposomal agents containing Fe(lll) coordination complexes. However, the
encapsulated Fe(lll) complexes used in this earlier study were cationic (Figure 1), and clear very
slowly from mice with substantial kidney retention even after 4 hours.?® Moreover, the
amphiphilic complex was attached via a single alkyl chain by using a ring opening reaction to
produce a mixture of stereoisomers, an undesirable characteristic for the study of MRI probes.
An earlier study reported on liposomal Fe(lll) agents of polyaminocarboxylate ligands that were
unstable and aggregated in solution.3? A more recent study featured an Fe(lll) complex of
succinyl-deferoxamine loaded into the interior of the liposome that was released by high
intensity ultrasound heating of the tumor.32 This study illustrated the propensity of liposomes
to accumulate in tumors by extravasation through the leaky endothelial cell barrier. Such
properties make liposomes ideal nanocarriers for imaging tumors and the delivery of anticancer
drugs.l 33

Paramagnetic complexes encapsulated in the interior of liposomes show reduced
relaxivity compared to free paramagnetic metal ion complexes due to quenching of water

proton relaxation by limited exchange of water across the bilayer.34 3> Incorporation of
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amphiphilic agents into the bilayer is one approach to increase the relaxivity per particle due to
direct interaction of the complex with the bulk water from the complexes on the exterior of the
liposome.3%3% Here we present the first Fe(lll) amphiphilic coordination complex with a two
alkyl chain anchor connected by way of a synthetically versatile amide linkage and compare the
relaxivity of the liposomal and analogous non-liposomal Fe(lll) complex to assess the effect of
incorporation into the liposome. In addition to the liposomes, micelles of this amphiphilic
Fe(lll) complex are prepared and compared as MRI probes. Micelles have the advantage of
being simple nanoparticles of 10-50 nm with a core-shell architecture.

To further increase per particle relaxivity and to explore the effect of an encapsulated
iron-based MRI probe on liposomal clearance, an anionic Fe(lll) complex was loaded into the
interior of liposomes with or without an amphiphilic Fe(lll) complex in the bilayer. The anionic
complex, [Fe(NOTP)]?> has slightly reduced relaxivity compared to the cationic complex,
[Fe(NOHP)]?* studied previously, but has a different biodistribution and clearance pathway.3”
The new liposomal agents are studied for biodistribution in mice with CT26 colorectal cancer
tumor models. The three types of liposomes show differences in biodistribution and clearance
that may be useful for further development of agents that contain encapsulated probes. For
example, studies here focus on stabilized trivalent iron complexes as cargo to track their
biodistribution by MRI, but future applications with the encapsulation of responsive contrast
agents in liposomes are of interest. Such dual-labeled liposomes may provide new types of MRI

probes.
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Figure 1. Iron(lll) complexes discussed in this study with speciation shown at neutral pH.

LipoA LipoB LipoC

Figure 2. Pegylated liposome types studied here with a) [Fe(NOTP)]3- complex (orange spheres)
incorporated into the liposomal lumen, b) [Fe(TOAL)]?** (purple spheres) incorporated into

bilayer or c) [Fe(NOTP)]3- incorporated into lumen and [Fe(TOAL)]?* incorporated into bilayer.
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2. Experimental and methods section

2.1 Instrumentation. A Varian Inova 500 MHz NMR spectrometer (11.7 T) equipped with FTS
Systems TC-84 Kinetics Air Jet Temperature Controller or a Bruker Neo 500 MHz spectrometer
was used to collect 'H NMR spectra. 3C NMR spectra were acquired using a Varian Mercury
300 MHz, 400 MHz NMR spectrometer, or a Bruker Neo 500 MHz spectrometer. Proton
relaxivity experiments were performed at 1.4 T (34 °C) on a Nananalysis NMR spectrometer, at
4.7 T, or on a Bruker preclinical MRI scanner or at 9.4 T, or on a Varian Inova 400 MHz NMR
spectrometer at variable temperatures. All pH measurements were made by utilizing an Orion
8115BNUWP Ross Ultra Semi Micro pH electrode connected to a 702 SM Titrino pH. Thermo
Fisher Linear lon Trap (LTQ) LC/MS equipped with a Surveyor HPLC system was used to for mass
spectrometry data of the complexes. Iron concentration was determined by using a Thermo X-
Series 2 ICP-MS and UV-vis spectrometry as reported.?® 38 A Zetasizer instrument from Malvern

Panalytical Ltd. was used for DLS measurements of liposomal size and zeta potential.

2.1 Reagents. DPPC, DSPE-PEG2000, and cholesterol were purchased from Avanti Polar Inc.
(Alabaster, Al, USA). (S)-(-)-Propylene oxide; N,N-dimethyl-2-chloro acetamide, N,N-
dioctadecylamine were purchased from Sigma-Aldrich and 2-chloro acetyl chloride was
purchased from Acros Organics in USA. N, N-Diisopropylethylamine (DIPEA) was purchased
from BeanTown Chemical. Ferrous chloride tetrahydrate was purchased from Alfa Aesar and
ferrous bromide anhydrous was purchased from ThermoFisher Scientific. The NOTP ligand and
its iron complex, Nas[Fe(NOTP)] was prepared as reported.3” 2-chloro-N,N-dibenzylacetamide
was synthesized as previously reported by Bernier et al.3® (25,2'S)-1,1'-(1,4,7-triazonane-1,4-

