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ABSTRACT: Nanoparticles capable of accumulating in tumor
tissues are promising materials for tumor imaging and therapy.
In this study, two radical nanoparticles (RNPs), denoted as 1
and 2, composed of self-assembled ureabenzene derivatives
possessing one or two amphiphilic side chains were
demonstrated to be candidates for metal-free functional
magnetic resonance imaging (MRI) contrast agents (CAs).
Because of the self-assembly behavior of 1 and 2 in a saline
solution, spherical RNPs of sizes ∼50−90 and ∼30−100 nm
were detected. In a highly concentrated solution, RNP 1 showed considerably small water-proton relaxivity values (r1 and r2),
whereas RNP 2 showed an r1 value that was around 5 times larger than that of RNP 1. These distinct r1 values might be caused
by differences in the self-assembly behavior by a hydration or dehydration process. In vivo studies with RNP 2 demonstrated a
slightly enhanced T1-weighted image in mice, suggesting that the RNPs can potentially be used as metal-free functional MRI CAs
for T1-weighted imaging.

■ INTRODUCTION

Tumor cells have been found to exhibit higher activity than
normal cells, which leads to the formation of disordered
morphologies in the tumor tissue.1,2 Therefore, the tumor
tissue possesses void spaces that are approximately 10−500 nm
in size.3,4 Furthermore, intercellular spaces are present around
the endothelial cells, which allow effective permeation and
retention of nanoparticles (NPs) into the tumor tissue.
Utilizing the enhanced permeation and retention (EPR) effect
of NPs through these void spaces,5,6 many drug delivery
systems (DDSs) and tumor imaging agents are being
developed.
In the case of bioimaging using magnetic resonance imaging

(MRI), NPs of Gd complexes have been studied and are
currently being used as tumor imaging contrast agents (CAs).7,8

However, potential side effects such as renal disorders and
accumulation in the brain pose challenges.9,10 On the other
hand, CAs consisting of organic radicals are being paid wide
attention as metal-free MRI CAs, which are expected to have
fewer side effects than metal ion-based CAs.11,12

We have been studying the self-assembly behavior of
ureabenzene derivatives (UBDs) with amphiphilic side chains
that are composed of an alkyl group and an oligoethylene glycol
(OEG) group (Scheme 1).13 A UBD has multiple functional
groups, for instance, urea for hydrogen bonds, benzene for π−π

stacking, alkyl chains as a hydrophobic moiety, and OEG as the
hydrophilic group. Therefore, it is readily soluble in water and
is capable of self-assembly by the above-mentioned intermo-
lecular interactions. Previously, UBD analogue-based stable
TEMDO (2,2,6,6-tetramethyl-3,6-dihydropyridin-1-oxyl) or
TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl) units incorpo-
rated in a benzene ring or in the tertiary amine in a side chain,
TEMDO-UBD and TEMPO-UBD, were synthesized as
candidates for metal-free CAs (Scheme 1).14 Both derivatives
formed radical nanoparticles (RNPs) by self-assembly in
aqueous solutions and were characterized by higher relaxivity
values (r1 and r2) than those of TEMPO radicals of smaller
sizes. Suppression of the molecular motion (tumbling) due to
the formation of the RNPs effectively increases the rotational
correlation time (τR),

15,16 resulting in higher relaxivity values.
The higher relaxivity values of the RNPs make it possible to use
them as MRI CAs as they yield enhanced T1- and T2-weighted
images. Thus, taking advantage of the RNPs is of great
significance not only for targeting tumor accumulation but also
for tumor imaging using MRI. However, both TEMDO-UBD
and TEMPO-UBD have multiple OEGs (e.g., four or three
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OEGs in a molecule) that are highly hydrophilic, resulting in
RNPs of lower concentrations and a high critical aggregation
concentration (CAC). Therefore, both derivatives face a
problem in which the relaxivity values of the RNPs at low
concentration exhibit smaller values than those in highly
concentrated solutions. In this study, we demonstrated the
construction of TEMDO-UBD by introducing one or two
amphiphilic side chains into a benzene ring, and these are
denoted as 1 (TEMDO-UBD-MA) and 2 (TEMDO-UBD-
DA) (Figure 1). Thus, 1 and 2 that have one or two OEG

groups are predicted to readily form RNPs with smaller CAC
values and exhibit higher relaxivity values at the same time.
Herein, we describe the self-assembly behavior and the
variation in the relaxivity values of RNPs 1 and 2, accompanied
by in vivo MRI examination.

