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IMreducidon

1-1. Ferromagnetic organic radical crystals

Since the discovery of the purely organic ferromagnet (critical temperature, 7. = 0.6 K) with respect
to one of the several polymorphs of 2-(4-nitrophenyl)-4,4,5,5-tetramethylimidazolin-1-oxy-3-oxide
by Kinoshita et al. in 1991 (Figure 1-1a), nitroxide radicals have been used as the spin source to
develop all-organic solid magnetic materials [1,2,3,4]. In this molecular design, it was emphasized
that the McConnel-type strong ferromagnetic interactions were required to lead to effective
intermolecular spin-spin exchange. Although, up to the late 1990s, more than twenty nitroxide-based
organic ferromagnets were reported [5], these organic nitroxide radical materials exhibited a
paramagnetic behavior above the very low Tt due to the smaller intermolecular spin-spin exchange
interaction than thermal energy. Thus far, the highest 7c value of 1.48 K was recorded for one of
polymorphs of 1,3,5,7-tetramethyl-2,6-diazaadamane-N, N’-dioxyl prepared by Rassat et al. in 1993
(Figure 1-1b).
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Figure 1-1. Molecular structures of all-organic ferromagnets. (a) 2-(4-nitrophenyl)-4,4,5,5-
tetramethylimidazolin-1-oxy-3-oxide and (b) 1,3,5,7-tetramethyl-2,6-diazaadamane-N, N’-dioxyl
prepared by Kinoshita and Rassat, respectively.

1-2. Discovery of positive magneto-LC effect
In general, the possibility of a ferromagnetic rod-like liquid crystalline (LC) material was considered
unrealistic due to the inaccessibility of strong spin-spin dipole and exchange interactions between
molecules which is caused by fast molecular rotation (108 — 10'°s7!) around the molecular long axis
in the LC state [6], although theoretical considerations on the existence and dynamics of ferromagnetic
liquid crystals had been reported [7]. In fact, there was no report on the observation of ferromatic
interaction in metal-containing liquid crystals (metallomesogens) [8,9].

However, since 2008 it has been revealed that a sort of spin glass (SG)-like inhomogeneous
magnetic interactions (average spin-spin exchange interaction constant J > 0) occur in the various
chiral or achiral, rod-like LC phases [nematic (N), chiral nematic (N*), smectic C (SmC), and chiral

smectic C (SmC*)] [10] shown in Figure 1-2 of monoradical compounds under low magnetic fields
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(< 0.1 T), which contain a stable chiral five-membered nitroxide unit in the central core position and

thereby possess a negative dielectric anisotropy (Ae< 0) [11,12,13,14].

achiral chiral

N phase 0<90 °, SmC phase; N* phase SmC* phase
0=90 °, SmA phase

Figure 1-2. Molecular alignment of (a) N, (b) SmC, (¢) N* and (d) SmC* phases. n denotes a director

vector of a molecule, k represents a layer normal [10].

For example, all-organic radical liquid crystalline compound 1 was found to show
superparamagnetic interactions (J > 0) in the LC phases (Figure 1-3) [11]. Namely, a linear relation
between H and M was not observed in all of the four LC phases of 1a and b. However, they drew an
S-curve which passed through the origin. These results by SQUID magnetometry indicated that no
spontaneous magnetization occurred at a zero magnetic field. In addition, the deviation of the
magnetization from the linearity under weak magnetic fields implied the generation of
superparamagnetic interactions in applied magnetic fields. In contrast, such a superparamagnetic
behavior was not observed in the crystalline phase of the same compounds before heating to the LC
phases. This unique magnetic phenomenon, an increase in the molar magnetic susceptibility (yM) at

the crystal-to-liquid crystal phase transition, was referred to as “positive magneto-LC effect” [11].
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Figure 1-3. (a) Molecular structures of 1 and magnetic field (/) dependence of molar magnetization
(M) at 77 °C for (b) the SmC phase of (£)-1a, (c) the N phase of (+)-1b, (d) the SmC* phase of (25,55)-
1a (88% ee) and (e) the N* phase of (25,55)-1b (96% ee), and (f) temperature dependence of molar
magnetic susceptibility (ym) at 0.05 T of (2S5,55)-1a (88% ee). In panel f, open and filled circles
represent heating and cooling runs, respectively. Reprinted with permission from ref. 11. Copyright

2019 American chemical Society.

Electron paramagnetic resonance (EPR) spectroscopy and discrete Fourier transformation
(DFT) calculations correlated this unique magnetic phenomenon with the preferential occurrence of
ferromagnetic spin—spin dipole interactions in magnetic fields by a spin-polarization mechanism due
to the inhomogeneous intermolecular contacts through CH/n and/or CH/O interactions between
neighboring cyclic nitroxide radical moieties [15]. Calculation for the molecular pair presented in
Figure 1-4 proved that appreciable spin density is transferred on the distant aromatic ring in one
molecule of the pair. This spin polarization mechanism is most likely responsible for the generation of

the positive magneto-LC effect [15].




Figure 1-4. (a) Relative position of a pair of molecules in the crystal structure of (S,5)-2 and (b) spin
density distribution in the same pair by DFT calculation. Reprinted with permission from ref. 15.

Copyright 2019 American chemical Society.

Furthermore, quite recently it has been revealed that the origin of the positive magneto-LC effect,
or the superparamagnetic behavior, was interpreted in terms of the formation of organic spin glasses
by investigating the magnetic properties of biradical (3) [13] and diradical LC (4) compounds (Figure
1-5) [14].

Biradical Diradical
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Figure 1-5. Molecular structures of (S,S,5,5)-3 and (R,S)-4.

We expected that these results described above would provide an important information for the
development of metal-free magnetic advanced soft materials, such as magneto-active nanoparticles
which are expected to be used for biomedical applications including magnetically transportable
oxidation and reduction resistant magnetic microcarriers, magnetic resonance imaging (MRI) contrast
agents and magnetic nanocarriers for a magnetically targeted drug delivery system (DDS), in place of
metal-based magnetic nanoparticles. Indeed, Uchida et al. tackled on the extension of this unique

magnetic phenomenon and successfully prepared microcapsules (diameter: 300 pm) comprised of
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monodispersed core—shell water-in-oil-in-water (W/O/W) double-emulsion droplets of liquid
nitroxide radical 5 [16]. These droplets were magnetically transportable and served as flexible
antioxidative magnetic carriers for ondemand cargo-transport systems and droplet-based sensors.

On the basis of this experimental result and the spin density of 5 by DFT calculations, it was
anticipated that similar superparamagnetic magnetic interactions might occur through intermolecular
CH/= and/or CH/O interactions between molecules of 5 or analogous nitroxide compounds bearing a
long alkyl chain inside a nanocapsule composed of a surafctant to give stable magnetic nanoparticles

(Figurel-6).

H;C CH;
Surfactant H;C" N
(_ ﬁ (|).
Hydrophobic
part (£)-5

Y
W%
I\

Figure 1-6. Possible CH/n and CH/O interactions between the neighboring molecules of (£)-5 in a

-

nanocapsule.

1-3. Magnetic nanoparticles

Magnetic nanoparticles have attracted tremendous interest, particularly in biomedical applications
such as drug-delivery systems (DDS) and contrast enhancement for magnetic resonance imaging
(MRI) [17,18,19]. The majority of nanoparticles used in these applications are superparamagnetic iron
oxides (magnetite Fe3O4 or maghemite yFe,O3) or iron—iron oxide core—shell complexes, which are
coated with a variety of polymeric or monomeric materials to prevent aggregation and sedimentation
of the nanoparticles [20,21,22,23,24,25,26,27,28,29] (Figure 1-7). In practice, these iron-containing
nanoparticles, which are utilized as ferrofluids comprised of magnetic colloidal particles (particle size
<100 nm) dispersed in a carrier fluid, can act as proton transverse relaxation time (72)-enhancing MRI
contrast or hyperthermia therapy agents. To employ these magnetic nanoparticles in DDS, various
drug molecules were attached to the biocompatible polymer, silica layer, or phospholipid bilayer

coating on the magnetic core. The use of such magnetic nanoparticles enables the simultaneous
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delivery and detection of therapeutic agents in vivo. However, there are some drawbacks associated
with iron oxide based contrast agents because they demonstrate unusual magnetic susceptibility
artifacts, which produce dark signals that may not only be misleading but also result in incorrect

interpretation of the 7>-weighted MRI.

Jé== Drugs

S) ) -
Coating:
MNP: [ Polymers,

Fe,0,, YFe,0,, Silica layers,

e-Fe,&, core-shell o Phosphgllpld
- ‘ bilayers
oy

‘ MNP Coating Drug

Figure 1-7. Typical examples of iron-loaded magnetic nanoparticles (< 100 nm ¢). Reprinted with

permission from ref. 20. Copyright 2019 Wiley VCH.

Meanwhile, core—shell organic radical nanoparticles have been fabricated as biocompatible
high-performance metal-free magnetic nanoparticles to be used as MRI and EPR imaging probes in
vivo [30,31,32]. They comprise a self-assembled amphiphilic copolymer with stable nitroxide radical
groups covalently bonded to the hydrophobic segment and show high resistance to bioreduction. These
polymeric nanoparticles have specific requirements, such as degradability and accurate molecular
weight as well as nontoxicity and biocompatibility, that must be satisfied [32] (Figure 1-8a). Another
example of metal-free magnetic nanoparticles employed as MRI contrast agents is low-toxicity
lyotropic mesophase (hexagonal phase) nanoparticles (hexosomes) composed of amphiphilic glycerol
monooleate and nitroxide lipids [33,34]. However, the mean particle sizes are much larger than those
(10-100 nm) of MRI contrast agents that have been optimized for intravenous injection and have the
most-prolonged blood circulation time [22]. In this context, branched-bottlebrush copolymer
nanoparticles with hydrodynamic diameters of 13—24 nm and large polypropylenimine scaffolded
dendrimer molecules, both of which contain spirocyclohexyl nitroxide polyradicals, were reported to
show excellent stability towards biological reducing agents and substantial in vivo MRI contrast
[35,36] (Figure 1-8b, c). However, to date these metal-free nanoparticles have not been used as DDS

carriers. With these particles in mind, we envisaged that if stable and biocompatible oil-in-water (O/W)
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mixed micelles with appropriate particle sizes of 10—100 nm are available, can encapsulate large
amounts of low molecular weight nitroxide radical molecules, and show high resistance to
bioreduction, then these radical nanoparticles could be used as proton longitudinal relaxation time (77)
enhancing MRI contrast agents and EPR imaging probes in vivo. Furthermore, if hydrophobic drugs
are incorporated into the same magnetic mixed micelles, they are likely to be employed as drug carriers

for MRI-visible targeted DDS in vivo.

()
Core-shell type nanoparticle as EPR probes

Radical-containing Nanoparticle
(RNP)

(®) ' Branched-bottlebrush polymeric
MRI contrast agents

o
N
NN HNE{
4 ) i /%,N‘O/—J e}
N&NNE{VOSEH
0
w

rn=032mM!'s'(@7.07T)
(©)

Dendrimeric MRI contrast agents

Figure 1-8. Structures of nitroxide-based (a) core-shell type nanoiparticle, (b) brunched-bottle brush
polymeric nanoparticle and (c) dendrimeric nanoparticle. Reprinted with permission from ref. 32, 35

and 36.
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1-4. Aim of this study

In this thesis, the present author (Kota Nagura) describes the preparation, characterization and
theranostic application of a series of paramagnetic all-oraganic mixed micelles comprised of non-ionic
surfactant and nitroxide radicals prepared according to a facile experimental protocol which the same
author found. The stability of the magnetic mixed micelles was found to depend on the length of the
alkyl chains in both of the nitroxide radicals and surfactants. Aiming at application, the stability,
cytotoxicity and MRI contrast ability of these magnetic mixed micelles were investigated; the
magnetic mixed micelles exhibited no cytotoxicity, high resistance towards reduction by ascorbic acid,
and sufficient MRI enhancement. In addition, hydrophobic fluorophores and an anticancer drug could
be stably encapsulated in the mixed micelles. The magnetic mixed micelles presented here are
promising theranostic agents in nanomedicine due to their high biocompatibility, high resistivity
towards reduction, and excellent functions such as a drug carrier in therapy and an MR or FL imaging

probe in diagnosis.
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2 Preparation of metal-free magnetic mixed micelles encapsulating
w=molecular-welght nitroxide radicals and drugs directed
ftoweard MRI-visible targeted delivery

2-1. Introduction

Recently, nano-systems such as nanoparticles has attracted a tremendous interest from scientists; the
proper drug for proper person should be administered at the proper time using theranostics [37]. Li et
al. stated that ‘the term theranostic was used to describe a fusion of diagnostic and therapeutic
strategies with the rationale of increased safety and efficacy in a more personalized form’ [38]. After
the injection of nanoparticles into blood circulation, they are immediately subjected to the
opsonization. After this process, phagocytosis occurs to remove foreign materials from the
bloodstream. To solve these problems, scientists developed PEG-coated nanoparticles with neutral
charge which enables to prolong the blood circulation of the nanoparticles due to the protective effect
of the hydrophilic PEG chains against opsonins [39,40]. This prolonged circulation time makes PEG-
coated micelles a nanomaterial that can serve as an effective theranostic agent.

In this work, with a view to developing a theranostic nanomedicine for magnetic resonance
(MR) imaging-visible targeted drug delivery system, the author here reports the preparation and
characterization of metal-free magnetic mixed micelles (the term ‘nanoemulsions’ was used in our
paper [41]) consisting of PEGylated non-ionic surfactants Brij 58 (6), Brij 35 (7) or Brij 10 (8)
[42,43,44] and the hydrophobic low-molecular-weight pyrrolidin-N-oxyl radicals 9 or 10 have been
prepared in pH 7.4 phosphate-buffered saline (PBS) (Figure 2-1).