diyl)bis(propan-2-ol) (0.060 mmol) was prepared as reported.?”- 40

2.2 Synthesis of ligands and complexes

2.2.1 Synthesis of N,N-distearoyl-2-chloro acetamide and TOALH ligand. In a 250 mL round-
bottom flask, 1 mmol of N,N-dioctadecylamine was dissolved in 150 ml acetonitrile :
dichloromethane (70:30) mixture at 55 °C and 4-5 equivalent of dipotassium phosphate (K,HPQO,)

was added to this solution. 1.05 mmol (1.05 eq) of 2-chloro acetyl chloride was diluted in 25 ml
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dichloromethane at room temperature and slowly added to the dissolved N,N-
dioctadecylamine solution over an hour at 55-60 °C. The solution was stirred at 60 °C for a day.
Then the solution was filtered and the solid was washed with chloroform. The filtrate was dried
under reduced pressure and a white solid was recovered as residue. It was partitioned in water
and chloroform. The chloroform layer was dried with anhydrous sodium sulfate, filtered and
removed under reduced pressure. This yielded N,N-distearoyl-2-chloro-acetamide as white
solid (98-99%). The product was characterized using 'H NMR and 3C NMR (Figure S1a and S2a).
1H NMR: (400 MHz, CDCl3): 6 4.04 (2H, CICH,-CONR;), 6 0.87 (6H, -CH3) and 6 1.24, 1.25, 1.28,
1.54, 3.25, 3.30 (protons of two carbon chains). 3C NMR (400 MHz, CDCl5): 6 14.13 (2C, -CHs),
22.70 (2C, -CH,CH3), 6 41.31 (1C, CICH,-CONR;), 6 46.26, 48.33 (2C, -CON(CH2-Cy7H3s),) and 6
26.87, 26.92, 27.36, 29.15, 29.32,29.38,29.40,29.53,29.55, 29.57, 29.60, 29.63, 29.67, 29.71,
31.94 (30C, -CH, long chain carbons).

TOALH ligand. (2S,2'S)-1,1'-(1,4,7-triazonane-1,4-diyl)bis(propan-2-ol) (126 mg, 0.51 mmol) was
dissolved in 100 ml of an acetonitrile : dichloromethane (70:30) mixture. To this solution, 245.8
mg (0.8Eq, 0.41 mmol) of N,N-distearoyl-2-chloro-acetamide and 4-5 equivalent DIPEA were
added and the solution was stirred for 2 days at 70 °C. The reaction mixture was dried,
dissolved in chloroform and washed with a 0.5 M sodium hydroxide solution. The chloroform
layer was washed with water twice and then dried using anhydrous sodium sulfate, filtered and
the filtrate was dried under reduced pressure to yield 2-(4,7-bis((S)-2-hydroxypropyl)-1,4,7-
triazonan-1-yl)-N,N-dioctadecylacetamide, the TOAL ligand, as a solid in 98-99% yield with
respect to the amount of N,N-distearoyl-2-chloro-acetamide reagent. The product was
characterized using ESI-MS, *H NMR, 3C NMR. A scheme for the synthesis of (25,2'S)-1,1'-(1,4,7-
triazonane-1,4-diyl)bis(propan-2-ol) and N,N-distearoyl-2-chloro-acetamide are shown in
supplementary scheme S1. ESI-MS: m/z 808.02 (M+H*, 100%), where M = TOAL ligand. The ESI-
MS and NMR spectra are shown in the supporting information. *H NMR: (400 MHz, CDCls): 6
5.34 (2H, -OH), 6 2.71 (4H, -CH,-NH- hydroxypropyl alcohol pendants), 6 3.07, 2.89 (2H, -CH
alcohol pendants), 6 3.20 (2H, -NHCH,-CONR; amide pendant), 6 2.44 (12H, -CH, macrocycle), §
1.05 (6H, -CHs3) and 6 0.87, 1.24, 1.28, 1.39, 1.41, 1.49, 1.51, 1.64, 3.24, 3.28 (protons of two
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long carbon chains). 3C NMR (400 MHz, CDCl5): 6 14.10, 22.67 (2C, -CH3), 6 51.01 (6C,
macrocycle ring), § 74.92, 70.34 (3C, -CH alcohol pendent), 6 67.34, 64.61 (3C, -CH,-NH- alcohol
pendents), and 6 37.81, 33.14, 31.91, 29.67, 29.35, 25.53 (15C, -CH, long chain carbon).

2.2.2. Synthesis of [Fe(TOAL-H*)]Cl. The iron(lll) complex was synthesized by dissolving the
TOAL ligand (0.4 mmol) in 15 mL ethanol and heating the solution to 55-60 °C. Iron(ll) chloride
tetrahydrate (1.05 equivalent) was dissolved in ethanol (2-3 mL) and was added dropwise to
the ethanolic ligand solution. The solution was allowed to stir for 2 days and the iron complex
precipitated as a yellow solid. The iron complex was isolated by filtration and the resulting
powder was washed with ethanol at room temperature. The iron complex was isolated as a
brownish-orange solid in 85% yield. ESI-MS of [Fe(TOAL-H*)].CI- : m/z = 861.56 [M*], where M*
= [Fe(TOAL-H*)]*. Fe content of the solid was determined using ICP-MS calculated for
[Fe(TOAL-H+)]Cl: 6.24%, found: 6.46%.