■ EXPERIMENTAL SECTION
General Information. Infrared and UV−vis spectra were recorded

on a JASCO 420 FT-IR spectrometer and a JASCO V570
spectrometer, respectively. 1H nuclear magnetic resonance (NMR)
spectra were recorded on a Bruker Biospin AVANCE III 500 Fourier
transform spectrometer using CDCl3 or DMSO-d6 or D2O using TMS
as the standard. High-resolution mass spectra (HRMS) using
electrospray ionization (ESI) mass spectra (ESI-MS) were recorded
on a Bruker Daltonics microTOF spectrometer. Electron spin
resonance (ESR) spectra were recorded on a Bruker Biospin
ESR300 EPR X-band (9.4 GHz) spectrometer equipped with a
microwave frequency counter. Sample solutions in saline were placed
in capillary tubes and were measured at 25 °C. Dynamic light
scattering (DLS) measurements were performed on a Zetasizer Nano
ZS (Malvern Instruments Ltd.).

Materials. Unless otherwise stated, all reagents and solvents were
used as received without further purification. 2,5,8,11,14,17,20-
Heptaoxahexacoscan-26-amine (Eg6C6NH2) and tetramethyl-4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3,6-dihydropyridin-
1(2H)-yloxyl radicals were prepared according to previous reports.7

Thin-layer chromatography (TLC) was performed on silica gel plates
60 F254 (Merck).

1-(2,5,8,11,14,17,20-Heptaoxahexacosan-26-yl)-3-(4-iodo-
phenyl)urea (Iodo-UBD-MA). A solution of 4-iodobenzoic acid (496
mg, 2 mmol) in SOCl2 (30 mL) was refluxed for 2 h and evaporated
under reduced pressure to produce crude 4-iodobenzoyl chloride. To a
solution of the crude mixture in THF (4 mL), an aqueous solution of
NaN3 (429 mg, 6.6 mmol) was added, and the solution mixture was
stirred in an ice bath for 2 h. Saturated NaHCO3 solution was added to
the reaction flask at the end of 2 h and extracted with toluene three
times. The combined organic layer was dried over MgSO4 and
evaporated under reduced pressure until the remaining volume was 15
mL; the resultant product is a toluene solution of 4-iodoisophthaloyl
azide. Without purification, the crude reaction mixture was refluxed for
2 h to produce a toluene solution of 1-iodo-4-isocyanatobenzene. To a
solution of 1-iodo-4-benzoyl azide in toluene, Eg6C6NH2 (870 mg, 2.2
mmol) in 4 mL of CHCl3 was added dropwise and stirred overnight in
an ice bath at room temperature. The reaction mixture was evaporated
under reduced pressure, and the crude residue was chromatographed
on silica gel using CHCl3/MeOH solution (100:1−50:1) as the eluent
to obtain a yellowish oil (1.02 g, 1.60 mmol, 80%). IR (NaCl, cm−1)
3491, 3340, 2930, 2864, 1695, 1594, 1538, 1449, 1351, 1305, 1261,
1201, 1111, 1028. 1H NMR (DMSO-d6, 500 MHz) δ 8.49 (s, 1H),
7.51 (d, J = 9.0 Hz, 2H), 7.23 (d, J = 9.0 Hz, 2H), 6.14 (t, J = 5.5 Hz,
1H), 3.51−3.41 (m, 26H), 3.24 (s, 3H), 3.05 (q, J = 6.5 Hz, 4H), 1.49
(quin, J = 6.8 Hz, 2H), 1.41 (quin, J = 6.8 Hz, 4H), 1.33−1.26 (m, 4H).
13C NMR (CDCl3, 126 MHz) δ 155.79, 140.06, 137.78, 120.73, 84.36,
71.97, 71.10, 70.88, 70.70, 70.66, 70.12, 59.11, 39.78, 29.62, 29.09,
26.15, 25.77. ESI-MS m/z 663.21 [M + Na]+. HRMS (ESI-TOF)
calculated for C26H45N2O8INa [M + Na]+, 663.2113; found, 663.2127.

1,1′-(5-Iodo-1,3-phenylene)bis(3-(2,5,8,11,14,17,20-heptaoxa-
hexacosan-26-yl)urea) (Iodo-UBD-DA). Iodo-UBD-DA was pre-
pared in a manner similar to the procedure for Iodo-UBD-MA but
using 5-iodoisophthalic acid. The reaction yield was 58%. IR (NaCl,
cm−1) 3502, 3346, 2931, 2863, 1689, 1606, 1549, 1482, 1455, 1421,
1351, 1302, 1238, 1201, 1110, 1028. 1H NMR (DMSO-d6, 500 MHz)
δ 8.43 (s, 2H), 7.43 (d, J = 2.0 Hz, 2H), 7.26 (t, J = 2.0 Hz, 1H), 6.05
(t, J = 5.5 Hz, 2H), 3.46−3.50 (m, 38H), 3.43−3.49 (m, 4H), 3.39−
3.41 (m, 4H), 3.33−3.38 (m, 6H), 3.30 (s, 6H), 3.02 (q, J = 6.7 Hz,
4H), 1.47 (quin, J = 7.0 Hz, 4H), 1.39 (quin, J = 7.0 Hz, 4H), 1.32−
1.25 (m, 8H). 13C NMR (CDCl3, 126 MHz) δ 155.90, 141.42, 121.44,
108.29, 94.77, 72.00, 71.34, 70.80, 70.67, 70.65, 70.09, 59.11, 39.90,
29.94, 29.37, 26.54, 25.83. ESI-MS m/z 561.24 [M + 2Na]2+. HRMS
(ESI) calculated for C46H85N4O16INa2 [M + 2Na]2+, 561.2395; found,
561.2412.