The structure of the mixed micelles has been characterized by electron paramagnetic resonance
(EPR) spectroscopy, and dynamic light scattering (DLS) and small angle neutron scattering (SANS)
measurements. The mixed micelles showed high colloidal stability, low cytotoxicity, enough reduction
resistance to excess ascorbic acid, and sufficient contrast enhancement in the proton longitudinal
relaxation time (77)-weighted MR images in PBS in vitro and preliminarily in vivo. Furthermore,
additional hydrophobic fluorescent (FL) dyes 11 or 12 and drugs 13, 14 or 15, were simultaneously

encapsulated inside the mixed micelles.
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Non-ionic surfactants
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HO 20 HO ’
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Figure 2-1. (a) Molecular structures used in this chapter: non-ionic surfactant (6, 7 and 8), nitroxide

radicals (9, and 10), fluorophores (11 and 12), drugs (13, 14 and 15).
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2-2. Results and discussion

2-2-1. Preparation and colloidal stability of magnetic mixed micelles

Referring to the smectic liquid crystalline (LC) layer structure stabilized by interdigitated long alkyl
chains (Figure 2-2), together with intermolecular CH/rt and/or CH/O interactions (Figure 1-6), the best
combination of a non-ionic surfactant 6, 7 or 8 bearing a terminal C12 or C16 alkyl chain and nitroxide
9, (n =14, 16, 18 and 20) or 10 (no alkyl chain) was searched to obtain most stable mixed micelles

with a mean particle size of less than 100 nm.

o \\I // s
7 1\\ Il

Surfactant

Mixed micelles constructed from

LC interdigitated layer structure . .
& Y smectic A-like structure

Figure 2-2. Expected interdigitated layer structure in the mixed mielle consisting of equimolar

amounts of a non-ionic surfactant and the nitroxide radicals.

The mixed micelles composed of 6 and 9,, 7 and 9,, 8 and 9,, and 6 and 10, designated as 6/9,, 7/,
8/9, and 6/10, respectively, were prepared at concentration of 10 mM for the surfactant (6 — 10) in
PBS according to a simple procedure as described in the experimental section. The resulting mixed
micelle 6/91g, as an example, showed a beautiful Tyndall scattering upon irradiation of a visible laser
light (Figure 2-3a).

The mean diameter of 6/9, or 6/10 in PBS were evaluated by DLS measurement (Figure 2-3c,
Table 2-1 and Figure 2-4). The 6/915 and 6/929 showed outstanding stability; these mean particle sizes
of 17 nm (in the range of 9—36 nm) and 18 nm (in the range of 8-30 nm) in PBS, respectively, were
constant for more than one month at 12 “C. In contrast, the pure micelle (10 mM) of 6 in PBS,
designated as P2, was unstable to give a white precipitate within 2 days at 12 °C. The mean dimater
(17 nm) of 6/9:3 was supported by small angle neutron scattering (SANS) measurement in D,0; the
SANS profile observed at iIMATERIA (BL20, J-PARC) was in good agreement with the scattering
function for spherical particles and the particle radius was estimated to be 6.0 + 2.0 nm (Figure 2-5).
In contrast, 6/914 and 6/916 became a white suspension after 6 or 10 days, respectively.

Considering the mean diameter (9 nm) of P6 and the molecular length (3.3 nm) of 93 estimated
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by the Molecular Mechanics using MM2 force field, the mean diameter (17 nm) for 6/9:5 indicates
that both the flexible interdigitated layer structure of long alkyl chains and the CH/n and/or CH/O
interactions between neighboring cyclic nitroxide radical moieties should greatly contribute to the
remarkable stability of the mixed micelles (Figure 2-2). Furthermore, 6/95 and 6/9, were also stable
after the 1000 times dilution (to 0.01 mM) with PBS. Thus, 6/9:3 and 6/9, turned out to be the best

choice for biomedical application. For further experiment, the mixed micelle 6/91g in PBS was used.

(a) 6/9,5 PBS

(b)

Volume /%

1 Il 0 1 L
315 320 325 330 1 10 100 1000

Field / mT Diameter / nm

Figure 2-3. Characterization of 6/9:3 in PBS. (a) Tyndall scattering upon irradiation of a green laser
light, (b) EPR spectrum of the sample filled in a capillary with the internal standard Mn?" and (c) mean

particle size (17 nm) determined by DLS measurement. See the experimental section for details.

Table 2-1. The mean diameters of 6/9, in PBS after 2 days from preparation at 25 “C.

Mixed micelle 6/914 6/916 6/913 6/920

Diameter (nm
elst ) 55 26 17 18
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Figure 2-4. Mean diameters of mixed micelles 6/9, (n = 14, 16 and 20) and 6/10 determined by DLS
measurement just after preparation (red dashed line: 6/914, blue dashed and dotted line: 6/916, black

solid line: 6/9,, green dotted line: 6/10) at 25 °C in PBS.
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Figure 2-5. SANS profile of 6/915 in D,O. The open circles were experimentally obtained. The solid
line indicates the calculated profile assuming spherical particles with radius R = 6.0 = 2.0 nm. See

experimental section for details.

Meanwhile, the micelles 7/9, or 8/9, with a molar ratio of 1 :1 in MilliQ water was unstable to
give a white dispersion after 24 h from preparation, due most likely to the too short polyethylene glycol
or alkyl chain length of the surfactants, respectively (Table 2-2). Although 8/9,4 was clear dispersion

after 1 day, it became a white suspension within 2 days from preparation.
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Table 2-2. Mean diameters and colloidal stability of the mixed micelles 7/9, or 8/9, (n = 12, 14, 16
and 18) in MilliQ at 30 °C.

912 914 916 95
Diameter
33 nm* 25 nm* 47 nm* 152 nm*
by DLS
dispersion® dispersion® dispersion® dispersion?
7
Colloidal
stability - precipitates’
Diameter
25 nm* 26 nm* 21 nm* 17 nm*
by DLS
dispersion” dispersion” dispersion® dispersion®
‘ Ul l i\
)
8
Colloidal E
stability - precipitates’

“Immediately after preparation. *After 24 h from preparation.

From these results, the order of the stability in the mixed micelles 6/9,, 7/9, and 8/9, is concluded to

be 6/913 = 6/920 > 6/916> 6/914>8/914>7/9(n=121t0 18) = 8/9,(n=12, 16 and 18).

In addition, EPR spectroscopy was used to study the dynamics and structural topology of the
colloidal systems. EPR technique, a powerful tool for investigating dynamic phenomena of colloidal
systems [45], was allowed to give directly magnetic interactions between nitroxide radicals. In general,
if a three-line spectrum is observed, there are monomeric nitroxide molecules in PBS (Figure 2-6a).
On the other hand, if a broad singlet EPR signal is observed in the studied system, nitroxides are most
likely to form a self-assembling structure through magnetic interactions, called Heisenberg spin

exchange interaction, between nitroxide radicals (Figure 2-6b) [46,47].
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Figure 2-6. Representative EPR spectra of (a) monomeric or (b) self-assembled nitroxide radicals.

The EPR signals of 6/9,, 7/9, and 8/9, consist mainly of broad singlet due to the self-assembly
of nitroxide radical molecules within the mixed micelles (Figure 2-3b and 2-7a-c). In contrast, the
mixed spectrum of a major three-line shape due to the free nitroxide radical molecules and the minor
broad singlet signal arising from molecular aggregation was obeserved for 6/10 because fairly water-

soluble 10 leaked from the mixed micelles (Figure 2-7d).
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Figure 2-7. EPR spectra of the mixed micelles just after preparation in PBS at 25 “C with the internal
standard Mn?". (a) 6/914, (b) 6/91, (¢) 6/920, and (d) 6/10.

2-2-2. Reduction resistance to ascorbic acid

It is well known that water-soluble nitroxide radicals are readily reduced by antioxidants such as
ascorbic acid (VC) and glutathione (GSH) in vivo to give the corresponding hydroxylamines
[30,31,32]. Therefore, the reduction resistance of 6/9:3 (each final concentration: 10 mM) was
evaluated in the presence of excess VC (final concentration: 17.5 mM) in PBS at 25 “C and compared
with the experimental results using the same concentration of water-soluble 4-hydroxy-2,2,6,6-
tetramethylpiperidine-N-oxyl (TEMPOL) [30,31,32]. The decay of the spectral intensity for 95 in
response to VC was monitored by EPR spectroscopy (Figure 2-8). 6/913 showed increased reduction
resistance (half-life: 40 min) compared with TEMPOL (half-life: < 1 min); in fact we could not track
the decay of EPR spectral intensity for TEMPOL due to the too fast reduction with VC. These results
indicate that the nitroxyl groups are shielded by surfactant 6, but slow water exchange occurs between
the inner and outer spheres of 6/9:3 most likely because of the polar circumstances in the central pore

surrounded by nitroxyl groups.
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Figure 2-8. Resistance of 913 in 6/915 to VC reduction. The reduction in the spectral intensity in PBS
was monitored by EPR spectroscopy at 25 °C by using a double integration method. See the

experimental section for details.

2-2-3. DDS carrier ability

To evaluate the ability as a DDS carrier, the micelles of 6/913 including a fluorophore (11 or 12) or a
drug (13, 14 or 15), designated as 6/9:s/X (X = 11 — 15), were prepared by adding 11 (10 mol%), 12
(1.0 mol%), 13 (1.0 mol%), 14 (10 mol%) or 15 (10 mol%) upon the preparation of 6/91s. The mean
diameters of 6/915/11 was 17 nm, while that of non-magnetic mixed micelle 6/11 was 9.4 nm (Figure
2-9); these mean diameters were comparable to those of 6/913 (17 nm) and P6 (9 nm) in the absence
of 11. The incorporation of 11 into 6/913/11 was confirmed by EPR, UV, and fluorescence
spectroscopies; the fluorescence emission from 11 within 6/91s/11 was considerably quenched by the
surrounding nitroxyl groups [35] and revived by adding a large excess (20 equiv based on the nitroxide
molecules) of VC (Figure 2-10). These results support the interdigitated layer structure between alkyl

chains of 6 and 9:5 (Figure 2-2) in which molecules of 11 were intercalated.
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Figure 2-9. Determination of mean diameters of (a) 6/91s/11 (17 nm) and (b) 6/11 (9.4 nm) by DLS

measurement in PBS just after preparation.
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Figure 2-10. EPR, UV, and fluorescence spectra of 6/915/11 in PBS. (a) EPR spectrum of 6/9:5/11 with
the internal standard Mn?*, (b) UV spectra of 6/9,5/11 (solid line) and 6/11 (broken line), (¢) fluorescent
spectra of 6/9:3/11 and 6/11 (broken line), and (d) fluorescence spectral change from 11 in 6/915/11

after addition of 20 equiv of VC. See the experimental section for details.
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Although 14 leaked from the mixed micelle 6/913/14 due to the hydrophilicity 14, compounds 12,
13 and 15 were successufully incorporated into the corresponding mixed micelles (6/91/12, 6/913/13
and 6/9:3/15). The mean diameter of 6/9:3/15 was 12 nm by DLS measurement, while that of 6/9s/12
or 6/9:3/13 was 16 nm (Figure 2-11d-f). Furthermore, the EPR spectrum of 6/9:5/15 was a broad three-
line shape, whereas 6/9:5/12 or 6/9:3/13 showed a broad singlet signal (Figure 2-11a-c). It was
noticeable that the former exhibited the spectrum of a dispersed nitroxide radical in solution in contrast
to the latter ones of self-assembled radicals. These results suggest that the bulky 15 bearing hydrogen-
bond donating NH and OH groups should interact with neighboring nitroxyl groups by hydrogen bond
to form a quasi-solution, resulting in a considerably slow rotation of the nitroxyl groups, both of which
are advantageous to enlarge the MRI contrast ability. In contrast, the mixed micelle incorporating 12
or 13 with a fairly planar molecular structure would take an intercalated molecular assembly in the

interdigitated layer, similar to the case of 6/9;5/11.
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2-2-4. In vitro cytotoxicity
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Figure 2-11. (a-c) EPR spectra with the internal standard Mn?" and (d-f) mean particle sizes
determined by DLS measurement immediately after preparation of (a, d) 6/913/15, (b, €) 6/915/12, and
(c, f) 6/913/13 in PBS.

To verify the uptake of the magnetic mixed micelles into cancer cells, the cancer cell viability of 6/9:5
was assessed and compared with that of P6 by the CCK-8 assay at the initial concentrations of 2.5
mM for 6 and 93 (Figure 2-12a). Consequently, both P6 and 6/9:s showed high toxicity at the
concentrations of 0.625 mM or higher, while they exhibited much lower or little toxicity at the
concentration of 0.313 mM or lower. In contrast, both 6/913/15 and free 15 displayed significant
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toxicity against HeLa cells at the concentration of 0.16 uM or higher of 15. Thus, the fact that the drug
15 released from the mixed micelles is pharmaceutically active suggests that 6/91s/15 were

incorporated into the cancer cells and are useful as a DDS drug carrier.
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Figure 2-12. Comparison of the in vitro cytotoxicity between (a) P6 and 6/9:s, and (b) 6/9:5/15 and
free 15 by using HeLa cells. The cell viability was assayed by using the CCK-8 kit after incubation
for 24 h at 37 °C under 5% COx. See the experimental section for details.

2-2-5. MRI measurement

The water proton relaxivity of 6/913 (1.2 — 10 mM) was determined from relaxation time (77) as a
function of concentration at 25 °C at 4.7 T (Figure 2-13a, A — D). 6/9;5 at a concentration of 10 mM
significantly brightened the 7j-weighted MR phantom images compared with PBS alone (Figure 2-
13a, L). Furthermore, we observed the bright MR phantom images of 6/9:5/11, 6/913/12, 6/9:3/13 and
6/9:3/15 (Figure 2-13a, 1, J, E and K). Particularly, 6/913/15 exhibited the brightest contrast among
them including 6/9s (Figure 2-13a, E). This is likely associated with the decrease in the mean particle
size (12 nm) and the unique EPR spectrum as described in the previous section, which allows relatively
fast water exchange between the inner and outer spheres of the mixed micelles and the increase in
rotational correlation constant of nitroxyl groups [33,34].

