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An oxidation-responsive contrast agent for magnetic resonance
imaging was synthesized using Eu®" and liposomes. Positive
contrast enhancement was observed with Eu®*, and chemical
exchange saturation transfer was observed before and after
oxidation of Eu?*. Orthogonal detection modes render the
concentration of Eu inconsequential to molecular information
provided through imaging.

The power of magnetic resonance imaging (MRI) resides in the
ability to ascertain anatomical information at high resolution for
clinical (1 mm isotropic) and preclinical (0.025 mm isotropic)
applications.! Molecular information can also be obtained with MRI
using responsive paramagnetic complexes (contrast agents) that alter
water proton signal intensities in response to chemical events. Some
contrast agents respond to changes in pH,%® temperature,* metal ion
concentration,® enzyme activity,®’ or partial pressure of oxygen,? the
presence of free radicals,” antioxidants,'® phosphate diesters,™
singlet oxygen,*? reduced glutathione and hydrogen peroxide,®

oxygen, dithionite, and cysteine.’* Of particular interest are targets
that cause changes in redox behavior because they are associated
with cancer,'® inflammation,*® and cardiovascular diseases.’’
Accordingly, responsive contrast agents that target redox changes
have the potential to greatly improve the diagnostic capabilities of
MRI. However, a critical limitation of responsive contrast agents
that hinders their use in vivo is that determination of molecular
information requires knowledge of the concentration of contrast
agent, which is exceedingly difficult to measure in vivo. Some
systems have achieved concentration independence in contrast-
enhanced MRI through ratiometric techniques (longitudinal vs
transverse relaxation rates),’® ratiometric chemical exchange
saturation transfer (CEST) techniques,>'? or the use of orthogonal
detection modes with a multimodal agent;*® however, to the best of
our knowledge, no reported system demonstrates a concentration-
independent response to general oxidizing events based on tunable
oxidation potentials. An ideal metal ion for multimodal redox
response is Eu®* because the Eu?* and Eu®* oxidation states
orthogonally enhance T,-weighted and CEST images, respectively,
in MRI. Furthermore, Eu®* has a tunable oxidation potential® and
outperforms clinically approved T,-shortening contrast agents at
ultra-high magnetic field strengths.?* To address the need for a
concentration-independent, oxidation-responsive contrast agent, we
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hypothesized that encapsulating the Eu?*-containing complex
(4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane
europium(ll), Eu(2.2.2)?*, Figure 1) in liposomes would produce an
oxidation-responsive dual-mode contrast agent because it would
enhance either T;-weighted images or CEST images depending on
the oxidation state of Eu.

Our design was based on the oxidation of Eu?* to Eu®" because
these two oxidation states offer orthogonal modes of detection by
MRI and the Eu?*"** oxidation state switch offers an ideal platform
for oxidation-responsive contrast enhancement.?? The use of this
switch has awaited sufficient stabilization of Eu?* that we recently
demonstrated through modifications to Eu(2.2.2)*" ligand structure.?’
Furthermore, changes to ligand structure made the corresponding
oxidation potential of Eu®" tunable over a physiologically relevant
range.” Here, we report the encapsulation of Eu(2.2.2)*
liposomes and distinct oxidation-responsive, dual-mode imaging

behavior. This system is expected to open the door for
concentration-independent diagnostic imaging of redox-active
disease states using the chemistry of Eu.
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Figure 1. Representatlon of the oxidation of liposome-encapsulated
Eu(2.2.2)* (Tg enhancement and CEST effect) to form a liposome
filled with Eu®* (T, silent with CEST effect). On the far right is a
depiction of the liposomal phospholipid bilayer with ovals as
cholesterol molecules. For clarity, only one complex is shown in
each liposome and coordinated water molecules are not drawn.

Our system used liposomes because their aqueous inner cavity
can encapsulate water-soluble contrast agents to improve the
sensitivity of CEST by increasing the ratio of chemically shifted
water protons (associated with liposomes) to bulk water protons (not
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associated with liposomes).? Liposome composition was adapted
from a report that used 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine and cholesterol,?* and liposomes were characterized
using dynamic light scattering. The average diameter measured
before and after air exposure was 110 + 7 and 106 + 6 nm,
respectively, where the diameter error is the standard error calculated
from the average polydispersity index values. The average liposome
polydispersity index value before and after air exposure was 0.14 +
0.01 and 0.10 + 0.06, respectively, where the polydispersity index
error is the standard error at the 95% confidence interval. These size
distribution data indicate that average liposome size was not
different before and after oxidation (Student’s t-test) and,
consequently, not affected by the intraliposomal formation of Eu®".

