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Abstract

We report a molecular design that provides an intravenously injectable organic radical contrast
agent (ORCA) that has molecular r; * 5 mM~1s71, The ORCA is based on spirocyclohexyl
nitroxide radicals and polyethylene glycol chains conjugated to a generation 4 polypropylenimine
dendrimers scaffold. The metal-free ORCA has a long shelf-life and provides selectively enhanced
MRI in mice for over 1 h.

Paramagnetic organic radicals, such as stable nitroxides, have been investigated as magnetic
resonance imaging (MRI) contrast agents.1 =6 Metal-free, organic radical contrast agent
(ORCA) would provide an alternative to gadolinium-based contrast agents (GBCAS), which
are the most widely used paramagnetic metal ion-based agents in the clinic. Although
GBCA s are well tolerated by the majority of patients, patients with impaired kidney function
are reported to be at increased risk of developing a serious adverse reaction named
nephrogenic systemic fibrosis (NSF).” Since the first report on this adverse effect in renal-
dialysis patients and its association with gadolinium,8° guidelines on the administration of
GBCAs have been issued and implemented worldwide to minimize the risk for NSF.

To date, the critical obstacle in the development of a practical ORCA for MRI is the design
and synthesis of paramagnetic compounds of moderate molecular size that possess long /n
vivo lifetime, high TH water relaxivity (r{), and high water solubility.1-

Commonly used, paramagnetic nitroxides undergo fast reduction /n vivo, especially in the
bloodstream and tissues, to diamagnetic hydroxylamines.23 For example, 3-carboxy-
2,2,5,5-tetramethyl-I-pyrrolidinyloxy (3-CP) (Scheme 1) and its derivatives, which are
among the most widely used and most resistant to reduction nitroxide radicals, have a short
half-life (ca. 2 min) in the bloodstream and kidneys, as determined by MRI mouse studies.?3
Although nitroxides with one unpaired electron, total spin quantum number, S= %, possess
low H water relaxivity,10 e.g. ry ~ 0.15 mM~1s~1 at 7 T for 3-CP, they have been utilized as
functional redox-sensitive agents in MRI studies, and as in vivo radioprotectors. 2311 |n
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principle, r1 could be increased by conjugation of paramagnetic metal chelates or radicals to
rigid scaffolds.12-14 However, previous examples of conjugation of nitroxides to dendrimers
did not provide increased r1,1%16 as shown in the case of the generation 3 (G3)
polypropylenimine (PPI) dendrimers conjugated with nitroxides 3-CP which has r; ~ 0.16
mM~1s71 at 1.5 T, similar to that for common nitroxides. Despite low r1 and low solubility
in water,1% jn vivo MR images of the rabbit stifle joints, obtained by intraarticular
administration of these agents, showed significant enhancement of articular cartilage in T4-
weighted images.! Fast reduction and low rq of nitroxides pose serious obstacles because
they severely limit available MR imaging time and contrast, while increasing dose of the
agent to compensate for reduction and low r; could lead to oxidative stress.1” A practical
ORCA, especially suitable for intravenous injection, remains elusive.

We report a water-soluble ORCA with long /7 vivo lifetime and high rq that provide
selectively enhanced MRI in mice for over 1 h.

Our approach to the design of ORCA relies on spirocyclohexyl nitroxide radical 1-OH
(Figure. 1). The 5-membered ring (pyrrolidinyl) nitroxide radical'®19 that is sterically
shielded?° by the spirocyclohexyl groups® is expected to be reduced at a slower rate /7
vivo, particularly by antioxidants such as ascorbate (vitamin C). Through judicious
molecular design, conjugation of nitroxide radicals to a rigid scaffold should provide an
agent with not only increased resistance to reduction but also with increased relaxivity. We
consider dendrimers (branched structures), which have been demonstrated to be more
effective as scaffold for linking Gd-chelates than linear structures in the approaches to
increased relaxivity of GBCAs.1314.22 Because hydrophobicity of nitroxide- covered
dendrimer surface may contribute to limited applications of the agents in MRI, our approach
is aimed at alleviating that effect by including water solubilizing groups such as
polyethylene glycol (PEG) chains on the surface of the dendrimer. The non-immunogenic
and polar PEG chains may provide additional advantages, that is, the PEG chains may
help to immobilize nitroxides as well as increase water access to the paramagnetic nitroxides
that could help to increase rq. Our design strategy is to optimize the ratio of nitroxide and
PEG chains on the dendrimer surface to obtain ORCA with high rq and good water
solubility. This concept is tested using PPI dendrimer conjugated with spirocyclohexyl
nitroxide 1 and hydrophilic, monodisperse methoxypolyethylene glycol (mPEG-12) chains
to obtain water soluble ORCA.