2.2.3. Synthesis of TOABH. In a 50 mL round bottom, (2S,2'S)-1,1'-(1,4,7-triazonane-1,4-
diyl)bis(propan-2-ol) (0.060 mmol) was dissolved in 10 mL absolute ethanol. The 2-chloro-N,N-
dibenzylacetamide (0.075 mmol, 1.25 equiv.) was added to this solution along with five
equivalents of sodium carbonate. The mixture was stirred at 70 °C for 16 hours. Sodium
carbonate was removed via filtration and the ethanol was removed using a rotary evaporator.
The resulting crude yellow oil was dissolved in 35 mL of 1 M HCl and washed with anhydrous
ethyl ether (5 x 35 mL). The acidic solution was neutralized with NaOH pellets, dried to produce
a yellow oil (Yield 49.5%), and then characterized using ESI-MS, 'H NMR, 13C NMR. ESI-MS: m/z
483.67 (M + H*, 100%), 505.50 (M + Na*, 10%) where M equals the TOAB ligand. *H NMR: (500
MHz, MeOD): 6 1.04 (6H, -CHs), 6 2.72, 3.86 (4H, -CH,-NH- hydroxypropyl pendants), 6 2.98
(12H, -CH, macrocycle), 6 3.72 (2H, -CH hydroxypropyl pendants), 6 3.86 (2H, -CH,-amide), 6
4.44, 4,58 (4H, -CH,-benzyl), 6 7.32 (10H, -CH benzyl). 3C NMR: 6 17.01 (2C, CHs), 6 49.10,
49.40 (2C, -CH,-benzyl), 6 49.58, 50.05, 50.64, 51.18, 54.84 (6C, -CH, macrocycle), 6 56.93 (1C, -
CH,-amide), 6 62.73, 62.84 (2C, -CH, hydroxypropyl pendants), 6 63.20, 63.51 (2C, -CH
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hydroxypropyl pendants), § 126.25, 127.22, 127.40, 127.81, 128.36, 128.73 (10C, -CH, benzyl), 6
136.40, 136.86 (2C, -C- benzyl), 6 172.35 (1C, -CO).

2.2.4. Synthesis of [Fe(TOAB)]Br,. The TOAB ligand (0.023 mmol) was dissolved in 3 mL of
double distilled water. This solution was heated to 50 °C and the pH was monitored to ensure it
was between 5.5 and 6.5. Iron (Il) bromide anhydrous (0.023 mmol, 1 equivalent) was dissolved
in 3 to 5 mL of double distilled water and added dropwise to the ligand solution. The solution
was stirred for 18 hours after which time the water was removed using a rotary evaporator. The
yellow oil was redissolved in 2 =3 mL of ethanol and a white solid was removed by
centrifugation. To the dark orange ethanolic solution, 15 mL of anhydrous ethyl ether was
added, to give a solid. The solid was collected via centrifugation and washed 3 times with ethyl
ether to produce a light orange solid in 51% yield. ESI-MS: m/z 536.25 (M, 100%) where M* =
[Fe(TOAB-H*)]*. Fe content of the solid was determined using ICP-MS calculated for
[Fe(TOAB)]Br,: 8.03%, found: 7.31%.

2.3 Magnetic susceptibility. The effective magnetic moments (p.s,) of the Fe(lll) complexes or
paramagnetic liposomes were determined by 'H NMR by using the Evans method.** Samples
were prepared using a coaxial NMR insert which contained the diamagnetic standard of 5 % t-
butanol in D,0 or CDCl;. The effective magnetic moments of Fe(lll) complexes is used to
confirm molecular weight and to determine the concentration of Fe(lll) complexes in the

liposomes as reported previously.?®

2.4 Liposome preparation and characterization.

2.4.1 Liposome Type A (LipoA) was prepared using the Mozafari method with some
modification.*? The hydration solution contained 40 mM of iron(Ill) complex at pH 6.8-6.9; with
the pH adjusted using a 1 M NaOH solution and a total lipid concentration of 40 mM. The lipids
were composed of DPPC : cholesterol : DSPE-PEG2000-NH, with a molar ratio of 77 : 15 : 8.
First, cholesterol was added to a 1-dram glass vial with 3% (v/v) glycerol in the hydration