1-(4-(1-Oxyl-2,2,6,6-tetramethyl-3,6-dihydro(2H)pyridine-4-yl)
phenyl)-3-(2,5,8,11,14,17,20-heptaoxahexacosane-26-yl)urea
(TEMPO-UBD-MA (1)). Iodo-UBD-MA (320 mg, 0.5 mmol),
Pd(PPh3)4 (28.9 mg, 0.025 mmol), 2,2,6,6-tetramethyl-4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-3,6-dihydropyridin-1(2H)-yloxyl

Scheme 1. Molecular Structures of UBD, TEMPO-UBD,
TEMDO-UBD, 1 (TEMDO-UBD-MA), and 2(TEMDO-
UBD-DA)

Figure 1. Illustrations of plausible structures of RNP 1 (a) and 2 (b)
with multiple binding sites.
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radical (168 mg, 0.6 mmol), and degassed 1,4-dioxane (4 mL) were
placed in a three-necked flask and bubbled carefully with N2 gas for 30
min. To this reaction mixture, a 10% Na2CO3(aq) solution (10 mL)
was added and stirred at 100 °C for 6 h. Brine added to the reaction
mixture was extracted with CHCl3 three times, and the combined
organic layer was dried over MgSO4 and then evaporated under
reduced pressure. The crude residue was chromatographed on silica
gel using CHCl3/MeOH (100:1−50:1) as the eluent to obtain an
orange oil (197 mg, 0.30 mmol) with a 59% yield. IR (NaCl, cm−1)
3516, 3339, 2929, 2862, 1696, 1668, 1602, 1558, 1453, 1360, 1249,
1201, 1114, 1033, 850. 1H NMR (DMSO-d6 + ascorbic acid, 500
MHz) δ 8.38 (s, 1H), 7.33 (d, J = 8.5 Hz, 2H), 7.26 (d, J = 8.2 Hz,
2H), 6.07 (t, J = 5.8 Hz, 1H), 5.84 (s, 1H), 3.50−3.45 (m, 26H), 3.23
(s, 3H), 3.06 (q, J = 6.5 Hz, 2H), 2.37 (s, 2H), 1.49 (quin, J = 7.0 Hz,
4H), 1.42 (quin, J = 7.0 Hz, 4H), 1.34−1.26 (m, 4H), 1.21 (s, 6H),
1.13 (s, 6H). 13C NMR (DMSO-d6 + ascorbic acid, 126 MHz) δ
155.13, 132.64, 128.88, 128.66, 126.88, 126.66, 126.02, 125.07, 117.34,
71.32, 70.31, 69.83, 69.62, 69.53, 58.09, 29.78, 29.24, 26.28, 25.47. ESI-
MS m/z 689.42 [M + Na]+. HRMS (ESI) calculated for
C35H60N3O9Na [M + Na]+, 689.4222; found, 689.4245.
1,1′-(5-(1-Oxyl-2,2,6,6-tetramethyl-3,6-dihydro(2H)pyridin-4-yl)-

phenyl-1,3-diyl)bis(3-(2,5,8,11,14,17,20-heptaoxahexacosan-26-yl)-
urea) (TEMPO-UBD-DA (2)). Iodo-UBD-DA (539 mg, 0.5 mmol),
Pd(PPh3)4 (28.9 mg, 0.025 mmol), 2,2,6,6-tetramethyl-4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)-3,6-dihydropyridin-1(2H)-yloxyl
radical (168 mg, 0.6 mmol), and degassed 1,4-dioxane (4 mL) were
placed in a three-necked flask and carefully bubbled with N2 gas for 30
min. To this reaction mixture, a 10% Na2CO3(aq) solution (10 mL)
was added and stirred at 100 °C for 6 h. Brine added to the reaction
mixture was extracted with CHCl3 three times, and the combined
organic layer was dried over MgSO4 and then evaporated under
reduced pressure. The crude residue was chromatographed on silica
gel using CHCl3/MeOH (100:1−50:1) as the eluent to obtain an
orange oil (211 mg, 0.20 mmol) with a 40% yield. IR (NaCl, cm−1)
3516, 3339, 2929, 2862, 1696, 1668, 1602, 1558, 1453, 1360, 1249,
1201, 1114, 1033, 850. 1H NMR (DMSO-d6 + ascorbic acid, 500
MHz) δ 8.35 (s, 2H), 7.28 (t, J = 1.7 Hz, 1H), 7.05 (d, J = 1.7 Hz, 2H),
5.99 (t, J = 5.5 Hz, 2H), 5.79 (s, 1H), 3.52−3.46 (m, 36H), 3.40−3.37
(m, 16H), 3.23 (s, 6H), 3.05 (q, J = 6.3 Hz, 4H), 2.33 (s, 2H), 1.49
(quin, J = 6.5 Hz, 4H), 1.41 (quin, J = 6.5 Hz, 4H), 1.33−1.28 (m, 8H),
1.22 (s, 6H), 1.14 (s, 6H). 13C NMR (DMSO-d6 + ascorbic acid, 126
MHz) δ 172.80, 116.02, 108.32, 105.43, 91.32, 87.91, 84.49, 83.48,
79.24, 78.98, 78.71, 74.81, 73.28, 71.28, 70.28, 69.79, 69.58, 69.49,
58.05, 29.77, 29.21, 26.23, 25.44. ESI-MS m/z 574.34 [M + 2Na]2+.
HRMS (ESI) calculated for C55H100N5O17Na2 [M + 2Na]2+, 574.3449;
found, 574.3459.
Standard Preparation Method of Radical Nanoparticles