The spirocyclohexyl nitroxide 1-OH is synthesized by modification of methods for 3-CP,24
and then the carboxylic acid is converted to A~hydroxysuccinimidyl (NHS) ester, 1-NHS,
using standard methods. Sequential conjugation of 1-NHS, and mPEG-12-NHS to PPI
dendrimer generation-4 (PPI-G4) with 64 terminal amine groups ((NH,);, /= 64) provides
ORCA 1-mPEG-G4. Through tests of various reaction conditions, it was determined that
using about 1/3 stoichiometric amount (1/3 equiv) of 1-NHS and an excess of 2/3 equiv of
MPEG-12-NHS is optimum. The resultant 1-mPEG-G4 has water solubility =0.5 g/mL and
radical concentration 20.4 mmol/g. ORCAs 1-mPEG-G3, 1-mPEG-G2, and 1-mPEG-GO, as
well as 3-CP-mPEG-G4 are prepared by analogous procedure (Table 1).

The number of conjugated spirocyclohexyl nitroxide 1 and mPEG-12 moieties per PPI
dendrimer core is determined using end group analysis based upon IH NMR spectroscopy
and spin counting by EPR spectroscopy. Because *H NMR spectra of paramagnetic ORCAs
are broad, and not useful for characterization, we convert the nitroxides to diamagnetic
hydroxylamines by treating the ORCAs with excess of ascorbate. The partially reduced
ORCAs provide sufficiently well resolved 1H NMR spectra for determination of the number
of conjugated mPEG-12 (m), by the relative integrals of H resonances for the terminal
methyl groups of MPEG-12 and the 1H resonances of the dendrimer scaffold. Spin counting
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provides the spin concentration of the ORCA sample (prior to treatment with ascorbate),
which can be used to determine the number of conjugated nitroxide radicals (/). The PPI
dendrimer surface coverage determined from the values of /mand jis shown in Table 1. For
1-mPEG-G4, about 80% of the dendrimer surface is covered with nitroxides 1 and
mMPEG-12 and this surface coverage increases to about 90% for lower generations of ORCA.
This incomplete surface coverage may be associated with well-known overcrowding on the
surfaces of the higher generation dendrimers2° that is further amplified by larger space
requirements of spirocyclic nitroxide vs. mPEG-12, as illustrated by the surface coverage of
64% and 92% for model compounds 1-G4 and mMPEG-G4. Covalent attachment of both
mPEG-12 and the reduced nitroxides (hydroxylamines) to the scaffold is evidenced by two
broad 1H NMR peaks at 6 7.9 and & 10.4 ppm (dimethylsulfoxide-df), assigned to two
distinct NH amide groups. mMPEG-G4 has only one type of NH amide group (singlet at & 7.9
ppm), which shows a H-1H COSY cross-peak to the dendrimer backbone (Figures S10—
S18).

We investigate the rate of reduction of nitroxides 1-OH and ORCA 1-mPEG-G4 under
pseudo-first order conditions using 20-fold excess ascorbate in pH 7.4 PBS buffer. As
reference, the rate of reduction of 3-CP is determined under identical conditions. Second
order rate constants, &, are obtained by following the decay of the nitroxide EPR peak height
at 295 K (Figure 2A).

The spirocyclohexyl nitroxide, 1-OH (k= 0.031 + 0.003 M~1s71) is reduced at a
significantly slower rate than 3-CP (k= 0.063 + 0.002 M~1s71).1% Under similar conditions,
initial reduction of 1-mPEG-G4 occurs with the rate constant, k= 0.058 + 0.004 M~1s71,
which is comparable to that of 3-CP. However, after a fraction of nitroxides is reduced
during the initial 1-h period, the remaining nitroxides 1 on the crowded dendrimer surface
are reduced at about 20-fold slower rate (Table S2).

1H water relaxivity r; of ORCAs and 3-CP in PBS buffer are measured using a 7-T MRI
scanner. The plots of 1/T1 (H relaxation rate of water) vs. nitroxide concentration are linear
for all agents, indicating the absence of aggregation in the concentration range studied, 0-16
mM (per-nitroxide) (Fig. 2B). The slopes of the plots indicate that, under physiological
conditions (PBS, pH 7.2), 1H water relaxivity of PEGylated ORCASs is significantly higher
than for 3-CP. For example, r; = 0.42 + 0.03 mM~1s71 per $= % nitroxide radical in 1-
mPEGG4, corresponding to molecular r; 5 mM~1s™1 may be compared to 3-CP with r; »
0.14 mM~1s71 (Table 1). Solutions of 1- MPEG-G4 in PBS buffer are stable at room
temperature, with r{ showing negligible change over 24 h; similarly, no change is detected
in spin concentration by EPR spectroscopy for 1- mPEG-G4 in PBS buffer stored at -20 °C
for 5 months.