To evaluate the relaxation rate enhancement by the nitroxide-based magnetic mixed micelles, the
longitudinal relaxation rate (r;) was determined from the relaxation times as a function of
concentration by using spin-echo method at 4.7 T with respect to 6/9:5s and 6/913/15; linear regression
analysis yielded the 71 of 0.12 and 0.16 mM~'s™!, respectively (Figure 2-13b, ¢). These | values were
less than that (4.0 mM's™! at 4.7 T) of Magnevist [one of Gd(IIT) complex agents] in deionized water,
but comparable or larger than those (in the order of 0.1 mM~" s7! at 4.7 T) for ordinary water-soluble
small mononitroxide molecules [48]. However, the fact that there is a good linear relation between the
T’ contrast enhancement and the concentration of nitroxyl groups would increase the significance of
our mixed micelles for biomedical application [49]. Furthermore, it is a big advantage that nitroxide

radicals can act as 71-enhancing MRI contrast agents with much lower toxicity in comparison with the
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commonly used molecular Gd(III) complex agents [50,51,52,53].
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Figure 2-13. T)-weighted MR phantom images (4.7 T, 25 “C) of (a) (A-D) 6/9:s and (E-H) 6/9:5/15,
at 10, 5.0, 2.5 and 1.2 mM in PBS, and (I) 6/91s/11, (J) 6/915/12 and (K) 6/915/13 (10 mM each). The
control image of PBS alone is shown in panel (L). Plots of 777! vs the concentration of 95 in (b) 6/9:s
and (c) 6/915/15; the 1 values were determined to be 0.12 and 0.16 mM's™!, respectively. See the

experimental section for details.

Finally, to examine whether 6/913 can actually serve as an in vivo MRI contrast agent, a
preliminary MRI experiment was performed using living mouse brain tissues. Three hundred
microliter (ULL) of 6/915 (10 mM each) in PBS were intravenously injected into an anesthetized mouse
(weight around 30 g) lying supinely in an animal holder. Subsequently, the cradle was inserted into
the MRI machine (7.0 T) to acquire 71-weighted MR images by the spin-echo method. Since it was
anticipated that the injected mixed micelles would be transported by the blood stream and accumulated
to the pituitary gland in the brain, 771 weighted MR images of the pituitary gland were taken after the
injection of 6/915. As a result, a distinct MRI contrast enhancement was observed in the pituitary gland
after injection with high reproducibility (Figure 2-14). This result demonstrates that 6/95 serves as an

in vivo T1-weighted MRI contrast agent.
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(b)

Figure 2-14. T\-weighted MR images of brain tissues of two mice: (a, ¢) before and (b, d) 13 min after
the intravenous injection of 300 uL of 6/913 (10 mM each) in PBS. The images in (a) and (b)
correspond to one mouse, and those in (c) and (d) refer to the other mouse. Distinct contrast
enhancement was observed in the pituitary glands of both mice (indicated by black arrows). See the

experimental section for details.
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2-3. Conclusions

We have successfully prepared the ideal and robust, metal-free magnetic mixed micelles with a desired
mean diameter (< 100 nm). The colloidal stability was found to depend on the alkyl chain length in
both of surfactant and nitroxide radical. The mixed micelle 6/9;s exhibited high reduction resistance
to ascorbic acid and sufficiently bright contrast in the proton 7)-weighted MR images in vitro and
preliminarily in vivo, and incorporated as much as 10 mol % of hydrophobic drugs or quasi-drugs into
the nanoparticles. From the cell viability assay, it has been concluded that the magnetic mixed micelles
show low toxicity at the concentrations (0.31 mM or lower) of 6/9:3 and that 6/9,3/15 effectively
suppress the HeLa cell growth at the concentrations of 0.078 uM or higher of 15. Thus, it is highly
expected that our magnetic mixed micelles will serve as a theranostic nanomedicine for MRI-visible
targeted drug delivery system in vivo, if they have an additional function to be selectively incorporated

and accumulated into the targeted cancer cells.
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2-4. Experimental section

2-4-1. Materials

The surfactants 6 (Brij 58, Sigma-Aldrich), 7 (Brij 35, Sigma-Aldrich) and 8 (Brij C10, Sigma-
Aldrich), pyrene (11, Sigma-Aldrich), tetraphenylporphyrin (12, kindly gifted by Mr. Yamanaka,
Kyoto University), hydrocoritsone (13, TCI), doxorubicin (14, TCI) and paclitaxel (15, Sawai

Pharmaceutical), were used as received.

2-4-2. Synthesis of nitroxide radical compounds 9,

BngOOC Hyne1 (1.2 equiv)
HC[@) o ci

H,C
H,C 1}1 CH; 16 . N
0 THF H,C OC,Hpp+y
O OH
17
Cu(OAC)2 H20, 02 H3C CH3
25%NH;aq, MeOH ~ HyC' N 0C,Hyy .

0O
9

n

Scheme 2-1. Synthesis of 9, (n = 14, 16, 18 and 20)

Synthesis of 4-alkoxy-1-bromobenzene

A mixture of 4-bromophenol (31.69 g, 0.183 mol) and potassium carbonate (0.134 mol) in DMF (168
mL) was stirred at 70 °C for more than 0.5 h. To the suspension was added alkyl bromide (0.184 mol)
and the mixture was stirred overnight at 70 "C. Water (300 mL) was added and the mixture was
extracted with hexane (3 X 150 mL). The organic extracts were washed with brine (300 mL), 2N
NaOH solution (300 mL) and water (300 mL), dried over MgSOs, and evaporated to give 4-alkoxy-1-

bromobenzene (more than 60 % yield).

Preparation of Aryl magnesium bromides 16
To magnesium turnings (0.585 g, 24.1 mmol) dried by heating under vacuum were added THF (50
mL), arylbromide (25.9 mmol), and small amount of 1,2-dibromoethane under argon. The reaction

mixture was stirred for 3 h to afford a solution of aryl magnesium bromide 16.

General synthetic procedure for compounds 9, (n = 14, 16, 18, and 20)
To a solution of the nitrone 17 (2.55 g, 20.0 mmol) [54] in THF (15 mL) was slowly added a solution
of the freshly prepared Grignard reagent 16 (ca. 24 mmol) in THF under argon at —78 °C. The

temperature was raised slowly to 25 °C and stirring was continued overnight. The reaction mixture
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was poured into a saturated aqueous NH4Cl solution (100 mL), and then extracted with
dichloromethane (DCM) (2 X 100 mL). The combined DCM extract was dried over MgSOj4 and the
solvent was evaporated. The residual oil (n = 14 and 16) was dissolved in methanol (30 mL). For the
compounds which possess longer alkyl chain (n = 18 and 20), the resulting solid was dissolved in a
mixture of DCM (30 mL) and methanol (30 mL). To this solution were added aqueous NH3 solution
(25 wt%, 2.0 mL) and copper (II) acetate monohydrate (0.809 g, 4.05 mmol). Oxygen was bubbled
through the solution until a persistent deep blue color was observed. The solvent was then removed
under reduced pressure and saturated aqueous NaHCO3 (100 mL) was added to the solution. The
solution was extracted with DCM (2 X 100 mL) and dried over MgSQOs4, and the solvent removed
under reduced pressure. The resulting mixture was purified by column chromatography (hexane/ether

=90/10) on silica gel to afford the compounds 9, in around 20% yield.

9,4: M.p. (DSC) 52.7 °C. EPR (0.10 mM in THE, 25 °C): g = 2.0067, ax = 1.41 mT. Anal. Calcd (%):
C, 77.83; H, 11.13; N, 3.36. Found (%): C, 77.61; H, 11.01; N, 3.34.

9,6: M.p. (DSC) 60.9 °C. EPR (0.10 mM in THF, 25 °C): g = 2.0066, ax = 1.39 mT. Anal. Caled (%):
C, 78.32; H, 11.33; N, 3.15. Found (%): C, 78.40; H, 11.34; N, 3.14.

9:5: M.p. (DSC) 65.1 °C. EPR (0.10 mM in THF, 25 “C): g = 2.0066, ax = 1.40 mT.
Anal. Caled (%): C, 78.76; H, 11.51; N, 2.96. Found (%): C, 78.68; H, 11.79; N, 2.87.

950: M.p. (DSC) 70.0 °C. EPR (0.10 mM in THF, 25 “C): g = 2.0066, an = 1.40 mT.
Anal. Caled (%): C, 79.14; H, 11.67; N, 2.80. Found (%): C, 78.99; H, 11.67; N, 2.80.

2-4-3. Preparation of magnetic mixed micelles in PBS

2-4-3-1. 6/9,, 6/10, 7/9, and 8/9,

As a typical example, 6/9:3 (final concentration 10 mM each) were prepared in PBS as follows. In a 4
mL glass vial, 22.48 mg (20 umol) of 6 was dissolved in PBS (2mL). Then 9.46 mg (20 pmol) of 9:3
dissolved in very small amount of ether was added to the vial. The mixture was subjected to sonication
(Branson Model 2510, power 125 W, frequency 42 kHz) for 3 min at 25 °C to give a white suspension.
Finally, the suspension was heated for more than 10 min at 90 “C using a water bath to form ether-free

transparent 6/915 (10 mM each), which were passed through a 0.45 pm membrane filter.

2-4-3-2. 6/9:5/11, 6/915/12, 6/9,5/13 and 6/9,5/14
As a typical example, 6/913/11 were prepared in PBS as follows.To 22.48 mg (20 umol) of 6 dissolved
in PBS (2 mL) in a 4 mL glass vial, was added 9.46 mg (20 umol) of 95 and 0.40 mg of 11 (2.0 pmol)

31



dissolved in very small amount of an appropriate organic solvent (ether for 11, or DCM for 12 and
13). The mixture was subjected to sonication to give a white suspension. Finally, the suspension was
heated for more than 10 min at 90 “C using a water bath to form the solvent-free transparent 6/9,5/11,

6/915/12, 6/915/13 and 6/9:5/14, which were passed through a 0.45 um membrane filter.

2-4-3-3. 6/9,5/15

To a 4 mL glass vial was added 283 pL (1.7 mg, 2.0 pmol) or 2.8 pL (16.8 pg, 19.7 nmol), for MRI
measurement or in vitro cytotoxicity experiment, respectively, of paclitaxel (15) formulation including
polyoxyethylene castor oil and ethanol, and the ethanol was removed under vacuum. Then, 9.46 mg
(20 pmol) of 915 dissolved in very small amount of ether were added to the vial. To this vial was added
22.48 mg (20 pmol) of 6 dissolved in PBS (2 mL) and the mixture was subjected to sonication to give
a white suspension. Finally, the suspension was heated for more than 10 min at 90 “C using a water

bath to form the ether-free transparent 6/913/15, which were passed through a 0.45 pm membrane filter.

2-4-4. DLS measurement (Table 2-1, and Figures 2-3c, 2-4, 2-9 and 2-11d—f)

The mean particle size of the mixed micelles was measured at 25 °C using a UPA-UT151 instrument
(MicrotrackBEL). After the samples were passed through a 0.45 pm ¢ disposable membrane filter, the
particle size was measured in PBS using an attached cuvette. The mean diameter was calculated on
volume and number weighted averages from five measurements for each sample. Only volume

average size distributions are shown in the Figures of this chapter.

2-4-5. EPR spectroscopy

2-4-5-1. EPR measurement (Figures 2-3b, 2-7, 2-10a and 2-11a—c)

The EPR spectra were recorded in a capillary tube (~1 mm ¢) at 25 °C and 0.34 T (X-band, at a fixed
frequency with sweeping field centered at 0.34 T) on a JES-PX105 spectrometer (JEOL) with the
following parameters: 9.2 GHz of frequency, 25 mT of sweep width, 1.00 mW of microwave power,

0.1 mT of modulation, 0.03 s of time constant, and 6.0 ms of sweep time.

2-4-5-2. Reduction resistance of the mixed micelles to excess ascorbic acid (VC) (Figure 2-8)

To 6/915 (10 mM each) in PBS (1.5 mL) was added 4.64 mg (26.3 umol) of VC. The mixture was
transferred to a capillary tube (1 mm ¢) immediately, followed by measurement of the EPR spectrum
of the solution over time recorded at 25 °C and 0.32 T (X-band, at a fixed frequency with sweeping
field centered at 0.32 T) on a JES-RE2X spectrometer (JEOL). The final concentrations of 913 in 6/9:5
and VC were 10 mM and 17.5 mM, respectively. The spectra were collected with the following
parameters: 9.1 GHz of frequency, 7.5 mT of sweep width, 1.00 mW of microwave power, 0.25 mT

of modulation, 0.1 s of time constant, and 2.0 ms of sweep time.
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2-4-6. SANS measurement (Figure 2-5)

6/915 (10 mM each) was prepared in D>O to induce a strong contrast for SANS experiment. SANS
measurements were conducted by use of iMATERIA (BL20) [55] at the Materials and Life Science
Experimental Facility (MLF) of the Japan Proton Accelerator Research Complex (J-PARC).

The open circles in Figure 4 indicate the SANS profile obtained after circular-averaging the
scattered neutron distribution on the large area detector. The horizontal axis (¢) is the magnitude of
scattering vector [(4n/A) sin (6/2): A is neutron wavelength and @ is scattering angle]. The SANS profile
was converted to the absolute unit (cm™) by use of the glassy carbon standard provided by Jan Ilavsky
[56].

The solid line in Figure 4 indicates the numerically calculated profile, /(q).

1(q) = IWAR) Lsgh(q; RYAR + Ling v (Eq. 2-1)
Here, Ispn(g; R) is a scattering function due to spherical particles with radius R, W(R) is radius
distribution, and /inc is incoherent scattering term which is g-independent [57].