(RNP). Radicals 1 and 2 were dissolved in saline solutions with
sonication in an ice bath for approximately 120 s. The dissolved
transparent solutions without further filtration were used as samples
for various measurements.
Electron Magnetic Resonance (ESR). ESR spectra were recorded

on a Bruker Biospin ESR300 EPR X-band (9.4 GHz) spectrometer
equipped with a microwave frequency counter. Sample solutions in
saline were placed in capillary tubes and were analyzed at 20−22 °C.
Dynamic Light Scattering (DLS) and Zeta Potential. DLS

measurements were performed on a Zetasizer Nano ZS (Malvern
Instruments Ltd.). Sample solutions in saline were placed in
polystyrol/polystyrene tubes. The zeta potential of the samples was
analyzed using the above-described apparatus at 20 °C for 1 and 25 °C
for 2, above and below a critical transition concentration.
Transmission Electron Microscopy (TEM). TEM images were

taken on a FEI Tecnai20 machine. The samples (0.5, 1.0, and 5 mM)
for TEM measurement were prepared as follows: The corresponding
solutions (50 μL) were dropped onto a carbon grid. After
approximately 30 s, the residual solution was blotted using KimWipes.
To prepare negative stained images, 50 μL of a solution containing 5%
uranyl acetate solution was again dropped on the grid, and then the
residual solution was blotted using KimWipes. The resulting grids
were air dried for 15 min and used as samples.

log P Calculation. log P values were obtained from the calculation
methods. The modeling studies were performed using MacroModel
ver. 11.2 as implemented in Maestro ver. 10.5. The structures of 1′ and
2′ (with the nitroxyl radical in TEMDO replaced by a carbonyl group)
were optimized in molecular mechanics with the OPLS3 force field
with a dielectric constant of 1.0. The convergence criterion was set to
an energy gradient of 0.05 kJ/mol. Conformational searches were then
performed using the Monte Carlo molecular modeling (MCMM)
method to generate 1000 structures, which were individually
minimized into local minima. The most stable conformations of 1′
and 2′ were subsequently optimized at the DFT (B97-D/3-21G*)
level using the D.01 revision of the Gaussian 09 program package.21,22

Their corresponding nitroxyl radicals 1 and 2 were also optimized at
the same level of theory (Figure S6). Frequencies were analytically
computed at the B97-D/6-31G* level of theory to give gas-phase
Gibbs free energies (298 K, 1 atm) and to confirm whether the
structures are minima (no imaginary frequencies) or transition states
(only one imaginary frequency).

log P was estimated from the computed free transfer energy
according to equation23

=
Δ − Δ‐P

G G

R
log

( )

2.30 T
nsol( octanol) sol(water)

where R is the gas constant and T is the temperature.
To estimate log P (n-octanol/water) values, gas-phase DFT-

optimized conformers (1′, 2′, 1, and 2) were reoptimized in n-
octanol and water, respectively ((U)B97-D/6-31G*//(U)B97-D/3-
21G*:SMD = n-octanol or water) . The results of each optimization
were used to evaluate the free-energy difference for the two solvents.
Calculated log P values were 5.03 for 1′, 2.85 for 2′, 5.05 for 1, and
3.86 for 2 (Table S1).