solution, sealed with clear polyethylene film and capped in an airtight vial. This suspension was
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stirred at 1000 rpm at 110-115 °C for 20 minutes, then the other two lipids were added and
stirred at 60 °C for an hour, left standing without stirring at 55 °C for two hours and then cooled
to room temperature without disturbing the solution. The resulting liposome suspension was
passed 7-10 times at 60 °C through two sequentially stacked polycarbonate membranes of 400
nm pores using an Avanti mini-extruder with heating block. The 400 nm polycarbonate
membranes were separated and supported by three 10 mm polyester drain discs by placing
them alternately inside a mounting block of the extruder. After extrusion, the liposomal
samples were allowed to cool to room temperature. The next extrusion process was carried out
through 200 nm and then through 100 nm polycarbonate membranes to obtain 100 nm
extruded liposomes following the same protocol and setup for 400 nm membrane. About 50 pL
of extruded liposomes were removed for analysis by UV-vis spectrometry, ICP-MS and DLS prior
to sample dialysis. The extruded liposomes were placed inside 10 KDa dialysis tubes for dialysis
in solutions separately for 24 hours at 4 °C to wash away unencapsulated hydrophilic Iron
complex present in the liposomal suspension at 300 mOsm/L NaCl. A Dynamic Light Scattering
(DLS) instrument was used to measure the size and zeta potential of the liposomes by diluting
20 pL extruded liposomes in 300 mOsm/L aqueous solution. To measure the percent of
encapsulated Fe(lll) complex ([Fe(NOTP)]?), both UV-vis and ICP-MS techniques were used. For
UV-vis, 20 uL of the non-extruded liposomes were isolated, diluted with 300 mOsm/L of NaCl
aqueous solution to 1 ml, sealed and filtered using Amicon 100 KDa ultra-filtration kit at 70 psi
argon pressure at room temperature. The filtrate was collected and analyzed by UV-vis
spectrometry. The percent encapsulated iron complex was determined by comparing the
absorbance at 250 nm of the initial hydration solution to that found in the filtrate by using an
extinction coefficient of 5800 M-lcm® for Fe(NOTP). The Fe content was also determined by
using ICP-MS. Approximately 1 mM 50 uL Fe(lll) liposomal solution was made and digested in
60% nitric acid at 80 °C for two hours and then at room temperature for 3 days prior to
subsequent dilutions for ICP-MS analysis. The details are reported previously.*® All liposomes

were stored at 4 °C.

10
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2.4.2. Liposome type B (LipoB) was prepared by using the liposomal formulation composed of
DPPC : DSPE-PEG2000-NH; : Cholesterol : Amphiphilic Fe(TOAL-H*)Cl lipids with a molar ratio of
64 :6:15: 15 respectively. 100 nm LipoB solutions were formulated and prepared for analysis
in a similar way to that of LipoA. However, the 2-hour period of standing without stirring was
carried out in 60 °C instead of 55 °C and then the liposome was slowly cooled down to room

temperature without disturbing the solution. The extrusion was carried out at 65 °C.

2.4.3. Liposome type C (LipoC) was prepared from DPPC : DSPE-PEG2000-NH, : Cholesterol :
amphiphilic Fe(TOAL-H*)Cl lipid with a molar ratio of 64 : 6 : 15 : 15 respectively, similar to
LipoB. The hydration solution contained 40 mM of NaszFe(NOTP) complex at pH 6.8-6.9; with
the pH adjusted with 1 M NaOH solution. The lipids were added to a 1-dram glass vial with 3%
(v/v) glycerol in the hydration solution, sealed with clear polyethylene film and capped to an
airtight vial. This suspension was stirred at 1000 rpm at 105-110 °C for 15 minutes, then stirred
at 60 °C for an hour, left standing without stirring at 55 °C for two hours and then cooled to
room temperature without disturbing the solution. 100 nm sized LipoC was formulated by using

the extrusion and dialysis procedures described for LipoA.

2.4.4. Micelle preparation. The [Fe(TOAL)]?* micelles of 17 nm size were prepared by vortexing
the [Fe(TOAL)]** amphiphilic complexes in deionized water at room temperature and passing
the suspension through a 450 nm syringe filter. The concentration of the amphiphilic complex
in the micelle was calculated by using ICP-MS, and the micelle was size was characterized by

using DLS.

2.5. Water proton relaxation times. Experiments were conducted at several magnetic field
strengths including 1.4 T (34 °C), 4.7 T (37 °C) or at 9.4 T (37 °C). Sample concentrations were
prepared by diluting iron liposomes. The samples were placed into a coaxial NMR tube insert
and the NMR tube was filled with DMSO-dg as a reference. The T, proton relaxation times of
solutions containing complex or liposomes were measured on a 9.4 T NMR spectrometer at 37

°C using the inversion recovery method with the following parameters: relaxation delay = 15-20

11
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s, echo time array starting from 0.01 — 5 s. T, relaxation times were measured using the Carr—
Purcell-Meiboom—Gill (CPMG) spin echo method. The CPMG sequence was used with a fixed TR

of 10 - 15 s and TE times ranging from 0.02 — 10 ms in 12-24 exponential increments to 10-15s.

2.6. Mice imaging studies. In vivo, MR imaging was performed on at 4.7 T in accordance with
approved Roswell Park IACUC protocols. Female mice were inoculated subcutaneously with
CT26 colorectal cancer cell lines and tumors were allowed to grow to approximately 25 mm3
(25.3 £ 7.8, mean + SD). Solutions were formulated with Fe(lll) complex loaded liposomes at
20-25 mg lipids/ml. Three-dimensional, spoiled gradient echo (SPGR) scans were acquired
covering the upper thorax to the hindquarters with the following acquisition parameters:
TE/TR/FA = 3/15/40°, FOV = 48x32x32 mm, acquisition matrix = 192x96x96, scan duration =
2.75 minutes. Sealed NMR tubes containing 1% agarose doped with 1mM and 2mM CuSO,
were included for image signal normalization. A three-point standard intensity curve was
previously generated over multiple imaging sessions using 2 phantoms and background noise
and the signal intensities of datasets are linearly transformed to best fit standard intensity
curve. Three pre-injection SPGR scans were acquired, contrast agent (50-125 umol [Fe]/ kg
intravenously via tail vein) was delivered intravenously via tail vein, then SPGR scans were
acquired continuously up to 60’ after injection and 4 h later. Data sets were reconstructed to
isotropic voxel sizes, frequency aliasing removed, and signal was normalized by phantom
intensities using in-house analysis routines written in MATLAB (Mathworks, Natick MA).
Regions of interest (ROIs) were created manually segmenting tumor, vessel (inferior vena cava),
liver, renal cortex and urinary bladder using Analyze 10.0 (AnalyzeDirect, Overland Park KS).
Signal intensities for post-injection scans were sampled for each ROI, and changes in intensities
were calculated by subtraction of the average pre-injection intensity. For comparison, FDA-
approved MRI contrast agent gadoterate meglumine (Gd-DOTA, Dotarem®) was injected at 100
umol [Gd]/kg into a separate group of mice. Studies were carried out in duplicate (n=2) for

each compound tested.