Lypn(q; R) = NAp*(4nR*/3)?*[sin(gR) — gR cos(qR)1*/(qR)°. (Eq. 2-2)
N is a number density of spherical particles. 4p is a neutron scattering length density difference
between the mixed micelles and the surrounding solution. As a radius distribution, we used Gaussian
distribution.

W(R) = 2rAR?) 2 exp[~(R—Rave)? / (2ARZ)]  wveveeeeeeeieeeeeeeieeessisisise e (Eq. 2-3)
The SANS profile observed for the mixed micelles was in good agreement with the scattering function

for spherical particles. As a result, the particle radius was estimated to be 6.0 + 2.0 nm.

2-4-7. UV and fluorescence spectroscopy (Figures 2-10b— d)

The fluorescent spectra of 11 in 6/913/11 and 6/11 were measured at 25 °C in PBS (2 mL) with the RF-
5300PC spectrofluorometer (Shimadzu) using excitations at A.=355 nm. Band widths of 5 nm for
excitation and 1.5 nm for emission were used. After addition of 20 equiv of VC to the cuvette, the

emission spectra appeared and increased.

2-4-8. Evaluation method of in vitro cytotoxicity (Figure 2-12)

HeLa cells (9.0 x 10° cells in 100 pL per well) were seeded at in a 96-well tissue culture plate with
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum and 1%
penicillin/streptomycin and grown for 24 h at 37 °C with 5% CO,. Then, each well was treated with a
PBS solution (10 puL) of P6, 6/913, 6/915/15, or free 15. 6/9:5 at the initial concentration of 1.2 mM and
as low as 10 uM of 15 was diluted with PBS up to 0.039 mM before incubation. After incubation for
24 h at 37 °C under 5% CO,, these compounds shown above were removed and then cell toxicity was
assayed using CCK-8 kit according to the manual provided by the kit manufacture (Dojindo Molecular
Technologies).
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2-4-9. In vitro MRI measurement (Figure 2-13)

In vitro T1-weighted MRI measurement was conducted by using a 4.7 T machine (Bruker BioSpec 47
USR). 6/9:5 with a molar ratio of 1 : 1 and 6/9:s/15 with a molar ratio of 1 : 1 : 0.1 at the initial
concentration of 10 mM were diluted with PBS up to 1.2 mM before measurement. After these mixed
mielles were transferred to plastic tubes, they were fixed in a sample holder. The magnetometric
measurements were conducted at 25 “C. MR phantom images were obtained by a RAREVTR sequence
[echo time (TE) = 10 ms, repetition time (TR) = 5,000, 3,000, 1,500, 800, 400, and 200 ms, slice
thickness = 5.0 mm, field of view = 80x50 mm?, flip angle = 90 °]. Region-of-interest (ROI) was set
on the tubes and the signal intensities were measured for each concentration. 7' values were extracted
from each sample in the image using ROIs by the image sequence analysis tool in ParaVision 6 and
calculated by exponential fitting. The longitudinal relaxation rate (1) was calculated with Eq. 2-4:
L/T1 = /T FIC ettt ettt et e e et e st te et e s e st enesaesenens (Eq. 2-4)
where Ty and C are the relaxation time in the absence of the paramagnetic species and the concentration

of the paramagnetic species, respectively.

2-4-10. Animal study (Figures 2-14 and 2-15)

The protocols for the animal experiments were approved by the Shiga University of Medical Science
and were carried out in accordance with the National Institutes of Health Animal Care and Use
Protocol (NIH, Bethesda, MD, USA). Male ¢57BL/6N mice (aged 6 to 7 weeks; body weight, about
25 g) were supplied from Japan SLC Inc. (Shizuoka, Japan) and three mice were used for the MRI
experiments. They were housed per cage in climate-controlled, circadian-rhythm-adjusted rooms, and
were allowed access to food and water ad libitum. Three hundred microliter (uL) of 6/915 (10 mM
each) or control P6 (10 mM) in PBS were intravenously injected into mice under anesthesia with 1.5%

isoflurane.

2-4-11. In vivo MRI measurement of the mouse brain (Figures 2-14 and 2-15)

In vivo MRI experiment using mouse brain tissues was conducted on a 7 T machine (Varian). 71-
weighted MR images were collected with the spin-echo multiple slices pulse sequence. Typical
imaging parameters for 71-weighted images were as follows: echo time (TE) = 13.63 ms; repetition
time (TR) = 500 ms; field of view (FOV) = 16 mmx12 mm; data matrix = 256x192; slice thickness =

1.00 mm; average = 8; number of slices = 5.
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(b)

Figure 2-15. 7 -weighted MR images of brain tissues of the same mouse: (a) before and (b) 13 min

after the intravenous injection of 300 pL of P6 (10 mM) in PBS. Contrast enhancement was not
observed in the pituitary gland (indicated by black arrows).
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 Proparation, Stability, Structure and Theranestic Application

3-1. Introduction

Magnetic resonance imaging (MRI) is one of the most frequently used imaging techniques for clinical
medicine, and MRI contrast agents are sometimes required for more accurate diagnosis. Gadolinium
(TIT) (Gd**) complexes such as Magnevist are widely used as paramagnetic metal ion-based contrast
agents in clinic [58,59,60]. However, the patients with impaired kidney function face a risk of a serious
adverse reaction termed nephrogenic systemic fibrosis (NSF) by using Gd** contrast agents [61,62].
Since the first report of this adverse effect on renal dialysis patients, guidelines for the administration
of Gd*" contrast agents have been issued and implemented worldwide to minimize the risk of NSF
[63,64]. Since then, metal-free materials including nitroxide radical compounds have been
investigated as proton longitudinal relaxation time (771) enhancing agents. [65,66,67].

Nitroxide radicals have attracted great interest as a relatively safe spin source for several decades
despite the lower contrast ability than Gd*" complex, because the sterically protected N-O group is
thermally stable in the air. A polymer-based nanoparticle composed of nitroxide lipids and glycerol
monooleate was recently reported by Muir and co-workers as an MRI contrast agent [33]. However,
the mean diameters (> 180 nm) were too large to have passive targeting property based on enhanced
permeation and retentive effect. Although the spirocyclohexyl nitroxide polyradicals based on
branched-bottlebrush copolymers and the polypropylenimine-scaffolded dendrimers were also
reported, the functions of these materials were limited to MRI contrast [35,36]; no other functions
such as drug carrier nor fluorescence (FL) imaging were endowed.

In this context, we prepared the metal-free magnetic mixed micelles comprised of equimolar
amounts of polyoxyethylene (20) cetyl ether (Brij 58, 6) and (£)-2,2,5-trimethyl-5-(4-alkoxyphenyl)
pyrrolidine-N-oxyl radical (9,) according to a simple experimental protocol [41]. These micelles
showed high colloidal stability, high resistance to a reducing agent, and enough contrast enhancement
in the T1-weighted MRI in PBS in vitro. In addition, fluorophores or drugs were stably encapsulated
inside the mixed micelles. However, the surfactant 6 exhibited cytotoxicity in 0.16 uM or higher, while
nitroxide radials such as 9, were generally known to show very low toxicity to cells and animals
[68,69,70,71]. Therefore, we focused on the surfactant ‘Tween series’ (18 and 19), because they have
been employed in clinical medicine owing to their biocompatibility [72,73,74]. Here we report the
preparation, stability, structure and theranostic application of the magnetic mixed micelles composed
of surfactant Tween 80 (18) and nitroxide radical (9:3) as well as the micelles including fluorophores

and a drug.
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Figure 3-1. Molecular structures of non-ionic surfactant Brij 58 (6), nitroxide radicals [9, (n = 12, 14, 16,

18 and 20)], Tween 80 (18), Tween 60 (19), pyrene (11), tetraphenylporphyrin (12) and paclitaxel (15).

37



3-2. Results and Discussion

3-2-1. Preparation and stability

3-2-1-1. Preparation and stability of magnetic mixed micelles of 18/9, and 19/9,

The mixed micelles composed of 18 and 9,, and 19 and 9., designated as 18/9, and 19/9, respectively,
were prepared at concentration of 10 mM in phosphate buffer saline (PBS) according to the
experimental procedure described in experimental section.

The stability of the micelles was found to depend on the length of the alkyl chain (n = 12, 14,
16, 18 and 20) in the radical 9, and degree of unsaturation in the hydrophobic chain in the surfactant
18 and 19 (Figure 3-1 and Table 3-1). 18/9:5 was clear yellow dispersion immediately after preparation
and the appearance did not change for one month (Table 3-1). Although the micelles of 18 with 9,
(18/916 and 18/920) having shorter and longer alkyl chains than 95 also gave clear yellow solution
immediately after preparation, they collapsed within one month to give white precipitates. The radicals
9 (912 and 914) with alkyl chains shorter than 916 precipitated within 24 h after mixing with 18. These
observations for 3/9, clearly indicate that the most appropriate chain length () in 9, is 18, probably
because of a similar length to that of the hydrophobic part of 18 (n = 17). This strongly supports the
interdigitated structure of 18/9:5 similar to that of 6/91s proposed in the chapter 2. However, the
stability of the mixed micelles decreased significantly, when the alkenyl chain with the cis-
configuration in 18 was replaced by saturated C7 alkyl chain in 19. That is, 19/916, 19/915 and 19/2
are less stable, and 19/91> and 19/914 are much less stable than 19/9:3. This significant stability
difference between 18/913 and 19/9;5 is likely to be caused by the difference in the chain length and/or
rigidity due to the C = C with cis-configuration. The CH/r interaction is also conceivable to increase
the intermolecular interaction other than the hydrophobic one. From these observations shown in Table
3-1, the order of the stability in the micelle 18/9, and 19/9, is concluded to be 18/915 > 18/916, 19/916,
19/913, 18/920 and 19/929 > 18/914, 19/914, 18/912 and 19/9>.

After preparation of the mixed micelles, mean diameters of the resulting magnetic mixed
micelles (18/9, and 19/9,, n =16, 18 and 20) in PBS were measured by dynamic light scattering (DLS)
and small angle neutron scattering (SANS) analyses. The mean diameter of 18/915 was 16 nm as shown
in Figure 3-2a even after the 1000-fold dilution (to 0.01 mM) with PBS, supporting the above
conclusion of the high stability in 18/913. In addition, the size of 18/9:s is the smallest among the
micelles (18/9, and 19/9,, n = 16, 18 and 20), indicating that 18/9:3 is likely to be packed more tightly
in the interdigitated hydrophobic layer than the other micelles (Figure 3-3). The mean diameter (16
nm) of 18/9:5 by DLS in PBS was also supported by SANS measurement in D,O; the SANS profile
observed at iMATERIA (BL20, J-PARC) was in good agreement with the scattering function for
spherical particles. The mean diameter was estimated to be 14 nm which is slightly smaller than that
determined by DLS (16 nm) (see Figure 17 and 18 in the experimental section for details). This

deviation is explained as follows. Because DLS is based on hydrodynamics of micelle diffusion, the
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determined diameter of the 18/9:5 reflects the whole micelle size including water. In contrast, SANS
observes scattering length density difference (contrast) between the micelle and surrounding medium.
The diameter of 18/9:5 by SANS was estimated to be smaller than that by DLS, most likely due to the
weak SANS contrast in the hydrophilic corona region which includes D>O [75].

Table 3-1. Mean diameters and colloidal stability of the mixed micelles 18/9, and 19/9,, (n = 12 — 20)
in PBS at 30 °C.

91, and 914 916 918 920
Diameter
— 18 nm* 16 nm” 22 nm*
by DLS
18
solution® - solution® - solution® >
Observation | precipitates® o ) o
precipitates” solution” precipitate®
Diameter
— 21 nm* 17 nm* 58 nm*
by DLS
19
) o solution® - solution® - solution® =
Observation | precipitates® o o o
precipitates® precipitates® precipitates®

“Immediately after preparation (Figure 3-2 and 3-3). “One month after preparation. “One day after

preparation.

(a) (b)

Volume / %

1 1I0 I[I)O 1000
Diameter / nm 02 mT

—

Figure 3-2. (a) Mean diameter (16 nm) of 18/9;s determined by DLS measurement in PBS. (b) EPR
spectra of 18/9,3 in PBS; experimental (black line) and simulated (red line) based on two components

(blue line for singlet and green line for triplet component).
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Figure 3-3. Mean diameters determined by DLS analysis at 25 °C of 18/9,4 (black solid line), 18/959
(red solid line), 19/91¢ (blue solid line), 19/9:5 (green dotted line) and 19/9, (orange broken line) in
PBS.

The EPR signal of 18/9:3 consists mainly of broad singlet due to the Heisenberg spin exchange
interaction among the nitroxide radicals [46,47]. By using the EPR spectral simulation by procedure
of stochastic Liouville equation desribed by Freed et al., the deconvolution of the signal shown in
Figure 3-2b indicates contamination of the minor component (7%) along with the major fraction (93%).
913 is considered to form self-assembling structure in the mixed micelle 18/9:s, giving a broaden
singlet signal (blue trace in Figure 3-2b) at the spin exchange frequency of 6 x 103 s7!. In contrast, the
7% fraction of 915 well disperses and gives the triplet signal (green trace in Figure 3-2b) with smaller

exchange frequency of 7 x 107 s7!. Since the spin exchange frequency is defined by the local
concentration of 9;s, these two spectral components obviously reflect the two different locations of the
radicals in the micelle structure. Most of the radicals are considered to be concentrated in the central
region of the magnetic mixed micelle and the resulting spin exchange interaction is likely to stabilize
the micelle significantly. The detail for the micelle structure of 18/95 will be discussed below. The
other less stable micelles (18/916, 18/920, 19/916, 19/915 and 19/929) gave similar EPR spectra consisting
of a broad singlet signal as the major component and a triplet signal as the minor one (Figure 3-4),

suggesting their similar structures to that of 18/913.
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Figure 3-4. EPR spectra of (a) 18/91¢, (b) 18/920, (c) 19/916, (d) 19/915 and (e) 19/920 in PBS with the

internal standard Mn2".
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When the molar ratio was changed on the preparation of the mixed micelles 18/9;5 containing 0
— 100 mol% of 915 in PBS, the diameter of the resulting micelle was found to be proportional to the

molar content of 9,5 as shown in Figure 3-5. R? = 0.991
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Figure 3-5. (a) The dependence of the mol% of 9;5 in 18/9;5 on the mean diameters by DLS at 25 "C
in PBS (mol% of 915 = 0 (black solid line), 11 (gray solid line), 25 (red long-broken line), 43 (green
dotted line), 67 (orange dasehed line), and 100 (purple dashed and dotted dotted line). (b) Proportional

relationship between the mol% of 9:5 in 18/9:5 and the mean diameter of 18/9;s.