We examine rotational dynamics of the ORCA by EPR line-shape analysis. Because high
spin concentration leads to exchange broadening of EPR spectra, we decrease spin
concentration of ORCA, by treatment with ascorbate in PBS buffer, to obtain adequately
resolved EPR spectra for the analysis. Simulations of the EPR spectra of the partially
reduced ORCAs provide rotational correlation time (t,qt) in the ns-range (Table 1),
compared to ot = 0.045 ns for 3-CP under identical conditions. The value of ¢, for 1-
MPEG-G4 is about 50% longer than that for 3-CP-mPEG-G4, emphasizing the effectiveness
of the spirocyclohexyl, and thus more rigid, structure of nitroxide 1 in restricting the motion
of the radical. Although the ORCA with the longest ot = 1.5 £ 0.1 ns possesses the highest
r1, the relaxivity is only weakly dependent on t,o. This suggests the possibility of different
factors limiting rq for the ORCAS, such as short electron spin relaxation time T4, and long
residence/exchange time (texch) Of water molecule hydrogen-bonded to the nitroxide radical.
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EPR line-shape analyses for 1-mPEG-G4, -G3, and -G2 suggest that T, is longer than about
20 ns, based upon the assumption T > Ty, estimated from linewidths. Because the
dominant mechanism for shortening of Ty, is by the modulation of electron-electron spin-
spin interaction by motion, 2% the highly restricted motion of the radicals in the ORCAS (ot
~ 1 ns) is likely to prevent T4, from becoming sufficiently short, to affect water rq
significantly (Figure S22). This leaves long texch as the most probable factor limiting water
r1, similar to the behavior observed in conjugates of Gd-chelates with dendrimers.2’ The
dipolar inner sphere model,28 which is the standard in the analysis of Gd-chelates,13:22
predicts that shortened teych < 1 1, i.e., improved access of water to radicals, should
facilitate increased water r1. For example, r; ~ 5 mM~1s~1 per $= % nitroxide radical is
computed for teyen ~ 1 1S, trot © 1.5 ns, and Ty = 20 ns (Figure S22).

To explore the potential of ORCAs as practical MRI contrast agents, we investigate 1-
MPEG-G4 /n vivo. Since the rq per S= % nitroxide radical for 1-mPEG-G4 is about 3 times
higher than for a typical nitroxide, we used a relatively small dose of radical, 0.5 mmol/kg,
which is 3 times less than the typical dose for common nitroxides in 77 vivo MRI studies.?3
The T4 weighted high resolution 3D images of the mouse torso show that the 1-mPEG-G4 is
a long lasting blood pool contrast agent, which is slowly excreted through the kidneys
(Figures 3, 4, and Fig. S25). This can be appreciated in the subtraction images shown in
Figure 3B-D, F-H. It is clear that the liver and spleen show no appreciable uptake, only
residual signal as a result of the vasculature, while the lung, normally a low intensity organ
in MRI, lights up due to the enhancement of the vasculature.

The MRI signal in blood and kidneys decays gradually allowing for a long imaging time.
For example, the image enhancement (mean + standard deviations, n = 3) in kidneys
medulla and blood vessels is 114 + 14% and 81 + 27% after 30 min following
administration of the agent and slowly decreases to 104 + 11% and 60 + 26% after 90 min of
scanning, respectively (Figure 4).

Although the present data do not allow for quantitation of the excretion of the agent,
selective uptake by the kidneys medulla and cortex, and the enhanced image of the bladder
(Figure 3), suggest excretion of ORCA through the kidneys. ORCA 1-mPEG-G4, with
average M, ~ 32 kDa (Table 1), is estimated to have a Stokes-Einstein radius (rsg) of about
2.4 nm, which is near the upper limit, rsg ~ 2.5 nm, for glomerular filtration of positively
charged spherical solutes,2® and could thus account for strongly enhanced MR image of
kidneys, especially medulla, over a period exceeding 1 h (Table 1).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 2.
(A) Reduction of 0.2 mM nitroxide radicals with 4 mM ascorbate in 125 mM PBS pH 7.4 at

295 K. (B) Plots of water 1H relaxation rates, 1/T1, vs. concentration of nitroxide radicals in
PBS pH 7.2; water relaxivities ry determined from slopes of the linear fits (/2 = 0.998-
0.999).
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Figure 3.

3D T1 weighted spoiled gradient recalled echo MRI of mouse before and after injection of
1-mPEG-G4. (A,E) MRI before injection and (B-D,F-H): subtraction of preinjection images
from images obtained (B,D) 0-30 min, (C,E) 30-60 min, and (D,H) 60-90 min after
injection.
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Figure 4.
Plots of normalized intensities (mean + standard errors, n = 3) before and after injection of
1-mPEG-G4.
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