3. Results and discussion

12
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3.1 Synthesis and characterization of Fe(lll) complexes

The amphiphilic Fe(lll) complex studied here was prepared from a macrocyclic ligand
containing a pendant amide group substituted with two long (C18) hydrocarbon chains. The
choice of a 1,4,7-triazacyclononane (TACN) macrocyclic ligand with hydroxypropyl pendants
was inspired by previous studies that showed the formation of high spin Fe(lll) complexes with
relatively high proton relaxivity.?’2° Such complexes with hydroxypropyl pendant groups may
serve to increase the relaxivity at the Fe(lll) center due to strong second-sphere interactions
with water.?’” The Fe(lll) complex of the new macrocyclic ligand, TOABH, was prepared in order
to test the effect of mixed amide hydroxypropyl pendants on relaxivity in comparison to
[Fe(NOHP)]?* which contains three hydroxypropyl pendants. This macrocycle was prepared by
alkylation of bis-2-hydroxypropyl-1,4,7-triazacyclononane with N,N’-dibenzyl chloroacetamide.
The dibenzyl amide was chosen to expedite synthesis as the macrocyclic ligand could be
isolated by extraction into organic solvent. The amphiphilic macrocyclic ligand (TOALH) was
prepared in an analogous procedure in good yield by alkylation of the macrocycle with N’,N-
distearoyl-2-chloroacetamide (Scheme S1, S2). The isolation of this ligand was facilitated by the
addition of less than an equivalent of the pendant group, precipitation of the amphiphilic ligand
and removal of excess macrocycle upon washing. The Fe(lll) complex of TOAL was prepared by
treatment of the amphiphilic ligand with FeCl, in organic solvent in the presence of air. This
procedure is similar to that for analogous complexes that contain two or more hydroxypropyl
pendants on 1,4,7-triazacyclononane (TACN).?”>2° Such complexes readily oxidize to the high
spin Fe(lll) form. The Fe(lll) complex of TOAB was prepared in water by addition of FeBr, to the
ligand and adjustment of the pH to 5.5-6.5. The effective magnetic moments of [Fe(TOAB)]** or
[Fe(TOAL)]?* as measured by Evans method of magnetic susceptibility in water or in chloroform,
respectively, are U =6.1%0.2 or 5.9 +0.2, respectively, consistent with high spin Fe(lll). The
1H NMR spectrum of [Fe(TOAB)]?* (Figure S9) shows the absence of the paramagnetically
shifted ligand proton resonances that are typically observed for alternative possibilities
including Fe(lll) low spin#* or Fe(ll) high spin complexes.*

Fe(lll) complexes analogous to [Fe(TOAB)]?* that contain the TACN macrocycle and

pendant hydroxypropyl groups are resistant to dissociation in 100 mM acid, or in serum as well
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as in PBS buffer.?’-2° The [Fe(TOAB)]?>* complex similarly shows no evidence of dissociation at 37
°C in PBS buffer over a period of 72 hours (Figure S10) as shown by the lack of electronic
absorbance changes. The electronic absorbance spectrum of the Fe(lll) complex of TOAL is

shown for comparison (Figure S11).

3.2 Preparation of paramagnetic liposomes and micelles

Pegylated liposomes of 95-125 nm size were prepared for LipoA, LipoB and LipoC as
studied by dynamic Light Scattering (DLS). To encapsulate [Fe(NOTP)]3 in the liposomes, 40
mM solutions at pH 6.7-6.9 with HEPES buffer were used as the hydration medium, with the pH
maintained at slightly acidic pH values to maintain solubility of the complex. For all liposomes
the Mozafari method?*? was significantly easier to use for the preparation of small-sized
liposomes by extrusion. The zeta potential of LipoA, LipoB and LipoC was -8 mV, +12 mV and +8
mV, respectively, in water. The stability of the liposomes was measured after a few days both in
water and in the presence of serum by relaxivity (Table S2). These data showed that the
liposomes were stable in saline solution and in mice serum. Further studies as a function of
temperature are described below.

The [Fe(TOAL)]?** micelles of 17 nm size were prepared by vortexing the [Fe(TOAL)]?*
amphiphilic complexes in water as shown in Figure S12. The critical micelle concentration is
approximately 0.2 mM as shown by the plot of R; versus concentration of amphiphilic iron
complex. The concentration of the amphiphilic complex in the micelle was calculated by using

ICP-MS for iron.