Simultaneously, the EPR spectra changed from the resolved triplet signal to the singlet one with
increasing concentration of 915, most likely due to the increase in the frequency of Heisenberg spin

exchange interaction among the nitroxide radicals in the micelle (Figure 3-6).

] V I

| | | |
322.5 326.3 330 333.8
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Figure 3-6. The dependence of the mol% of 915 in 18/9;5 on EPR spectra at 25 °C in PBS. Mol% of
915 = 11 (red solid line), 25 (blue solid line), 43 (green dotted line), 67 (orange broken line), and 100
mol (purple dashed and dotted line).
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3-2-1-2. Preparation and stability of magnetic mixed micelles of 18/9:/X (X =11, 12 or 15)

The micelles of 18/9:5 including fluorophore (11 and 12) or drug (15), designated as 18/9:s/X (X =11,
12 or 15), were prepared by adding 11 (10 mol%), 12 (1.0 mol%), or 15 (10 mol%) upon the
preparation of 18/9:5. The experimental detail is described in the experimental section. The
incorporation of 11 and 12 into the mixed micelles was confirmed by FL quenching (Figure 3-7a,b),
which is known to be caused by surrounding nitroxide radicals [76,77,78]. However, the FL was
revived by adding a large excess [20 equiv based on 95] of ascorbic acid as a reducing agent in both
18/915/X (X = 11 and 12). As shown in Figure 3-7a and 3-7b, the intensity of FL started to increase,
when the amount of radical monitored by EPR spectroscopy became less than half at around 30 min.
These phenomena can be interpreted by reduction of the nitroxide radicals to N-hydroxy groups which

cannot quench the fluorophores.
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Figure 3-7. FL intensity change after addition of 20 equiv of ascorbic acid to (a) 18/9:s/11 and (b)
18/9:5/12 at 25 °C in PBS. The decrease and increase in the spectral intensity were monitored by EPR
spectroscopy using a double-integration method and FL spectroscopy, respectively. See the

experimental section for details.

The mean diameter (11 nm) of 18/91s/15 was smaller than those of 18/9:s, 18/9:3/11 and
18/915/12 (16, 15 and 14 nm, respectively) (Figure 3-8a). 18/915/15 was found to be more stable than
18/9:5/11 and 18/913/12, based on the observation that 18/915/15 was dispersed stably more than one
month, while the micelles of 18/9:3/11 and 18/9:3/12 disintegrated within one month giving white
precipitates. In the EPR spectra, a broad singlet with a small portion of triplet was observed in
18/9:5/11 and 18/9:5/12 (Figure 3-8b and 3-8c, respectively), indicating a similar structure to 18/9:g
mentioned above (Figure 3-2b). That is, nitroxide radicals reside close to each other in the micelles
18/9:5/11 and 18/9:5/12, even if the fluorophore is encapsulated. In contrast, a triplet signal became
the major component in the EPR spectrum of 18/9;s/15 due to lower frequency (4.8x107 s7!) of
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Heisenberg spin exchange interaction arising from slower translation diffusion of nitroxyl groups

(Figure 3-8d), meaning much less radical proximity in 18/9:5/15 than 18/9:3 in spite of similar stability.
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Figure 3-8. Characterization of 18/91s/11, 18/913/12 and 18/9:5/15. (a) Mean diameters determined by
DLS analysis at 25 °C of 18/9:5/11 (black line), 18/9:5/11 (red dashed line) and 18/9;5/15 (blue dashed
and dotted line) in PBS. EPR spectra at 25 °C for (b) 18/9:s/11, (c) 18/915/12 and (d) 18/9:5/15

experimental (black line) and simulated (red line) in PBS with the internal standard Mn?*.

3-2-1-3. Stability of magnetic mixed micelles in the presence of a reducing agent

Ascorbic acid exists in vivo in the concentration ranging from uM to mM depending on the type of
tissue [79]. When nitroxide radicals are applied to in vivo MRI, they are known to be reduced to the
diamagnetic hydroxylamines by ascorbic acid, resulting in significantly weakening the MRI contrast
[80,81,82]. For example, TEMPOL, one of the most typical water-soluble nitroxide radicals, is
reduced quickly to the corresponding hydroxylamine in the presence of ascorbic acid
[83,84,85,86,87,88]. In our molecular design, four long hydrophilic tails in 18 and four neighboring
substituents in 93 are expected to enhance resistance to ascorbic acid sterically. The decay of 9i5 in

18/9:5 in the presence of a large excess (20 equiv based on 915) of ascorbic acid in PBS was monitored
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by EPR spectroscopy (Figure 3-9). The result was compared with that of 6/915. As expected, 18/91s
showed much higher resistance (¢ = 33 min) than those of 6/9;3 (¢12 = 7 min) and TEMPOL (¢, < 1
min). This is because ascorbic acid was likely to be trapped by three hydrophilic polyethylene glycol
(PEG) chains in 18 more tightly than single PEG chain in 6; ascorbic acid was prevented from invading
into 18/91s more efficiently than 6/9;s. Similarly, the resistivity of the nitroxide radical in 6/91s/15 and
18/915/15 was evaluated (Figure 3-9). As a result, 6/915/15 and 18/9:3/15 showed much higher
resistance (¢12 = 64 min each) than the 6/9:3 (¢12 = 7 min) and 18/9:3 (¢12 = 33 min) did. These results
suggest that the structure of 18/9:5/15 are quite different from those of 18/9:3, 18/9,5/11 and 18/9,5/12.
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Figure 3-9. Comparison of the reduction resistance to a large excess of ascorbic acid between 6/9:s,
18/913, 6/915/15 and 18/915/15. The reduction of the radical was monitored by EPR spectroscopy using

a double-integration method. See the experimental section for details.

3-2-2. Theranostic Appplication

3-2-2-1. In vitro cytotoxicity of magnetic mixed micelles against HeLa cell

Since biocompatibility is a prerequisite for the magnetic mixed micelles as MRI contrast agents, the
cancer cell viability of 18/9:5 was assessed and compared with those of 6/9:5 by the CCK-8 assay at
the initial concentrations of 2.5 mM for 6, 18 and 93 (Figure 3-10a). 18/9:5 exhibited no significant
cytotoxicity to HeLa cells at concentrations up to 2.5 mM, whereas 6/9:s showed cytotoxicity at 0.31
mM or higher, demonstrating that 18/9:5 is more appropriate than 6/9:g for in vivo applications. In
contrast, 18/9,3/15 with the ratio of 1 : 1 : 0.001 at the initial concentrations of 2.5 mM for 18 and 93,
and 2.5 uM for 15 displayed significant toxicity in 0.16 uM or higher of 15 as with free 15 (Figure 3-
10b). Thus, the fact that the drug 15 released from 18/915/15 is pharmaceutically active suggests that
18/915/15 was incorporated into the HeLa cells and useful as an MRI-visible DDS drug carrier.
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Figure 3-10. Comparison of the in vitro cytotoxicity between (a) 6/913 and 18/9;5, and (b) 18/9:3/15
and free 15 by using Hela cells. The initial solutions of 6/91s, 18/915, 18/915/15 and free 15 were diluted
with PBS up to 0.020 mM. The cell viability was assayed by using the CCK-8 kit after incubation for
24 h at 37 °C under 5% CO.. See the experimental section for details.

3-2-2-2. MRI measurement

The longitudinal relaxation rate (71) of 18/91s was determined from relaxation time (71) as a function
of concentration by the spin-echo method at 25 °C and compared with 6/9;s (Figure 3-11). The T}
values for the two magnetic mixed micelles (1.25—-10 mM for each component) in PBS were evaluated
by using an MRI machine at 7.0 T. Sufficiently bright 7-weighted MR phantom images were obtained
at a concentration of 10 mM for both magnetic mixed micelles, compared with PBS (Figure 3-11a,
Panel A and E), indicating that 18/9:5 would also show a distinct MRI contrast enhancement in vivo at
this concentration or higher (Figure 2-12 in chapter 2). Linear regression analysis yielded »; = 0.07
mM s for 18/915 and 1= 0.09 mM's™! for 18/9;s (Figure 3-11b); slower water exchange in 18/9;5
than 6/9:3 is most likely to be responsible for the difference in the 71 value between the two magnetic
mixed micelles. These 7| values were less than that (3.4 mM's™!) of Magnevist (a Gd** complex agent)
in deionized water [59]. However, this result is quite natural because 913 with only one unpaired

electron (S = 1/2) should show inferior water proton relaxivity to Gd** (S = 7/2).
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Figure 3-11. (a) T71-weighted MR phantom images (7.0 T, 25 “C) of (A)— (D) 18/9:5 and (E) — (H)
6/915 at 1.2, 2.5, 5.0, 10 mM in PBS, and PBS as control. (b) Plots of 77 ~! vs the concentrations of
18/9:5 (dashed line) and 6/915 (solid line) in the magnetic mixed micelles to determine the 7 values.

See the experimental section for details.

Interestingly, the 18/915/15 exhibited brighter MRI contrast (Figure 3-12a) and the larger »; value
(r1=0.14 mM's™!, Figure 3-12b) than those of 18/9;s/11 and 18/9;5/12 (r; = 0.07 and 0.06 mM's™!,
respectively). These experimental results can be interpreted by the reduced rotation diffusion of 915

inside the mixed micelles [89,90,91].

18/9,4/12
(@) (b) e 18/9,./11
--A-- 18/9,/15
14—
y=-0.023 +0.064x R'=1.00
IomM 50mM25mM 1.2mM 1247 Ty=-0027+0069x R'=100 .*
""" y=-0.058+0.14x R’=1.00,
14 .
18/915/12 ] r,=0.14
"""""" 2 ¥ =007
18/91s/11 b= 0.6
___________________ 0.44
18/918/15 0.2
0
0

Concentration / mM

Figure 3-12. (a) Ti-weighted MR phantom images (7.0 T, 25 °C) of (M — P) 18/9:3/12, (Q — T)
18/9:5/11, and (U — X) 18/95/15, at 1.2, 2.5, 5.0, 10 mM in PBS, PBS as control, and 18/9;5 (equimolar
mixture) (10 mM each) (Y). (b) Plots of 777! vs the concentrations of 9;s in the 18/9:5/12, 18/9:5/11

and 18/9:3/15 to determine the r; values.
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In order to estimate the rotation diffusion mobility of the radicals, the EPR spectra of the mixed
micelles of 6/9:3 and 18/9;5 with the ratio of 1 : 0.01 and those including 10 mol% of 15 (6/9:3/15 and
18/915/15 with the ratio of 1 : 0.01 : 0.1) in the temperature range of 263 to 313 K were numerically
simulated as described. Representative EPR spectra of 18/9:5 with a molar ratio of 1 : 0.01 and the

results of their computer simulation are shown in Figure 3-13.

100 K

5

Figure 3-13. Representative EPR spectra of 18/9,3 with a molar ratio of 1 : 0.01 and the results of
their computer simulation at (a) 100 K and (b) higher temperatures. Black lines — experimental spectra,

red lines — results of simulation. See the experimental section for details.

The rotation diffusion tensor of the radical in 915 in all investigated micelles has axial symmetry.
The rotation diffusion coefficient D. is within the range (1 ~ 8) x 108 s7!, but the values Dy and D, are
less than 2 x 10° s7! (Table 3-2). Since the energy barrier of a flip-flop movement of 9;5 in the mixed
micelles is assumued to be much higher than that of a rotation along the long axis of the molecule, the
slow-motion EPR spetra were simulated with imposing the constraint (D = Dy). It was found that the
time scale of D. of 9;3 in the mixed micelles lied between 10° s™! corresponding to the rigid-limit
molecular rotaion and 10'° s7! corresponding to the molecular free rotation. The details for EPR
simulation such as the definition of X, y and z axes are described in the experimental section and the
appendix of the present chapter. In Table 3-3, one can see the typical dependence of the rotation
characteristics of paramagnetic molecules on the temperature. The D: value of 913 in 6/913 was identical
with that in 18/9;5. But the rotation mobility of 9;5 in the 6/9:5/15 and 18/913/15 was 1.5 times lower
than that in the corresponding micelles without 15 (Figure 3-14).
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Table 3-2. Rotation diffusion coefficients and the angles determining the position of the main rotation

axis in g-tensor frame for radical 91gin 18/9;5 (1 : 0.01), 18/95/15 (1 : 0.01 : 0.1), 6/9:5(1 : 0.01) and

6/915/15(1:0.01:0.1).