T1- and T2-Weighted MRI and Relaxivity of the Samples.MRI
acquisitions of CAs were performed on a 1.0 T-MRI scanner
(BrukerBiospin, Ettlingen, Germany) with a solenoid coil (35 mm
inner diameter, transmission, and reception, Aspect Imaging, Shoham,
Israel). An aqueous solution of the contrast agents was initially put
into a polymerization chain reaction (PCR) tube cluster plate, and the
PCR tube cluster plate was set in the center of the volume coil. The
sample temperature was maintained at 23.0 ± 0.5 °C throughout all of
the experiments by using an air condition. Using the MRI scanner,
horizontal single-slice T1-weighted MR images were acquired with the
following parameters: spin echo, TR/TE = 400/10 ms, slice thickness
= 2.0 mm, matrix = 256 × 256, field of view (FOV) = 38.4 × 38.4
mm2, number of averages (NA) = 1, and number of slices = 1. For
longitudinal relaxation time (T1) and longitudinal relaxivity (r1)
calculations, horizontal single-slice inversion−recovery MRI was
performed using RARE (rapid acquisition with relaxation enhance-
ment) acquisition with the following parameters: TR = 10 000 ms, TE
= 20 ms, inversion time = 52, 100, 200, 400, 800, 1600, 3200, 6400 ms,
matrix size = 128 × 128, FOV = 38.4 × 38.4 mm2, slice thickness = 2.0
mm, RARE factor = 4, and NA = 1. For transverse relaxation time (T2)
and longitudinal relaxivity (r2) calculations, spin-echo mulch slice
mulch echo sequence was used with the following parameters: TR =
20000 ms, TE = 20 ms (256 echoes, for contrast agent measurement)
or 40 ms (256 echoes, for saline measurement), matrix size = 64 × 64,
FOV = 38.4 × 38.4 mm2, slice thickness = 2.0 mm, and NA = 1.

In Vivo Examination Using Mice. BALB/c nude mice bearing
colon-26 tumors on the lower back were used to test the compatibility
of the MRI CAs. After intravenous administration of 2 (100 mM, 100
μL) and 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL)
(300 mM, 200 μL) saline solutions, the intensities of the T1-weighted
images in the tumor and the muscle tissue (regions of interest, ROIs)
were noted every 20 s during a period of 30 min using a 7.0 T-MRI
scanner (BrukerBiospin, Ettlingen, Germany) equipped with a volume
coil (35 mm inner diameter, transmission and reception, Rapid
Biomedical, Rimpar, Germany).
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■ RESULTS AND DISCUSSION
Syntheses. TEMDO-UBD analogues 1 and 2 were

prepared in a manner similar to that for TEMDO-UBD-1
(Scheme S1).14 According to the Suzuki-Miyaura coupling
reaction,17,18 corresponding iodo-benzene derivatives having
one or two amphiphilic side chains were reacted with
tetramethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-3,6-
dihydropyridin-1(2H)-yloxyl radical (boron-TEMDO) in the
presence of a palladium catalyst (Scheme S1) to obtain crude 1
and 2 as reddish oils. The crude products were chromato-
graphed on silica gel using CHCl3/MeOH as the eluent and
produced reddish oils with 59 and 40% yields for 1 and 2,
respectively.
Self-Assembly Behavior. The self-assembly behavior of 1

and 2 was evaluated using ESR, DLS, and TEM and interpreted
in terms of the change in the corresponding ESR spectra, the
hydrodynamic diameter (DH) observed by DLS, and the images
recorded by TEM.
In the ESR spectra, three well-resolved signals due to the

splitting of the nitrogen nuclear spin were observed (Figure
2a). With increasing concentration, the signals of both 1 and 2

became slightly broadened. From the signal width and the
intensity in each spectrum, the τR values were estimated
according to Kivelson’s equation (eq 1),19,20 where h+1, h0, and
h−1 denote the peak intensities in the lowest, the middle, and
the highest fields, respectively, and ΔH0 indicates the peak
width of the middle peak. The given τR values at the lowest
(∼50 μM) concentration of 1 and 2 were 0.8 × 10−10 and 1.5 ×
10−10 s, respectively. At a solution concentration of 1 mM, the
τR values grew to 1.1 × 10−10 and 1.8 × 10−10 s for 1 and 2,
respectively, suggesting that sized-up behavior due to self-
assembly takes place. The τR values of 1 and 2 were plotted as a
function of the sample concentration (Figure 1b); a discrete
change in τR was noticed at 150 and 250 μM for 1 and 2,
respectively. The concentrations at which the discontinuity
occurs depict the critical transition concentrations (CTCs)
such as the CAC and any other transformations within the NPs.
Therefore, the resulting CTC1 for 1 and CTC2 for 2 are the
concentrations at which either the RNPs begin forming or
other transformations take place or a combination of both.