3.3 Water proton relaxivity of complexes

The T1 and T, water proton relaxation times were measured and the resulting relaxivity
values for the iron complexes, [Fe(NOTP)]3> and [Fe(TOAB)]?* are given in Table 1. These small
macrocyclic Fe(lll) complexes have moderate proton relaxation values characteristic of
analogous Fe(lll) complexes that lack an inner-sphere water.?> 37 Interestingly, [Fe(TOAB)]** has
decreased relaxivity compared to the analog with three hydroxypropyls ([Fe(NOHP)]?*). Given

that both complexes lack an inner-sphere water, the most likely cause of this unexpected
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decrease is a change in the second-sphere water contribution to relaxivity by disruption of the
coordination sphere by the two hydrophobic benzyl substituents on the amide group. Strong
second-sphere water contributions likely produce the relatively high proton relaxation values
for [Fe(NOHP)]?* in comparison to other closed coordination sphere complexes.3” The
substitution of hydroxypropyl pendants for phosphonate groups to form [Fe(NOTP)]3 also
produces a decrease in relaxivity even though phosphonates are thought to promote second-
sphere water contributions in MRI probes.*® The magnetic field dependence of the three
complexes from 1.4 to 9.4 T does not change markedly, although a slight dip is observed at 4.7
T for [Fe(NOHP)]?* and [Fe(NOTP)]3. Although studies of the full field strength relaxivity
dependence are needed, it is interesting to note that NMRD profiles recently reported for EDTA
derivatives of Fe(lll) complexes,'* 22 show a dispersion in r; from 10 MHz to 100 MHz with an

increase at higher fields, a profile that is not very different than that observed here.

The T, and T, water proton relaxation times were measured for LipoA, LipoB and LipoC
as a function of concentration of the iron complex in the liposome to obtain the relaxivities of
the paramagnetic liposomes on a per iron and per particle basis as described (Table 1 and Table
S3) As anticipated, the relaxivity values for the liposomal formulations vary substantially based
on whether the iron complex is encapsulated or incorporated into the liposome. For LipoA, the
encapsulated [Fe(NOTP)]3> complex shows quenched relaxivity in comparison to the free

complex, suggesting limiting water exchange through the bilayer (r; = 0.65 versus 1.0 mM1s1),

The LipoB formulation has the highest relaxivity on a per iron basis of r; = 2.6 mM-1s? at
1.4 T. The amphiphilic complex in the outer lipid bilayer is positioned to interact with the bulk
water protons, but the amphiphilic complexes in the inner bilayer have a quenched
contribution. The inner versus outer complex contributions can be estimated using a reported
approach that first estimates the permeability of the liposomal bilayer to water exchange.*’
From this approach and the graph in figure S21, it is clear that most of the relaxivity derives
from the outer Fe(lll) complexes in our liposomes because the liposomal water permeability is
low. The relaxivity of LipoC, which contains both encapsulated and amphiphilic iron complexes
is lower on a per iron basis given that the relaxivity of the encapsulated Fe(lll) complexes is

quenched. The per particle relaxivity of LipoC is similar at 7.8 x 103 mM-!s! compared to 2.6 x
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10* mM-1s1 for LipoB as shown in Table S3. Values of ry in serum for LipoB and LipoC are
compared to those in saline solution (Table 1). The relaxivity of micelles based on the
amphiphilic Fe(lll) complex of TOAL (size of 17 nm) is 2.6 mM-1s"t based on iron content when

measured at 1.4 T and 34 °C and neutral pH (Figure S12).

These data show that there is a nearly four-fold increase in the ry values per iron for the
micellar probe in comparison to Fe(TOAB)]%*. It is interesting to consider the basis for this
increase. The proton relaxivity of the iron centers in all complexes here (Figure 1) are attributed
to second-sphere water contributions which typically have short residence times, on the
picosecond time scale. Moreover for the small molecules, [Fe(TOAB)]** and [Fe(NOHP)]?*,
rotational correlation times are also expected to be short (= 100 ps) so that both rotational
motion and second-sphere contributions may be limiting for producing proton relaxation.*® The
increase in the r; on a per iron basis may be attributed to a decrease in rotational correlation
times in the micelles and perhaps also a change in the second-sphere water residence times.
Both liposomes and micelles are known to have rotational times on the order of nanoseconds
and produce an increase in ry in comparison to the small molecule MRI probe for probes that
have inner-sphere or second-sphere water contributions to relaxivity.*® The linker flexibility is
also important in the production of larger relaxivities, with more rigid linkers functioning best.*’
The amphiphilic complex used here has the two alkyl chains incorporated directly into the
pendant group which is expected to give a rigid connection directly to the bound pendant
group. Other factors that may influence the relaxation of the Fe(lll) complex in the micelles or
in the liposomes include the interaction with bulk water. Whereas the small molecule
complexes interact freely with water, the Fe(lll) center in the liposome may be influenced by

the lipids or by the neighboring Fe(lll) centers.

The r, values for liposomes with amphiphilic Fe(lll) such as LipoB increase markedly at
higher field strengths (9.4 T), similar to observations in previous reports of lanthanide(lll) based
liposomal systems.® The increase of T, relaxation rate constants with increasing field strength is
based on the known field strength dependence of the magnetic susceptibility contribution to r,.
As shown here, the r,/r; ratio for LipoB increases from 1.5 at 1.4 Tto 6.9 at 9.4 T.28 Such

increased r,/rq ratios are not favorable for detection of paramagnetic liposomes, although the
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field strengths that showed the most dramatic increases here are higher than those used for

human clinical imaging.