18/9:5 18/915/15
Temp.,K | D.,108s! | Beta’,° | Gamma®° | D.,10%s! | Beta%,° | Gamma®°

313 10.17 53.2 55.8 8.44 53.0 58.2

308 8.53 52.8 56.8 7.06 52.6 61.4

303 7.53 52.2 55.9 5.84 52.1 64.1

298 6.43 51.6 56.0 4.87 514 64,2

293 5.77 51.1 58.9 4.2 50.7 67.1

288 4.97 50.3 61.7 3.64 49.4 69.4

283 4.61 49.3 63.7 3.22 47.8 68.2

278 3.96 48.5 67.5 2.71 47.1 72.3

273 3.46 47.5 73.2 2.32 45.8 68.8

268 3.04 46.2 90.0 1.92 44 .4 67.8

263 2.45 45.4 89.9 1.41 43.7 61.9

6/913 6/915/15
Temp.,K | D.,108s! | Beta’,° | Gamma®° | Temp.,K | D.,108s! | Beta’, ° | Gamma®°

298 6.71 52.1 57.3 313 9.10 53.1 63.1
293 6.11 51.2 56.9 308 7.39 53.0 63.7
288 5.57 50.3 57.3 303 6.22 52.3 67.7
283 5.10 49.6 58.6 298 5.11 51.9 69.0
281 4.78 49.3 58.5 293 441 50.9 71.9
279 4.57 48.9 59.2 288 3.64 50.3 72.7
277 4.43 48.4 58.6 283 3.37 48.4 78.2
275 4.33 48 59.9 278 3.09 46.5 90.0
273 4.14 47.3 62.4 273 2.14 44.5 69.3
271 4.02 47 62.2 268 2.14 44.5 69.3
269 3.83 46.3 62.4 263 1.63 43.9 67.5
267 3.58 45.8 68.3

265 3.37 45.2 66.4

263 3.08 44.5 71.8

“Euler angles describe the transformation of rotation frame to g-tensor frame.
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Figure 3-14. Temperature dependence of rotation diffusion coefficient Dz of 915 in 6/915 and 18/915

with the ratio of 1 : 0.01, and 6/915/15 and 18/91s/15 with the ratio of 1 : 0.01 : 0.1. See the experimental

section for details.

The temperature-dependence of the rotation diffusion mobility is successfully described by
Arrhenius law with values of activation energy (£;) shown in Table 3-3, indicating that 15 reduces

the mobility of 915 and gives enhanced MRI signal.

Table 3-3. The effective activation energy of rotation diffusion of 9;5 in 6/913 and 18/9:5 with the ratio
of 1:0.01, and 6/9;3/15 and 18/9,5/15 with the ratio of 1 : 0.01 : 0.1.

Mixed micelle E?; /kJ/mol
6/915 17.8+1.2
18/9:5 18.4+0.6

6/915/15 22.4+0.9
18/915/15 22.9+0.6

The E% of 915 also approximately evaluated by the quantum chemical calculations. The energy
barriers for two intramolecular rotations marked by arrows in Figure 3-15a were estimated by using
9, and the example of the energy profile obtained is shown in Figure 3-15b. The energy profiles for
two possible intramolecular rotations showed that the energy barriers were 10-13 kJ/mol. These values
are smaller than the effective activation energies of the rotation diffusion of the nitroxyl fragment

obtained in Table 3-3.
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Figure 3-15. (a) The optimal geometry of 97 and (b) the energy profile for rotation 1. See the

experimental section for details.
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Finally, the magnetic mixed micelle 18/9:s was applied to in vivo MRI in mice. As shown in
Figure 3-16, distinct MRI contrast enhancement with high reproducibility was observed in the liver
after injection. This result demonstrates that the magnetic mixed micelles are effective as an in vivo

T1-weighted MRI contrast agent.

(b)

Figure 3-16. Coronal Tj-weighted MR images of a male ICR mouse: (a) before and (b) 23 min after
the intravenous injection of 200 uL of 18/9:5 in PBS. Distinct contrast enhancement was observed in

the liver (indicated by white arrows). See the experimental section for details.
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3-3. Conclusions

We have prepared highly robust, size-tunable and biocompatible metal-free magnetic mixed micelles
18/915. The structure of the magnetic mixed micelles was characterized by DLS analysis and EPR
spectral simulation.

The guest-unloaded magnetic mixed micelles 18/91s showed lower cytotoxicity, high colloidal
stability and higher reduction resistance to a large excess of ascorbic acid, compared with previously
reported magnetic mixed micelles 6/9s described in chapter 2. In addition, 18/913 demonstrated
sufficient contrast enhancement in the 77 weighted MR images in vitro and in vivo.

Furthermore, the mixed micelle encapsulated a hydrophobic drug paclitaxel (15) (10 mol %), or
hydrophobic fluorophores such as pyrene (11) (10 mol%) and tetraphenylporphyrin (12) (1.0 mol%)
to give stable micelles with mean particle sizes of less than 20 nm. The 15-loaded magnetic mixed
micelles, 18/915/15, effectively suppressed HeLa cell growth. Thus, such highly biocompatible
magnetic mixed micelles can be utilized in theranostic nanomedicine for targeted drug delivery system

visible by MR or FL images.
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3-4. Experimental section

3-4-1. Materials

The surfactants 6 [Brij 58 (Sigma-Aldrich)], 18 [Tween 80 (DKS Co. Ltd.)] and 19 [Tween 60 (DKS
Co. Ltd.)], pyrene (11) (Sigma-Aldrich), tetraphenbylporphyrin (12) which was kindly gifted by Mr.
Kazuaki Yamanaka (Kyoto University) and paclitaxel (15) (Sawai Pharmaceutical) were used as

received.

3-4-2. Preparation of magnetic mixed micelles in PBS

3-4-2-1. Magnetic mixed micelles

As a typical example, 6/913 and 18/9:5 (10 mM each) were prepared in PBS as follows. To a 4 mL
glass vial containing 913 [7.09 mg (15 pmol)] dissolved in very small amount of ether was added 6 or
18 [10 mM] dissolved in PBS (1.5 mL). The mixture was subjected to sonication (Branson Model
2510, power 125 W, frequency 42 kHz) for 3 min at 25 °C to give a white suspension. Finally, the
suspension was heated for 10 min at 90 °C using a water bath to form ether-free transparent 18/9;s,

which were passed through a 0.45 pm ¢ membrane filter.

3-4-2-2. Magnetic mixed micelles containig guest (X)

3-4-2-2-1. X: Fluorophores

18/915/11 and 18/9:5/12 (18 and 9;5: 10 mM each, 11 and 12: 10 mol% and 1.0 mol% based on 18,
respectively) were prepared in PBS as follows. To a 4 mL glass vial containing 11.83 mg (25 umol)
of 913 and 0.51 mg of 11 (2.5 pumol, 10 mol% based on 9i3) or 0.15 mg of 12 (0.25 pmol, 1.0 mol%
based on 9ig) dissolved in very small amount of an appropriate organic solvent (ether for 11,
dichloromethane for 12) was added 18 (10 mM) dissolved in PBS (2.5 mL). The mixture was subjected
to sonication to give a white suspension. Finally, the suspension was heated for 10 min at 90 “C using
a water bath to form the solvent-free transparent 18/9:5/11 and 18/9,3/12, which were passed through
a 0.45 pym ¢ membrane filter.

3-4-2-2-2. X: Anti-cancer drug

As a typical example, 18/913/15 (18 and 9:5: 10 mM each, 15: 10 mol% based on 18) was prepared in
PBS as follows. To a 4 mL glass vial was added 142 uL (0.85 mg, 1.0 umol) of paclitaxel (15)
formulation including polyoxyethylene castor oil and ethanol, and the ethanol was removed under
vacuum. Then, 4.73 mg (10 pmol) of 915 dissolved in very small amount of ether was added to the
vial. To this vial was added 18 (10 mM) dissolved in PBS (1.0 mL) and the mixture was subjected to
sonication to give a white suspension. Finally, the suspension was heated for more than 10 min at 90 °C

using a water bath to form the ether-free transparent 18/9:5/15, which was passed through a 0.45 um
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¢ membrane filter. 18/9:5/15 with the ratio of 1 : 0.01 : 0.1 and 1 : 1 : 0.1 for EPR simulation and cell

experiment, respectively, were prepared in the same procedure.

3-4-3. Characterization of magnetic mixed micelles

3-4-3-1. DLS measurement

The mean diameter of the mixed micelles was measured at 25 “C using a UPA-UT151 instrument
(MicrotrackBEL). After the samples were passed through a 0.45 pm ¢ disposable membrane filter, the
particle size was measured in PBS using an attached cuvette. The mean diameter was calculated on
volume and number weighted averages from five measurements for each sample. Only volume

average size distributions are shown in the Figures of this study.

3-4-3-2. SANS measurement

18/915 (10 mM each) was prepared in D,O to induce a strong contrast for SANS experiment. SANS
measurements were conducted by use of iMATERIA (BL20) [55] at the Materials and Life Science
Experimental Facility (MLF) of the Japan Proton Accelerator Research Complex (J-PARC).

In Figure 3-17, the open circles indicate the SANS profile obtained after circular-averaging the
scattered neutron distribution on the large area detector. The horizontal axis, ¢ is the magnitude of
scattering vector [= (4n/\)sin(6/2), A is neutron wavelength, and 6 is scattering angle]. The SANS
profile was converted to the absolute unit [cm™'] by use of the glassy carbon standard provided by Dr.
Jan Ilavsky [56].

In Figure 3-17, the dotted line indicates the numerically calculated profile, /(g).

1(q) ={ IW(R) Ipn(g; RYAR } {exp[—(Lait2 2/ 2)132 + Linc wevveereeeeeeeeeeeeeeeeseeseeseeenens (Eq. 3-1)

Here, Ipn(g; R) is a scattering function due to spherical particles with radius R, W(R) is radius
distribution, Lgir is the thickness of diffusion layer between the mixed micelle and the surrounding

solvent phase, and /ixc is g-independent incoherent scattering term [57].

Lipn(q; R) = NAp*(4nR*/3)*[Sin(gR) — R cOS(GR)I/(GR)® weovvevereeeeeeeeeeeeeeae (Eq. 3-2)
N is a number density of spherical particles. 4p is a neutron scattering length density difference
between the mixed micelle and the surrounding solvent phase. As a radius distribution, we employed

log-normal distribution.

W(R) = exp[—(In(R) — In(Rutedian))? / 621/ (GR) ceveveeeeeeeeeeeeeeeeeeeeeeeeeee e, (Eq. 3-3)
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RMedian 18 @ median value of R distribution. ¢ is a standard deviation of In(R). The SANS profile
observed for the mixed micelle solution was in good agreement with the numerical calculation by use
of Ruedian = 55 A, 0= 0.66, and Lair = 9.5 A. The corresponding particle radius distribution function
was shown in Figure 3-18. From the obtained parameters, the mean radius (Rmean) is calculated to be

68.4 A by use of the following equation.

Rmean = RMedian eXp(O'z /2)
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Figure 3-17. SANS profile of 18/9:5 in D,0, as indicated by open circles. The dotted line indicates
the numerically calculated profile. In the calculation, we assumed the particle radius distribution obeys
log-normal function (Ruedian = 55 A and o= 0.66), and considered a diffusion layer between mixed

micelle and surrounding solvent phase, whose thickness, Lait to be 9.5 A.
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Figure 3-18. Radius distribution of 18/9;5 evaluated by SANS profile investigation.
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3-4-3-3. Fluorescence spectroscopy (Figure 3-7)

The fluorescent spectra of 11 in 18/9;s/11 or 12 in 18/9;5/12 were measured at 25 ‘C with the RF-
5300PC spectrofluorometer (Shimadzu) using excitations at 355 nm for 11 or Aex = 438 nm for 12.
Band widths of 3 nm for excitation and 3 nm for emission were used. After addition of 20 equiv of
ascorbic acid to the cuvette, the emission intensity intensity at 474 nm for 11 and 655 nm for 12

appeared and increased.

3-4-3-4. EPR spectroscopy
3-4-3-4-1. EPR measurement (Figures 3-2b, 3-4, 3-6, 3-7 and 3-8b—d)
The EPR spectra of 18/9:5 and 18/9:s/15 were recorded at the temperature 298K on JES-RE2X
spectrometer (JEOL) (X-band). The samples were placed into capillary tubes (~1 mm ¢) to avoid the
decrease in the Q value. The experiments were performed at the microwave power which did not lead
to the signal saturation (1.00 mW). Modulation amplitude was 0.25 mT.

The EPR spectra of 18/95 with a molar ratio of 1: 0.01, and 18/9:5/15 with a molar ratio of 1 :
0.01 : 0.1 were recorded at 100 K and in temperature range (263 ~ 313) K on Bruker EMX Plus
spectrometer (X-band). The variable temperature unit of Bruker was used to control temperature.
Microwave powers were chosen carefully, especially in the low-temperature measurements, to prevent
the signal saturation which was derived from prolonged spin-lattice relaxation time of a radical’s
magnetization vector. Modulation amplitudes were kept below 1/2 to 1/3 times of peak-to-peak line
widths. For experiments at 298K the samples were placed into glass capillary tubes (~1 mm ¢). For
100 K experiments, the samples in the plastic tubes (~ 4 mm ¢) were dipped quickly in lig. N2 to be

frozen.

3-4-3-4-2. Determination of the magnetic micelles reduction resistance to excess ascorbic acid
(Figure 3-9)

To 6/9:5, 18/913, 6/9:3/15 and 18/9,5/15 [concentration of 15 was 10 mol% based on 6 or 18 (10 mM
each)] in PBS (1.5 mL) was added 20 equiv of ascorbic acid based on 91s. The mixture was transferred
to a capillary tube (1 mm ¢) immediately, followed by measurement of the EPR spectra during the
process of the radical reduction. The concentration of ascorbic acid was 200 mM. The spectra were
collected with the following parameters: 1.00 mW of microwave power, 0.25 mT of modulation for

6/915 and 18/913 (or 0.079 mT for those with 15), 0.10 s of time constant, and 120 sec of sweep time.

3-4-3-4-3. Fitting procedure for slow- and slow-motion EPR spectra (Figures 3-13 and 3-14, and
Tables 3-2 and 3-3)
To obtain information about magnetic parameters and characteristics of rotation mobility of

paramagnetic molecules inside the micelles, the nonlinear least-squares fitting of EPR spectra of the
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magnetically diluted samples were performed. Microwave powers were chosen carefully, especially
in the low-temperature measurements to prevent the microwave saturation which was derived from
prolonged spin-lattice relaxation time of a radical’s magnetization vector. For analysis of the spectra
of frozen samples the original software ODF3 described in ref [92] was used. Fitting of the spectra
recorded at (263 ~ 313) K was made by the method described in [93]. A convolution of Gaussian and
Lorentzian functions, as the most general representation of individual EPR line shapes, was applied
for simulation. The programs used allowed taking into account the dependence of a line shape on the
orientation of the species in magnetic field that reflects line broadening as a result of an unresolved
anisotropic hyperfine interaction. The example of simulation of the spectrum recorded at 100 K is
shown in Figure 3-14a. As a result of such simulation the magnetic parameters (main values of g- and
HFS-tensors) were obtained and used further to analyze the spectra recorded at high temperatures. The
coefficients of rotation diffusion as well as the directions of the rotation axes were obtained by the
simulation. It was established that rotation diffusion tensor of 915 in all investigated micelles has axial
symmetry. The rotation diffusion coefficient D: lies in the interval (1 — 10) x 108 s~! but the values Dy

and D, are less than 2x10° s7!.