τ = × × + − × Δ−
+ −h h h h H6.6 10 { ( / ) ( / ) 2}R

10
0 1 0 1 0

(1)

To reveal the particle sizes of 1 and 2 in solution, the DH
values were analyzed below and above CTC1 or 2 by DLS
(Figure 3a). At the same time, the zeta potential values were
recorded. In 0.05 mM 1, the peak corresponding to the DH

appeared at around 50 nm, indicating the formation of RNP 1.
On varying the concentration from 0.05 to 3 mM involving
CTC1, the DH size gradually increased from 50 to 90 nm
(Figure 3a-1,a-3). In 2 solution, above CTC2, a DH of 30−100
nm was observed along with polydispersity, indicating the
formation of RNP 2 (Figure 3a-2). In contrast, the solution
below CTC 2 gave rise to no detectable peaks that
corresponded to NPs; this is due to the low magnitude of
the scattered light. These results indicate that the size
transformation of RNP 1 takes place at CTC1 and the
transformation of the monomer into RNP 2 takes place at
CTC2, and thus CTC2 equals CAC (vide supra). Interestingly,
regarding the concentration dependence of the zeta potential, 1
exhibited a change in the ζ value during the transformation, −9
and −4 mV below and above CTC1, respectively, accompanied
by the discontinuous change (Figure 3a-3). The resulting
curvature with the discontinuous points around 150 μM was
detected by the change in τR (Figure 2b). In the case of 2, no
concentration dependence was noticed (Table 1). In TEM
images above CTC1 or 2, spherical RNPs of 10−100 nm in size
were detected (Figure 3b). The sizes of the observed RNPs
were measured to create histograms that analyze the size
distribution as a function of the particle size, and the particle
sizes of RNP 1 and 2 were found to be 10−30 and 10−60 nm,
respectively. The corresponding sizes calculated from TEM
images were slightly smaller than those of DH in DLS,
suggesting that the RNPs swell in solution. No remarkable
concentration dependence was seen in the TEM-calculated
particle sizes above CTC1 or 2, but an attempt to detect the size
of RNP 2 below CTC2 failed owing to the low concentration.
DLS results, TEM images, and the size distributions in TEM
are shown in Figure 3, accompanied by the concentration
dependence of DH and ζ of RNP 1. The resulting values of τR

Figure 2. (a) Normalized ESR spectra of 1 mM saline solutions of 1
(black) and 2 (red). (b) Plots of τR values vs concentration of 1
(black) and 2 (red).

Figure 3. DH distributions of RNP 1 (a-1) and 2 (a-2) in saline. (a-3)
Change in DH and ζ values with the concentration dependence of
RNP 1. Each arrow corresponds to the related axis. (b) TEM images
in pure water solutions. (c) Size distributions of RNPs are shown in
panels (b). The results of 1 and 2 are shown in the left and right
panels, respectively.
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and ζ and the sizes for RNP 1 and 2 are summarized in Table
1. Furthermore, photographs of Tyndall scattering of the RNPs
are shown in Figure S5.
The self-assembly behavior of TEMDO UBD derivatives to

form RNP 1 and 2 is illustrated in Figure 4. Despite being

below CTC1, 1 having one OEG formed 50−60 nm RNP 1 as a
result of the numerous intermolecular interactions in the UBD
framework (hydrogen bonds, π−π stacking, and hydrophilic
interactions). Above CTC1, the resulting RNP 1 exhibited
further self-assembly behavior, giving rise to a size-up RNP
(RNP 1(L)), 70−100 nm in size. In contrast, 2, which has two
OEG units that form RNP above CTC2 (CAC), indicates an
equilibrium reaction between monomer 2 and RNP 2.
Compared to 1, which has one OEG, 2 may exhibit a higher
CAC as a result of its enhanced water-soluble property. The log
P values of 1 and 2 were calculated by DFT21−23 and were
found to be 5.05 and 3.86 for 1 and 2, respectively. These
results indicate that 1 possesses a stronger hydrophobic
property than 2 and easily forms the RNPs (Figure S6 and
Table S1). In addition, the observed changes in the zeta
potential of 1 upon varying the concentration may be related to
the conformational changes of the ethylene glycol in OEG

(Figure 4c). In a solution below CTC1, because the ethylene
glycol is highly polar, a gauche (cis) form corresponding to the
oxygen atoms in the ethylene glycol is dominant (Figure 4c
left).24,25 As a result, the zeta potential shows a larger negative
value (−9 mV). In contrast, when the solution is above CTC1,
RNP 1 undergoes further self-assembly with hydrophobic
interactions, resulting in conformational changes in the
ethylene glycol. Because the ethylene glycols prefer a lower
polarity, an anti (trans) form corresponding to the oxygen
atoms is dominant (Figure 4c right). As a consequence, the zeta
potential has a smaller negative value (−4 mV).26 Plausible
equilibrium reactions between the monomers and RNPs to
form self-assembled RNPs are illustrated in Figure 4a,b.
Plausible conformations of an ethylene glycol unit with gauche
(cis) and anti (trans) forms are illustrated by a Newman
projection and are shown in Figure 4c.

T1- and T2-Weighted Images and Relaxivity Values (r1
and r2) of the NPs. T1- and T2-weighted images were taken to
estimate the T1 and T2 relaxation times attributed to the water
proton (1 T at 23 °C). Because spherical RNPs 1 and 2 contain
the stable radical units of TEMDO, the T1 and T2 relaxation
times are shortened by the paramagnetic relaxation enhance-
ment (PRE) effect.27,28 In addition, large molecules assist in
further shortening the T1 and T2 relaxation times. The
compatibilities of the MRI CAs are evaluated as relaxivity
values, r1 and r2, which were calculated using eqs 2 and 3, where
T0 and C denote the corresponding T1 and T2 relaxation times
without CAs and concentration, respectively.