Table 1. Relaxivity values for Fe(lll)-based liposomes and complexes

ri(mMis?) | r,(mMis?t) | r;(mMIs?t) | r,(mMIs?) | rp(mMIs?) | r,(mM1s?)

AGENT
14T 14T 47T 477 9.4T 9.4T

Fe(NOTP) | 1.0° 14 0.722 1.3 0.86° 14
With HSA | (1.3)° (1.5) (1.0)° (1.6)2 (1.2) (1.3)
Fe(TOAB)® | 0.66 11 0.65 2.5
With HSA | (0.85) (1.2) . _ (1.2) (2.7)
Fe(NOHP) | 1.5° 18 0.972 1.8° 14° 21
With HSA | (1.5)° (2.1) (1.2)° (2.3)2 (1.4) (1.9)
LipoA 0.65 0.89 i i 0.67 4.9
Serum (0) (0.82) - - (0.65) (2.6)
LipoB 2.6 4.0 2.8 19
Serum (2.6) (2.6) ) ) (2.2) (9.8)
LipoC 0.58 17 0.93 55
Serum (1.2) (3.7) ) ) (2.4) (8.5)

The ry and r; in buffered aqueous solution are reported at 4.7 T, 9.4 T (37 °C) and 1.4 T (34 °C),
pH 6.8-7.2 with r; and r, relaxivities in serum reported in parenthesis. Standard deviations for r;
and r, values are < 20%. a) values from reference3’ b) meglumine was added to adjust pH to
the listed range to maintain solubility.

Temperature dependent studies of T; proton relaxation times show a modest decrease

in relaxation rate constants as temperature is raised from 25 °C to 65 °C for LipoA, LipoB and

LipoC (Figure S14). These studies were carried out as another test of liposome stability as well

as to more fully characterize the liposomal agents. The decrease in relaxation rate constant

with temperature is typical behavior for a paramagnetic complex where water exchange in not

rate limiting*®° which is the case here as the complexes do not have an inner-sphere water.

One might expect that these liposomal agents would show an increase in relaxation rates with
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temperature as water exchange through the lipid bilayer increases. However, the contribution
from water exchange through the lipid bilayer is small. Similar temperature dependencies have
been observed for Fe(lll) complexes containing hydroxpropyl pendants that lack an
exchangeable water ligand and rely on second-sphere relaxivity contributions.>® Both LipoA
and LipoC show a modest increase in relaxation rate constants upon returning to the initial
temperature after heating. The slightly higher values that are measured as the liposomes are
cooled back down to 25 °C are consistent with the release of a small percentage of the iron
complex from LipoA and LipoC upon incubation at high temperatures. Consistent with these
studies, the incubation of LipoA and LipoC at 37 °C in saline followed by centrifugation and
measurement of leaked [Fe(NOTP)]3> showed 6.1 % and 9.2% leakage after four days

respectively.

3.4 MRI studies in BALB/c mice

LipoA, LipoB and LipoC were studied at doses of 110, 230 and 210 mg lipid/kg (55, 50
and 100 umol Fe/kg, respectively), in BALB/c mice containing subcutaneous CT26 tumors with
the goal of monitoring the pharmacokinetic clearance and enhanced contrast from each
liposome formulation (Figures 3-5 and Figures S15-17). PEGylated liposomes such as LipoA,
LipoB or LipoC typically show increased circulation times (2-15 h) in animals due to decreased
rates of hepatobiliary elimination.? As shown in Figure 3 and 5, LipoB shows more highly
enhanced contrast in the vena cava and long circulation times in the blood pool, suggesting that
it does not readily escape the vasculature. Lower volumes of distribution (V4) and non-renal
elimination were observed for LipoB over four hours compared to the other two agents (Table
S3). LipoB shows enhanced kidney signal (Figure S16) but did not appear to be excreted through
the bladder over 40 minutes period unlike LipoA and LipoC. Within 4 hours, LipoB is eliminated

through hepatobiliary system as observed by sustained gall bladder enhancement (Figure S16).
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Figure 3. Changes in T;-weighted signal intensity for LipoA (55 umol [Fe] /kg), LipoB (50

LipoA and LipoC show reduced contrast in the vena cava and enhanced contrast in the

urinary bladder in BALB/c mice with CT26 tumors.

umol [Fe] /kg), or LipoC (100 umol [Fe] /kg) over time in blood (vena cava), kidneys, liver or

kidney and bladder over a period of 40 minutes. The contrast enhancement in the bladder is
This data is consistent with studies showing that liposomes loaded with [Fe(NOTP]3- complex
LipoB has a half-life of 70 minutes, which is lower than that of typical neutral or negatively
and binding to erythrocytes. Our previous studies that featured liposomes with both

amphiphilic and the encapsulated complex, [Fe(NOHP)]?* also showed partial renal clearance

attributed to release of the complex from the liposomal interior.

consistent with the leakage of [Fe(NOTP)]3 from these liposomes followed by renal clearance.

are less stable than liposomes with only the amphiphilic complex in serum. Positively charged

charged liposomes.>! This increased clearance rate may be a result of blood protein absorption
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(V), Tumor (T), Liver (L), Kidney (K) and Bladder (B) are highlighted in post-injection MR images.
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Figure 5. Changes in T;-weighted signal intensity over time for LipoB (50 uM Fe/kg and LipoC
(120 uM Fe /kg) in BALB/c mice with CT26 tumors.