3-4-3-4-4. Calculation of the inertia tensors and the intramolecular rotation energy barriers for
nitroxide radical (Figure 3-15)

The main values and the directions of the principal axes of inertia tensor for 97 were calculated using
molecular geometry optimized by DFT calculation. Only seven carbon atoms in saturated substitute
were taken into account. The geometry optimization was carried out using program package ORCA
in model B3LYP/6-31g(d,p) for continuum medium (COSMO, toluene at temperature 293K). For each
rotation the optimization of geometry and determination of full energy of the system was performed
with steps of (5-20)°. The energy barriers came to 11 kJ/mol and 13 kJ/mol for rotations 1 and 2

correspondently.

3-4-4. Evaluation method of in vitro cytotoxicity (Figure 3-10)

HeLa cells (3,600 to 8,000 cells in 100 pL per well) were seeded at in a 96-well tissue culture plate
with Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum and 1%
penicillin/streptomycin and grown for 24 h at 37 °C with 5% CO,. Then, each well was treated with a
PBS solution (10 puL) of 6/913 and 18/913, 18/915/15 or free 15. The initial solution of 6/9:5 or 18/9:3
(2.5 mM each) and 18/913/15 (18 and 915: 2.5 mM, 15: 2.5 uM) or free 15 (2.5 uM) and diluted solution
of 1.2, 0.62,0.31, 0.16, 0.078, 0.039 and 0.020 mM (or uM) was before incubation. After incubation
for 24 h at 37 °C under 5% CO,, these compounds shown above were removed and then cell toxicity
was assayed using CCK-8 kit according to the manual provided by the kit manufacture (Dojindo

Molecular Technologies).
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3-4-5. In vitro MRI measurement (Figures 3-11 and 3-12)

In vitro Ti-weighted MRI measurement was conducted on a 7-Tesla preclinical scanner (BioSpec
70/20 USR; Bruker BioSpin MRI GmbH, Ettlingen, Germany). The initial PBS solution of 6/915 and
18/915 (10 mM each), or 18/915/11, 18/913/12 and 18/91s/15 [11, 12 and 15 were 10 mol%, 1.0 mol%
and 10 mol% based on 6 or 18 (10 mM each), respectively] were diluted with PBS up to 1.2 mM
before measurement. After these mixed micelles were transferred to plastic tubes, they were fixed in
a sample holder. The MR relaxometry was conducted at 25 °C. MR phantom images were obtained by
a rapid acquisition with relaxation enhancement (RARE) pulse sequence with variable repetition time
(TR) [echo time (TE) = 11 ms, rare factor = 2, repetition time (TR) = 5,000, 3,000, 1,500, 800, 400,
200, 100 and 50 ms, field of view = 80 x 40 mm?, acquisition matrix size = 256 x 128, slice thickness
=2.00 mm]. In the acquired images, region-of-interest (ROI) was set on each tube and the mean signal
intensities within the ROI were measured for the TR-varied images. 71 values were calculated by
fitting a saturation recovery equation to the plot of signal intensity versus TR by using the image
sequence analysis tool in ParaVision 5.1 (Bruker BioSpin). The longitudinal relaxivity (r1) was
calculated with Eq. 3-9:

LT 1/T10)E F1C ettt ettt ettt et ne b e senseneens (Eq. 3-9)
where T’ and C are the longitudinal relaxation time in the absence of the paramagnetic species and

the concentration of the paramagnetic species, respectively.

3-4-6. In vivo MRI measurement (Figure 3-16)

3-4-6-1. Animal preparations

All animal procedures were conducted in accordance with guidelines of animal experiments of Kyoto
University (Approval number: 30—A—9). Male ICR mice (n = 2, aged 7 weeks, body weight 32 - 34
g; JAPAN SLC. Inc., Shizuoka, Japan) were used. After the induction of anesthesia with isoflurane,
mice were placed in a cradle in prone position. The anesthesia was kept with an inhalation of 2%
isoflurane in air at 1.4 L/min through a face mask. Respiratory rate and rectal temperature were
continuously measured using a pressure-sensitive respiration sensor and thermistor temperature probe,
respectively, and monitored using a monitoring system (Model 1025, MR-compatible Small Animal
Monitoring & Gating System; SA Instruments, Inc., NY, USA) with a dedicated software (PC-SAM
V.5.12; SA Instruments). The body temperature was maintained by a flow of warm air using a heater

system (MR-compatible Small Animal Heating System, SA Instruments).

3-4-6-2. In vivo MRI acquisition
MR measurements were conducted on a 7-Tesla preclinical scanner (BioSpec 70/20 USR; Bruker
BioSpin MRI GmbH, Ettlingen, Germany). A quadrature transmit-receive volume coil (inner diameter

72 mm, T9562; Bruker BioSpin) was used for MR signal detection. After two hundred microliter (uL)
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of 18/9:3 (40 mM each) in PBS were intravenously injected into an anesthetized male ICR mouse
(body weight: 32~34 g) lying pronely in an animal holder, MRI data were acquired with a dedicated
operation software (ParaVision 5.1; Bruker BioSpin). Two-dimensional multi-slice spin-echo pulse
sequence with a fat suppression was used for acquiring Ti-weighted images. The acquisition
parameters were as follows: repetition time (TR), 200 ms; echo time (TE), 6.2 ms; field of view (FOV),
80 x 40 mm?; acquisition matrix size, 256 x 128; spatial resolution of 312 pm; coronal orientation;

slice thickness, 2 mm; number of slices, 8; number of averages, 2; and scan time, 51.2 s.

3-4-7. TEM study
For the observation of morphology of the mixed micelle, TEM images were recorded on a Hitachi H-
7650 transmission electron microscope (Hitachi High-Technologies, Tokyo, Japan) at an acceleration
voltage of 120 kV.

One drop of the mixed micelle 18/9:5 (40 mM each) or P18 (40 mM) in PBS was placed onto
a 400 mesh a Cu grid covered with a collodion membrane, where hydrophilic treatment was
performed. After the grid was tapped with a filter paper to remove surface water, it was negatively
stained by using a 1% uranyl acetate solution and air-dried before measurement. Subsequently, it
was inserted into the TEM machine to start the measurement. Typical imaging parameters were
as follows: Exposure = 960 ms; Frame rate = 8.2 fps; Bin = 1; Gain = 1.0; Integ = 2.00; Pixel (x,
y) = (2048, 2048).
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3-5. Appendix

3-5-1. Structural characterization of the magnetic mixed micelle 18/9:s

In order to consider the structure of the mixed micelle, we begin with the structure of the simple
micelle consisting only of 18, designated as P18. The size and structure of a micelle are known to be
determined by hydrophilic-hydrophobic balance. The actual determinants per one surfactant molecule
are length (/) and volume (v) in the hydrophobic part and area (@) in hydrophilic-hydrophobic interface.
The / and v of the saturated alkyl chain (CnHan+1) are reported to be determined by the following
equations [94].

[=0.154 4+ 0.1265n nm
v=(27.4+269n) x 10 nm3

In the case of P18 (Figure 3A-1a), / and v of the hydrophobic part of 18 (n = 17 in Figure 3-
1) are calculated to be 2.3 nm (/1) and 0.48 nm?® (v13), respectively (Table 3A-1), if we assume that the
hydrophobic alkenyl group (Ci7H33) of the surfactant 18 is equivalent to the saturated alkyl one
(Ci7Hss). Since the radius of core hydrophobic part (R,) in a simple micelle (Figure 3A-1a) is
approximately equal to /i3, R, in P18 is 2.3 nm. The thickness (R,) of the outer hydrophilic layer of
P18 is calculated to be 2.2 nm by subtracting R, (2.3 nm) from the hydrodynamic radius R (4.5 nm)
determined experimentally by DLS (Figure 3-5). Based on the R, (2.3 nm), the number of the
surfactant 18 (Nig) in one micelle P18 is calculated to be 106 by dividing the volume of the
hydrophobic core by volume of the hydrophobic part of 18 (Eq. 3A-1).

Nig=4nR,, 3/ B 18 tttteeeietee e ettt e e ettt e ettt e e ——ee e ettt e e ——tee e ataeeanttaeeanraaeeatraeeenntaeeeenraeeaanns (Eq. 3A—1)

From the area of the hydrophobic sphere on P18, a;s is calculated to be 0.62 nm? according to Eq. 3A-
2.

A1 = 4TCRm 2 / ng ............................................................................................................. (Eq 3A-2)
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Table 3A-1. Dimensions of structural elements for P18 and 18/95.

Micelle | mol % of 955 | R?/nm R¢/nm Nig? No¢ No / Nig (%)
P18 0 0 4.5 106 0 0
11 0.4 4.86 143 16 11
25 0.75 5.25 189 50 26
18/9;3 43 1.35 5.85 270 122 45
67 2.25 6.75 420 280 67
100 3.5 8 682 600 88

“Based on 18. °R;= R — R, — R, (Figure 3-10b); R,: Thickness of the outer hydrophilic layer of P18,
R: Core hydrophobic part in P18 or hydrophobic part in 18/913 and R;: Inner hydrophilic part. R is
the experimental data determined by DLS. “Nis is the number of 18 per one mixed micelle. Ny is the

number of 9;3 per one mixed micelle.

In the case of mixed micelles 18/9:5 containig 0 ~ 100 mol% of 913 shown in Table 3A-1,
the thickness of the hydrophilic layer of the mixed micelle 18/9;z is the same as that (R,) in P18 as
shown in Figure 3A-1a and b. The thickness (R,) of outer hydrophilic layer and the area (aig) of outer
hydrophilic-hydrophobic interface in 18/9;s are assumed to be 2.2 nm and 0.62 nm?, respectively.
Therefore, the number (N3) of surfactant 18 in 18/95 is calculated from the area a;s of the hydrophobic
sphere determined by Eq. 3A-2, as shown in Eq. 3A-3.

N18 = AR+ Ri)? ] @18 oveeveveeeieeeeeeeee et (Eq. 3A-3)

The total volume occupied by surfactant 18 in the hydrophobic layer (vig) in one micelle of 18/9;s is
calculated to be Nis x vis. If the rest of the volume in the hydrophobic layer is fully occupied by
hydrophobic part of 915 (n = 18, vo= 0.51 nm?), the number (No) of 915 can be determined by Eq. 3A-
4.

No= (4/3 X TC(Rm +Ri)3 -4/3 x R - Nig x V18) J (Eq. 3A-4)

The results are summarized in Table 3A-1. The mol% of 95 calculated as No / Nis (%) is matched with
that used for the preparation of the mixed micelles 18/9;5. In addition, Joshua et al. reported that a
water penetration occurs between the hydrophobic alkyl chains in micelles [95]. Thsese secure the
validity of the structure of 18/9;s with water molecules in the central core (Figure 3A-1b).

Another possible structure of 18/9;53 is shown in Figure 3A-1c. Based on our calculations

described above, the mixed micelle 18/93 possesses a low density core, which is occupied by alkyl
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chains of 9;5. In addition, the fact that the time scale of Dy and D, of 9:5 in the mixed micelles were
evaluated to be less than 2x10° s7! indicates that 9,5 can change its position and reach the outer
hydrophilic part of the mixed micelles many times during 1 sec. Because of this phenomenon, the
nitroxyl groups in 93 are able to interact with surrounding water molecules, giving a significant
enhancement of proton relaxation. By considering the results discussed above, the structure of 18/9:5
with a low density core may be possible, too. The accurate structure of the mixed micelle 18/9;5 will
be determined by transmission electron microscopic (TEM) or SANS analyses. The detailed

discussion will be described in forthcoming paper.

63



@ 1 ® KR

Hydrophilic part Ifﬁwhob\ic‘part
= .‘Kf-/'\_/-\g P —
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Figure 3A-1. Micelle structure of (a) P18 (pure micelle of 18). Newly proposed mixed micelle
structures of 18/95 (b) without or (c) with water molecules in the core, and (d) 18/9s/15.

64



The mean diameters of 18/9:5/15 was smaller than that of 18/9:5 due to the existence of 15 which
has both hydrophilic functional groups, such as R-OH, R-C(O)-OR’ and R-C(O)-NH-R’, and
hydrophobic phenyl moieties. Obviously, 15 can localize in the interface between hydrophobic and
hydrophilic regions as shown in Figure 3A-1d. In addition, as shown in Figure 3-5b, the particle
diameter should depend on the number of molecule. Thus, the cross-section area (a) diminishes as
with decreasing number of the constituents in the presence of 15, so that the size of the equilibrium

micelles diminishes according to Eq. 3A-3.

3-5-2. Results of EPR spectral simulation
Spectral simulations for the extraction of the quantitative data on molecular mobility were performed
using the handmade program developed by Prof. Vorobiev (see the experimental section for details).
A convolution of Gaussian and Lorentzian functions, as the most general representation of individual
EPR line shapes, was used for simulation. The program allows to take into account the dependence of
a line shape on the orientation of the species in a magnetic field that reflects line broadening as a result
of an unresolved anisotropic hyperfine interaction. Additionally, the EPR line shape is given by a
tensor, principal axes of which generally do not coincide with principal axes of the g-tensor.

The g factor and hyperfine coupling constant A of the paramagnetic species are described as
tensors. In this work, the three principal g-tensor axes were chosen as axes of coordinates; their

directions in molecules of nitroxide radicals are shown in Figure 3A-2 [96].