To evaluate the response of our liposomes, we encapsulated 45
mM Eu(2.2.2)*" because of previous studies that loaded similar or
higher  concentrations of paramagnetic complexes into
liposomes.**?* After removing non-encapsulated Eu(2.2.2)** by spin
filtering, we characterized suspensions of liposomes containing
Eu(2.2.2)** before and after exposure to air. Molecular oxygen
within air was chosen as a convenient source of oxidant to
demonstrate a response corresponding to oxidation of Eu(2.2.2)%".
This mechanism of response is most likely diffusion of oxygen into
the buffer and across the liposome membrane. Once oxygen has
crossed the membrane, it can oxidize Eu(2.2.2)*" (T, enhancing
agent) to form Eu(2.2.2)%" (T, silent), and consequently, the response
to oxidation can be detected by loss of T, enhancement. Support for
the oxygen diffusion mechanism was found by measuring the change
in T, as a function of air exposure for liposome suspensions
containing Eu(2.2.2)%*. Without stirring, Eu(2.2.2)**  within
liposomes required 7 h to oxidize in air. Upon stirring, however,
Eu(2.2.2)** within liposomes oxidized within 10 min of air exposure.
Stirring the solution would facilitate an increased rate of oxygen
diffusion, which would accelerate the rate of oxidation. To ensure
complete oxidation of Eu(2.2.2)** to form Eu(2.2.2)** within the
oxidized samples, liposomes were exposed to air for 24 h without
stirring because of the small size of the sample tube prior to imaging.
After air exposure we observed an 86% decrease in T, (0.4 and 2.8 s
for the same sample before and after air exposure, respectively, at
24 °C, 11.7 T, and 45 mM in Eu), which is a response similar to or
greater than other reported contrast agents.? A rationale for the large
change in T, is that Eu®" is isoelectronic with Gd*, but Eu®* is
diamagnetic in its ground state and is not expected to dramatically
influence T,. The observation of T, changing upon air exposure is in
good agreement with the Tj-shortening nature of Eu(2.2.2)**
(Relaxivity was 3.99 mM™ s outside of liposomes and 0.2 mM™ s~
L inside of liposomes at 20 °C and 11.7 T. The lower relaxivity is
expected for T;-shortening contrast agents encapsulated in spherical
liposomes).?*?® Furthermore, the change in T, upon air exposure
indicates that oxidation to form Eu(2.2.2)*" caused the observed
lengthening of T,.

To characterize the dual-mode behavior of Eu-containing
liposomes, we investigated the CEST response before and after air
exposure by measuring in vitro image intensities as a function of
frequency offset of presaturation at 7 T. The intensity data (Figure
S1) was modeled with a Lorentzian function using least squares
fitting to reference the upfield signal to 0 ppm. Lorentzian fitting
was use because the sample images were acquired simultaneously
and the bulk water signals were not centered at 0 ppm. We chose to
average the CEST spectra because it appeared that both the
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proximity to the bulk water signal and inhomogeneity in the
magnetic field led to variability in the intensity measurements. The
average CEST spectra (Figure 2) revealed that liposomes before and
after 24 h air exposure exhibited an exchangeable proton signal at
1.2 ppm relative to bulk water. Additionally, there was no significant
difference between the CEST effect before and after oxidation of Eu
(Figure 2), which demonstrates that the CEST effect does not change
after Eu(2.2.2)*" has oxidized to Eu(2.2.2)*". Although this shift is
small, it is possible to image such shifts in vivo:>"® in vivo CEST
has been observed between bulk water and exchangeable protons of
liposomes shifted by as little as 0.8 ppm.?’
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Figure 2. CEST spectra (7 T and 24 °C) of Eu(2.2.2)**-containing
liposomes before (O) and after (@) 24 h air exposure. Data points
represent the mean of six independently prepared samples
[liposomes containing only phosphate-buffered saline; Sr(2.2.2)**
(28 mM Sr); and Eu(2.2.2)** (13, 24, 40, and 45 mM Eu)], and error
bars represent the standard error of the mean. The upfield signal was
referenced to 0 ppm using the Lorentzian-fitted spectra and signal
intensities were calculated from in vitro images after a 2 s
presaturation with a 17 pT radiofrequency pulse from 5 to -5 ppm in
0.2 ppm increments.

To investigate the cause of CEST effect before oxidation of Eu,
we acquired CEST spectra for a series of samples including blank
liposomes containing only phosphate-buffered saline, liposomes
containing Sr(2.2.2)>* (28 mM Sr) as a diamagnetic analog, and
liposomes containing four different concentrations of Eu(2.2.2)**
(13, 24, 40, and 45 mM Eu) (Figures 2 and 3). CEST effect was
observed for each sample as a broad signal in the chemical shift
range of 1-2 ppm relative to bulk water. Furthermore, there was no
correlation between Eu concentration and CEST effect. These
experiments suggest that the observed CEST effect is due to the
liposome membrane itself rather than Eu within the liposome cavity.
These results are fully consistent with a recent demonstration of a
CEST effect using diamagnetic liposomes that contained cholesterol
and, of particular importance, the proton signal at ~1 ppm downfield
from bulk water was assigned to hydroxyl protons.?” Additional
support for our observations can be found in a previous report of
magnetization transfer for a lipid and cholesterol system in which
magnetization transfer exhibited a strong dependence on cholesterol
concentration (30-60 mol %),2° and the concentration of cholesterol
in our system (42 mol %) falls in this range. Furthermore, our data
provide an explanation for the observation of CEST before oxidation
of Eu?* by revealing an exchange between the liposome membrane
and bulk water. In this proposed exchange mechanism, Eu(2.2.2)*" is
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confined to the intraliposomal cavity and, consequently, would not
interact with protons exchanging on the outer surface of the
liposome.
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Figure 3. Lorentzian-fitted CEST spectrum (7 T and 24 °C) of
liposomes filled with phosphate-buffered saline. The upfield signal
was referenced to O ppm, and signal intensities were calculated from
in vitro images after a 2 s presaturation with a 17 uT radiofrequency
pulse from 5 to =5 ppm in 0.2 ppm increments.