= +T T r C1/ 1/1 0 1 (2)

= +T T r C1/ 1/2 0 2 (3)

Figure 5 shows the T1-weighted images of 1 and 2 in the
concentration range of 5−0.078 mM in saline solutions. At 5
mM concentration, when the T1-weighted images of 1 and 2
are compared, the image corresponding to 2 was clearly
brighter than that of 1, indicating that 2 has a longer T1
relaxation time than 1. At lower concentrations below 1 mM,
the T1-weighted images of 1 and 2 exhibited a similar
brightness to each other, indicating that the abilities at lower
concentration are similar to each other. T1- and T2-weighted
images of 1 and 2 at different concentrations are shown in
Figures 5 and S7.
To confirm the ability of 1 and 2 to act as MRI CAs, the

resulting relaxation times were inverted to T1
−1 and T2

−1, and
their values were plotted as a function of concentration (Figure
6) to obtain r1 and r2 values in the slope. In the lower
concentration range of 0.078−1.25 mM, the r1 values
corresponding to RNP 1 and 2 were 0.29 and 0.12 mM−1

s−1; in addition, the related r2 of RNP 1 was 0.26 mM−1 s−1, but

Table 1. Values of τR, Size, and Zeta Potential (ζ) for RNP 1 and 2 and TEMPO-UBD 1 and 2 at Room Temperature

size/nm

τR/10
−10s DH (ζ/mV)b TEMc

below CTC above CTC below CTC above CTC above CTC

RNP 1a 0.8 1.1 50−60 (−8.7 to −9.0) 70−90 (−4.2) 10−30
RNP 2a 1.5 1.8 d 30−100(−6.6) 10−60
TEMDO-UBDe 1.77−2.05 2.04−2.34 10−150 10−150
TEMPO-UBDf 2.8 10−500

aCTC1 of 1 and CTC2 of 2 correspond to 150 and 250 μM solutions, respectively. See the main text. b50 μM and 5 mM saline solutions as below
and above CTC1 or 2 for 1 and 2.

c1 and 5 mM pure water solutions of 1 and 2. dNot determined. eReference 13. CTC was determined to be CAC at
0.66−0.77 mM. fReference 14. CTC was undetermined.

Figure 4. Illustration of the plausible formations of RNP 1 (a) and 2
(b) together with individual CTC values. (c) Plausible conformations
of the ethylene glycol unit with gauche (cis) and anti (trans) forms
illustrated by a Newman projection.
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values of RNP 2 were disordered in the range to afford a
nonsuperimposed fitting line. These values are similar to those
of the TEMPO radical of low molecular weight (r1 and r2 were
0.18 and 0.21 mM−1 s−1, respectively). Interestingly, in the
highly concentrated solutions (concentrations above 1.25 mM),
that is, the solution above CTC1 or 2, the r1 and r2 values are
were different. RNP 1(L) had r1 and r2 values of 0.05 and 0.10
mM−1 s−1, respectively, whereas RNP 2 had r1 and r2 values of
0.24 and 0.26 mM−1 s−1, respectively, indicating that the
corresponding relaxivity values of RNP 2 are much larger than
those of RNP 1(L). Plots of T1

−1 and T2
−1 as a function of the

concentrations of 1 and 2 are shown in Figure 6. The relaxivity
values are summarized in Table 2.
Generally, RNPs possessing a large molecular size can induce

an enhanced T1-weighted image, eventually giving rise to high
relaxivity values due to the PRE effect, in addition to

suppressing the fast motion of the paramagnetic species (vide
supra). In the case of RNP 1(L), despite the particles being
70−90 nm in size and accompanied by an increasing τR value
(Table 1), the highly concentrated solution gave rise to a
smaller relaxivity value. This discrepancy can be explained as a
byproduct of dehydration within the RNPs around spin
sources; when the number of water molecules is reduced, the
relaxivity values are small (frequent interactions between water
molecules and spin sources can lead to increased relaxivity
values27,28 and even large τR values). In some UBDs, the
dehydration process is characterized by a lower critical solution
temperature (LCST). In fact, the concentration above 0.5 mM
for 1 and 2 exhibited dehydration behavior at LCSTs,
accompanied by a remarkable concentration dependence
(Figure S8). In addition, for the r1 and r2 values in the range
of 0.078−5.0 mM at 29 °C, which is above the LCST (>∼500
μM), the relaxivity values were similar to those at 23 °C above
1.25 mM (Table 2). Eventually, in the solution above CTC1,
RNP 1 shows further self-assembly due to the strong
hydrophobic interactions and the dehydration process,
producing RNP 1(L) with a small relaxivity value. RNP 1
contains more water molecules than RNP 1(L). In the 2
solution above CTC2, typical self-assembly behavior takes place
via the multiple intermolecular interactions in the hydration
process (not dehydration), producing RNP 2 having a high
relaxivity value as well as RNP 1. The discrepancy in the
inflection points obtained from ESR (150 μM) and the r1 value
(1.5 mM) for RNP 1 might originate from the different degrees
of the dehydration processes. Namely, in the concentration
above CTC1, the concentration dependence of the number of
water molecules close to the NO spin might be present within
RNP 1(L). The plausible self-assembly of RNP 1 and 2 by the
dehydration and hydration processes is illustrated in Figure 7.