The change in T, weighted signal intensity produced by LipoB and LipoC in murine CT26
tumors was examined, but the signal was low for both liposomal formulations (Figure 5).
Comparison with the change in signal in the vena cava over time was made to determine
whether the tumor signal could be attributed to tumor accumulation. A plot of the signal in
tumor compared to that in the vena cava showed a small increase over the 40-minute time-

period which is consistent with tumor uptake (Figure S18). Moreover for LipoB, signal
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enhancement within the vena cava decreased from an 152% (45-60’ post injection)
enhancement to 6% enhancement at 4hrs, (96% decrease), while tumor decreased from a 15%
MR signal enhancement to ~6% signal enhancement, at decrease of only 60%, supporting
tumor accumulation. However, the contrast enhancement is small and further studies will

require liposomes with higher relaxivity for studies of tumor imaging.

4. Conclusions

This research shows that an amide pendant group with two alkyl chains can be used to
form an amphiphilic Fe(lll) complex that inserts into a micellar aggregate or liposome.
Modification of an amide group is a common and convenient synthetic route to prepare ligands
for conjugation. However, somewhat surprisingly, the substitution of an amide for a
hydroxypropyl pendant produced a complex with lowered relaxivity in comparison to the
symmetrically substituted Fe(lll) complex. This is most likely due to a disruption in the hydrogen
bonding in the coordination sphere and corresponding change in second-sphere water
contributions to relaxivity. However, we cannot rule out a change in zero-field splitting from
changes in coordination environment and a corresponding change in electronic relaxation

times!* for the two Fe(lll) complexes.

Incorporation of the Fe(lll) complex into a micelle or liposome substantially increased
the MRI probe relaxivity. Thus, the amphiphilic Fe(lll) complex of TOAL, shows a four-fold
greater rq per Fe(lll) when incorporated into the micelle in comparison to the free complex,
[Fe(TOAB)]?*, in buffered aqueous solutions. In comparison, our previous studies showed little
improvement in ry for liposomes containing amphiphilic complex, [Fe(NOHPL)]**compared to
hydrophilic small molecule complex [Fe(NOHP)]?*, with values of 1.7 and 1.5 mM-1s per iron
center at 1.4 T, 34 °C, respectively. However this study was more limited and did not include
micelles or liposomes containing only amphiphilic Fe(lll) complex, thus a direct comparison is
difficult. In order to further increase r, from iron-based liposomes, future studies will focus on
Fe(lll) complexes with an inner-sphere water that have higher relaxivity values. For example,

analogous Fe(lll) complexes with a TACN framework, two hydroxypropyl groups and a bound
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water show relaxivities of three to four-fold higher than [Fe(TOAB)]?*,%7- 2° but these derivatives
are often more difficult to prepare. In addition for Fe(lll) complexes with an inner-sphere water
ligand, it is important to choose pendant groups that prevent the formation of hydroxy or oxo-

bridged dimers.3°

The lower solubility of Fe(lll) complexes is another challenge that must be overcome to
prepare encapsulated liposomes. Hydration solutions of 40 mM [Fe(NOTP)]3> complex were
used to form LipoA and LipoC formulations although higher solubilities (= 100 mM) could be
obtained at more acidic pH values (6.0) with addition of buffer. This iron complex solubility is
less than that of Gd(IIl) complexes that are used in hydration solutions of 300 mM. On the
other hand, amphiphilic complexes of Fe(lll) were loaded into the bilayer at 15% lipid content.
Thus, the attachment of an amphiphilic tail for incorporation into a liposome of micelle is one

approach to bypass the lowered aqueous solubility of Fe(lll) complex MRI probes.

The apparent difference in the stability of Lipo B compared to the LipoC formulations in
vivo was remarkable. Both liposomes were stable in saline and serum for a few days at 25 °C as
shown by relaxivity studies. However, there were some indications that LipoC was less stable
as shown by release of a few percent [Fe(NOTP)]3 from the liposomes after several days. In
vivo, LipoB produced strong signal in the vasculature for over an hour. The LipoC formulation
was apparently less stable in vivo and showed probe clearance through the kidney with a
correspondingly large signal in the bladder that was consistent with release of [Fe(NOTP)]>-.
LipoA formulations were stable in solutions containing saline or serum have lowered relaxivity,
consistent with the quenching of relaxivity by the liposome and restricted water exchange

which produced low levels of enhanced contrast in mice MRI studies.

LipoC contains both amphiphilic and encapsulated iron complex and constitutes a type
of dual MRI probe. The amphiphilic complex increases the probe relaxivity as the iron complex
on the outer layer of the liposome is positioned to interact with the bulk water. On the other
hand, liposomes carrying encapsulated paramagnetic complexes are often used as a type of
responsive probe.3%°2 The paramagnetic metal complex may be released by ultrasound waves

and/or heating, pH changes or light. For example, liposomes are taken up into tumors and the
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probe is released through heating to study the release of a hydrophilic molecule to the tumor.>3
We envision that the dual probes developed here may find application in cases where the
amphiphilic and encapsulated probes produce signals that can be distinguished, for example by
different r1/r, values for contrast agents of different sizes.>® However, the stability of the dual

MRI probes such as lipoC must be increased for these future applications.
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