To visualize the nature of the Eu*** responses, we acquired in

vitro images of suspensions of our liposomes before and after air
exposure (Figure 4). The T;-weighted images confirmed positive
contrast enhancement for the Eu(2.2.2)?*-containing liposomes and
also revealed no significant difference in signal intensity between
water and the oxidized Eu*'-containing liposomes at the 95%
confidence interval (Student’s t-test). Consistent with our NMR
studies that showed an 86% decrease in T, after exposure to air,
there was an 81% decrease in signal intensity in T;-weighted images
before and after oxidation. To quantify the CEST effect, the phantom
image intensities were used to calculate %CEST defined as (1 -
M,/M)100, where M, and M, are the average signal intensities at
the on- and off-resonance positions.*® The CEST map confirmed the
presence of exchangeable protons before and after oxidation and
that %CEST was not significantly different after oxidation based on
the standard error of the CEST effect measurements in Figure 2.
Based on our control experiments, the change in CEST effect is not
due to the presence of Eu, despite the influence of T, on the CEST
effect.3! Nevertheless, these data demonstrate a distinct dual-mode
response and reveal the oxidation state of Eu without knowledge of
its concentration. Therefore, (1) if T, enhancement and CEST effect
are both present, the agent has not responded. Similarly, (2) if T,
enhancement is no longer observed and CEST effect is still present,
then the agent has responded. If neither forms of contrast are
detected, then (3) the agent is no longer present or is present at a
level below the detection limit of MRI. Based on these three
scenarios, one can determine the oxidation state of Eu (and therefore
a response) without knowledge of the concentration of Eu. This
method does not quantify the amount of oxidant present, but reports
on the oxidation itself in a concentration-independent manner by
using two orthogonal detection modes (one of which changes and
one of which does not change in response to oxidation).

With this demonstration of distinct orthogonal imaging, we
envision tracking the migration of the contrast agent with T;-
weighted imaging. Upon disappearance of T, enhancement, the
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imaging mode of detection would be changed to CEST. The
presence of CEST effect would indicate oxidation, and an absence of
CEST effect would indicate clearance of the contrast agent.
Furthermore, CEST effect could be used to indicate one or more
specific disease states because the oxidation potential, and
consequently loss of T, enhancement, of Eu(2.2.2)*" is tunable
through ligand structure modifications.® Accordingly, our in vitro
data provide a strong framework for optimizing our system for in
vivo imaging.

Hzo EU2+

30
~

%CEST

Figure 4. MR phantom images (5 mm tube diameter) at 7 T and
24 °C of water, non-oxidized Ilposomes containing Eu®, and
oxidized liposomes containing Eu". In the top row are T;- Welghted
images and on the bottom is a CEST map generated by subtracting
presaturation at 1.2 ppm from presaturation at —1.2 ppm and the
difference was divided by presaturation at -1.2 ppm. %CEST
represents the decrease in bulk water signal intensity as a result of
presaturation exchangeable water protons associated with liposomes.
Based on the error assouated with the CEST imaging, the difference
between the Eu?" and Eu®* samples is not significant.

The kinetic stability of Eu(2.2.2)*" relative to Eu(2.2.2)*" is of
importance because of the toxic nature of uncomplexed trivalent
lanthanide ions. It has been demonstrated that Eu(2.2.2)*" is less
kinetically stable relative to Eu(2.2.2)?*,* which is primarily due to
the reduction in size of Eu upon oxidation. To demonstrate that our
liposomes did not leach Eu, the oxidized liposomes were filtered,
and the Eu concentration of the filtrate was measured to be below the
detection limit (<66 nM) of inductively coupled plasma optical
emission spectroscopy. This result indicates that the liposome traps
uncomplexed Eu®*, which is likely present as a species coordinated
with phosphate from the buffer, phosphate from the phospholipid
membrane, or as the free aqua ion.

In conclusion, we have demonstrated the first oxidation-
responsive dual-mode contrast agent for MRI based on the redox
chemistry of Eu. Contrast enhancement in orthogonal imaging
modes allows for the detection of Eu oxidation states without
knowledge of contrast agent concentration. Notably, the response of
our system is irreversible due to the stability of Eu** with respect to
reduction. Irreversible response is potentially advantageous in vivo
because the contrast agent is in a dynamic environment and can
indicate oxidation even if no longer in the oxidizing region. For
these reasons, we expect this system to open the door for molecular
imaging using the Eu*’** redox switch, and we are currently
exploring the scope of the system to identify physiologically relevant
oxidants and the kinetics of intraliposomal Eu?* oxidation.
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