In Vivo Examination Using Mice. To confirm the
compatibility of the developed RNPs for MR bioimaging, in
vivo examinations using RNP 2 were performed, and the signal
intensities of the T1-weighted images in ROIs were monitored
(Figures 8 and S10). 4-Hydroxy-2,2,6,6-tetramethylpiperidin-1-
oxyl (TEMPOL) was used as the reference compound.
Immediately after an intravenous administration of RNP 2 or
TEMPOL, the signal intensities corresponding to the ROI
showed a subtle enhancement and then underwent rapid
attenuation. The attenuation behaviors in the tumor tissue were
fitted with a function of linear expression (eq 4) to yield the
rate constant kobs values of 9.5 × 10−3 and 3.2 × 10−2 s−1 in
RNP 2 and TEMPOL, respectively (Figure 8d). These results
indicate that the attenuation of RNP 2 is slower than that of
TEMPOL. Similarly, the rate constant kobs in muscle tissues
exhibited values of 7.3 × 10−3 and 9.5 × 10−3 s−1 for RNP 2
and TEMPOL, respectively (Figure S11). However, these rapid

Figure 5. T1-weighted images of 1 (a) and 2 (b). Numerical notations
along the images indicate that the saline solutions containing CAs
corresponded to concentrations of 5 (1), 2.5 (2), 1.25 (3), 0.625 (4),
0.312 (5), 0.156 (6), and 0.078 mM CA (7) and no CA (8).

Figure 6. Plots of T1
−1 and T2

−1 as a function of the concentrations of
1 (a) and 2 (b). Red circles and blue squares indicate the inversion of
T1 and T2 relaxation times, respectively. Solid and dotted lines indicate
the fitting lines at the corresponding higher and lower concentrations.

Table 2. Relaxivity Values Estimated from the Related
Relaxation Times of RNP 1 and 2a

RNP 1/mM RNP 2/mM

relaxivity/mM−1 s−1 0.078−1.25 1.25−5 0.078−1.25 1.25−5

r1 0.287 0.047 0.116 0.244
0.064b

r2 0.261 0.099 c 0.256
0.086b

aAcquisition under 1 T at 23 °C. bAcquisition at 29 °C. cIt is
estimated that r2 has R

2 = 0.704.

Figure 7. Illustration of the formation of RNPs by the dehydration and
hydration processes.
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attenuations (kobs on the order of 10−2−10−3 s) indicate that
side reactions due to bioreduction by materials such as ascorbic
acid occur in addition to metabolism.

= − ×ksignal intensity exp( time)obs (4)

■ CONCLUSIONS
We analyzed the self-assembly behavior of 1 and 2 consisting of
the UBD framework with a stable radical. Resulting RNPs 1
and 2 were evaluated for their abilities as MRI CAs. 1 and 2
formed spherical RNPs even at low concentrations (e.g., below
CTC1 for RNP 1 and above CTC2 for RNP 2), unlike the
TEMPO-UBDs reported previously.13,14 In the case of RNP 1,
the additional self-assembly behavior of the RNPs with CTC1
took place in highly concentrated solutions and was
accompanied by a dehydration process. The r1 values above
CTC1 or 2 in RNP 1 or 2 were distinct; the r1 value of RNP 2
was 5 times larger than that of RNP 1. Such distinct r1 values
may be due to differences in the number of water molecules
surrounded by the radical moiety; e.g., RNP 1 and 2 possess
many water molecules, but RNP 1(L) possesses few water
molecules. These results indicate that RNP 1 and 2, at low
concentrations, can potentially be used as CAs. In vivo
examination using RNP 2 that has high relaxivity values
produced a slightly enhanced T1-weighted image signal that
undergoes rapid attenuation in the tumor tissues. Furthermore,
the signal intensity of RNP 2 showed a slower attenuation
compared to that of TEMPOL. These results suggest that the
self-assembled RNP 2 having a larger molecular size allows us
to extend the time period for attenuation in the signal intensity
as a result of the protection from bioreduction materials. To
further extend the attenuation time of the signal, a study of
RNPs containing tetraethyl groups, with resistance against
bioreductants,29,30 is currently underway in our group. In

addition, we are studying RNPs to develop dual imaging
systems using MRI and emission31 properties.
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