Figure 3A-2. The directions of the three principal g-tensor axes in molecules of nitroxide radicals.

Generally, nine components of the g tensor in the laboratory flame are represented by a square
matrix of 3 rows x 3 columns. Therefore, the diagonal matrix with only the principal values
(gxx> Byy, Eyy) can be obtained by performing the transformation to diagonalize the matrix in the

laboratory.
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Exx gxy Exa Transformation 8XX 0 0
g=(8x 8y 8Byz| — | 0 gyy O

Bzx Bzy 8zz 0 0 877

Laboratory flame Principal flame

However, the principal axes of g- and A-tensors do not generally coincide with each other and
their relative orientation is given by the diffusion tilt angles (alpha, beta, gamma), called Euler angles,
connecting the molecular orientation frame with the g-tensor frame [97]. The angles can connetct the
magnetic axes with those of the rotational diffusion tensor. The rotaion is achieved by the following
series of mathematical operations (Figure 3A-3) : (i) a rotation about X through the angle alpha which
is described in equation 3A-5 (shown in Figure 3A-3a); (ii) a rotation about Y through the angle beta
after the rotation about X, which is described in equation 3A-6 (shown in Figure 3A-3b when alpha =
0); (iii) a rotation about Z through the angle gamma after the rotation about X and Y, which is described
in equation 3A-7 (shown in Figure 3A-3c when alpha and beta = 0) [93]. Note that a positive angle
gives a counterclockwise rotation when viewed along the axis of rotation looking from the positive

side [93].

(a) (®) (©

Alpha

Beta

Figure 3A-3. Rotating operation about principal axes through the Euler angles. (a) rotation about X
through the angle alpha, (b) rotation about Y through the angle beta when alpha = 0 and (c) rotation
about Z through the angle gamma when alpha = 0 and betta = 0

cos(alpha) sin(alpha) 0
C= (—sin(alpha) cos(alpha) 0> ............................................................................ Eq. 3A-5
0 0 1
1 0 0
B= (0 cos(beta) sin(beta)> ............................................................................... Eq. 3A-6
0 —sin(beta) cos(beta)
cos(gamma) sin(gamma) 0
A= (—sin(gamma) cos(gamma) 0) ..................................................................... Eq. 3A-7
0 0 1




The operations described above can be summarized as follows;

é\X é\Xl 6Xl
ey | =ABC| ey, |, where | ey, | shows the standard basis after the translation.

oDl

€z €z, €z,

In Table 3A-2, the author shows the preparation conditions of the mixed micelles used for the EPR
simulation in the chapter 3. The author prepared the mixed micelles containing 0.10 mM or 0.25 mM
of 915 for both 6/915 and 18/9:5 to invesitigate the effect of radicals’ concentaration on the their mobility

in the mixed micelles.

Table 3A-2. Preparation conditions of 6/915 or 18/9;s.

Mixed 18/9,5 with a molar | 18/9;3 with a molar | 6/9:3 with a molar 6/9,5 with a molar

micelle ratioof 1 :0.01¢ ratio of 1 : 0.02 ratioof 1:0.01¢ ratio of 1 : 0.02

“ These results are discribed above.

The slow-motion EPR spectra including the information about the dynamic parameters such as D; are
fitted by least-squares method using model calculation based on the stochastic Liouville equation for
the experimental data. In this work, at first, the separation of magnetic parameters such as g-tensor
was conducted to decrese the fitting parameters required for slow-motion EPR spectral simulation.
The magnetic parameters were extracted from rigid-limit EPR spectra to obtain the reliable values.
The EPR absorption line of the disordered sample was described using the function of Eq. 3A-8 [92].
F(H) = —[77d [ f(H, G, A 0, @)AP oot Eq. 3A-8
where fand @are magnetic field directions in the frame of paramagnetic species. f(H,g,A,0,¢)
describes the individual resonance line; magnetic parameters such as g and A values show the position
of the absorption line.

All magnetic parameters extracted from rigid-limit EPR spectra were summarized in Table 3A-

3. The resulting discrepancy was calculated as follows:
~ _lyori?
discrepancy = > —

where 7; and n are the minimized residuals and the number of calculated points in the spectrum,

respectively.
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Table 3A-3. Magnetic parameters obtained from rigid-limit EPR spectrum recorded at 100 K.

Mixed micelles 2x gy fed? Ax/G | Ay/G | A,/ G | Discrepancy ( X 10?)
18/915 (1 :0.01) | 2.0089 | 2.0065 | 2.0025 | 3.298 | 4.438 | 34.51 0.189
18/9:3 (1 :0.02) | 2.0092 | 2.0060 | 2.0027 | 3.095 | 5.401 | 34.73 0.171
6/913 (1:0.01) | 2.0088 | 2.0065 | 2.0025 | 3.947 | 4371 | 35.05 0.105
6/913 (1:0.02) | 2.0092 | 2.0061 | 2.0026 | 2.978 | 4.238 | 35.65 0.070

Rigid-limit EPR spectra of 18/93 with a molar ratio of 1 : 0.02, 6/95 with a molar ratio of 1 :

0.01 and 6/9,3 with a molar ratio of 1 : 0.02, and the results of their computer simulation are shown in
Figure 3A-4.

(a)

—— Experimental

—— Simulation

| | | | | | | |
3240 3260 3280 3300 3320 3340 3360 3380

Field / G

(b) (c)

Experimental —— Experimental

—— Simulation —— Simulation

3240 3260 3280 3300 3320 3340 3360 3380 3250 3300 3350 3400
Field/ G Field / G

Figure 3A-4. EPR spectra of (a) 18/9:3 with a molar ratio of 1 : 0.02, (b) 6/9:3 with a molar ratio of
1:0.01 and (c) 6/9:3 with a molar ratio of 1 : 0.02 and the results of their computer simulation at 100
K. Black lines — experimental spectra, red lines — results of simulation. See the experimental section

for details.
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In general, sufficient information concering not only magnetic parameters but also dynamic
parammeters are required to simulate the slow-motion EPR spectra. To avoid this problem, the author
simulated the slow-motion EPR spectra (263 K ~298 K) of each mixed micelles by using the magnetic
parameters determined at 100 K (Table 3A-3). These mathematical operation makes it possible to
obtain the dynamic parameters such as rotational diffusion tensor by solving the stochastic Liouville
equqtion [93]. In this work, the order of D, and D, (2x10° s7! each) was in the limit of sensitivity for
EPR spectra of nitroxide radicals, so that the author simulated the EPR spectra with imposing the
constraint (D, = D)) and without varing these values to extract the reliable results in the range of this
order. The simulational results of 18/9;5 (1 : 0.02) and 6/9:5 (1 : 0.02) were summarized in Table 3A-
4. D, (x108 Hz) denotes the diffusion coefficient for rotation around Z axis the representative results

for simulation of several spectra are presented in Figures 3A-5, 3A-6 and 3A-7.

Table 3A-4. Rotation diffusion coefficients and the angles determining the position of the main

rotation axis in g-tensor frame for radical 913in 18/9:5 (1 : 0.02) and 6/9:5 (1 : 0.02).

18/9:3 6/913
Temp., K D., 103 s! Beta?, °© Gamma?, ° | D., 10%s! Beta?, °© Gamma?, °

298 6.62 53.0 60.4 6.58 52.9 61.3
293 5.70 52.5 60.4 5.85 52.1 59.7
288 5.15 51.7 60.4

283 4.68 50.8 60.8 4.78 50.4 59.8
281 4.47 50.6 63.4 4.56 50.1 62.9
279 4.19 50.2 62.6 4.55 49.7 61.8
277 4.01 49.6 64.4 4.14 49.3 62.3
275 3.84 49.2 65.5 4.03 48.6 63.4
273 3.51 49.1 64.6 3.82 48.3 62.2
271 3.17 48.9 67.6 3.56 47.8 64.9
269 3.05 48.6 68.4 3.39 47.2 58.8
267 2.80 48.5 70.1 3.09 46.6 58.3
265 2.56 48.1 76.3 2.74 46.3 58.2
263 2.49 47.3 70.9 2.26 45.5 58.4

“Euler angles describe the transformation of rotation frame to g-tensor frame.
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—— Experimental —— Experimental
—— Simulation T=234E Simulation T=19K
| | | | l | | | | | | |
3240 3260 3280 3300 3320 3340 3360 3240 3260 3280 3300 3320 3340 3360
Field / G Field / G
— Experimental —— Experimental
—— Simulation T=288K e iaiTon: T=283K
| | ! | ! | ! | ! ! | ! !
3240 3260 3280 3300 3320 3340 3360 3240 3260 3280 3300 3320 3340 3360

Field / G Field / G

Figure 3A-5. Representative EPR spectra of 18/915 (a molar ratio of 1 : 0.02) and the results of their
computer simulation at high temperatures. Black lines denote the experimental spectra, red lines

represent the results of simulation.

— Experimental —— FExperimental
— Simulation T=29%8K — Simulation T=203K
| | | | | | | | | | | | | |
3240 3260 3280 3300 3320 3340 3360 3240 3260 3280 3300 3320 3340 3360
Field/ G Field /G
—— Expenmental — Experimental
—— Simulation T=288K —— Simulation T=283K
! ! ! ) ! ! ! ! ! ! ) ! ! !
3240 3260 3280 3300 3320 3340 3360 3240 3260 3280 3300 3320 3340 3360
Field / G Field/ G

Figure 3A-6. Representative EPR spectra of 6/913 (a molar ratio of 1 : 0.01) and the results of their
computer simulation at high temperatures. Black lines denote the experimental spectra, red lines

represent the results of simulation.
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—— Experimental —— Experimental
—— Simulation T=298K i T=293K
| | | | | | | | | | | |
3240 3260 3280 3300 3320 3340 3360 3240 3260 3280 3300 3320 3340 3360
Field / G Field / G
—— Expenmental —— Experimental
—— Simulation T=283K —— Simulation T=281K
| | | | | ! | | ! ! ! !
3240 3260 3280 3300 3320 3340 3360 3240 3260 3280 3300 3320 3340 3360
Field / G Field / G

Figure 3A-7. Representative EPR spectra of 6/913 (a molar ratio of 1 : 0.02) and the results of their
computer simulation at high temperatures. Black lines denote the experimental spectra, red lines

represent the results of simulation.

Arrenius plot for Dz values of the mixed micelles are created by using the simulational results in

Tables 3-2 and 3A-4 (Figure 3A-8).

20.4 2 18/9,,(1:0.01) = 18/9,4(1:0.02)
L ©6/9,5(1:0.01) & 6/9,5(1:0.02)
202 | s 1
20 & e
Y
N -* ’ & i
Q 19.8 | 53 A" a B
£ s
g 8
19.6 |- Lo .
L
194 | T x
®
*

19.2 1 1 1 1
0.0033 0.0034 0.0035 0.0036 0.0037 0.0038 0.0039
(Temperatunz-:)'1 IK!
Figure 3A-8. Temperature dependence of rotation diffusion coefficient Dz of 915 in 6/9:5 and 18/9:5
with the ratio of 1 : 0.01, and 6/9:5 and 18/95 with the ratio of 1 : 0.02. See the experimental section

for details.

71



The linear regression analysis yielded the E, values of each mixed micelle. Furthermore, D, values at

273 K were evaluated from the linear equation (Table 3A-5).

Table 3A-5. D, at 273 K and E“ values of 9;5 in 6/9;5 and 18/9;s with the ratio of 1 : 0.01, and 6/9;s
and 18/9;s with the ratio of 1 : 0.02.

Mixed 18/9,5 with a molar | 18/9;3 with a molar | 6/9:5 with a molar 6/9,5 with a molar
micelle ratioof 1 : 0.01¢ ratio of 1 : 0.02 ratioof 1:0.01¢ ratio of 1 : 0.02
D./s’! 35+09 37+12 42+0.9 47+3.1
E%, /
184+04 18.4+0.6 17.8+1.2 13.7+0.4
kJ/mol

“ These results are discribed above.

According to Figure 3A-8, one can see the difference in temperature-dependence of D values between
two different concentrations of 93 in the 18/9:5; 915 in 18/9:5 (1 : 0.01) showed smaller rotational
diffusion than that in 18/95 (1 : 0.02). This result indicates the mobility of 9;5 in 18/9;5 increased with
increasing the concentration of 9;5 of in the 18/9:3. In contrast, there is no difference in the rotational

diffusion of 913 when comparing the D; values of 913 in 6/9:3 (1 : 0.01) and 6/9:5 (1 : 0.02).

3-5-3. TEM study of 18/9;s (40 mM each)

To get an insight into a micellar structure, 18/95 (40 mM) was analyzed with transmission electron
microscopy (TEM). Since we could not observe the nanoparticles clearly at a concentaration of 10
mM as the author expected, the higher concentration (40 mM) of 18/9:5 or P18 in PBS was chosen to
the TEM analysis. As a result, 18/9:5 were distinctly observed in the blackish nanoparticles as shown
in Figure 3A-9a—e, indicating that 18/9:s had highly packed hydrophobic layers due to the van der
Waals interactions between alkyl chains in 18 and 9;5. In contrast, it seems that there is a gap in the
hydrophobic parts of P18 (Figure 3A-9f—j). Therefore, 93 is considered to make the micelles more
rigid possibly by the increased hydrophobic interaction.
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Figure 3A-9. Typical TEM images (120 kV, 25 “C) of (a—e) 18/9:5 (40 mM) and (f-j) P18 (40 mM) in

PBS. Panels b—e and g—j are the enlarged images of panels a and f, respectively.
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4 ilagnetic Mixed Micellos Compesed of @ Non=lonlc Surfactant and
Nitroxide Radicals & D-Glucosamine Unit Stability, and

BSlomedical Application

4-1. Introduction

Non-invasive imaging of living tissue is of great importance in the medical field. A magnetic resonance
imaging (MRI) method is one of the most frequently used and important imaging techniques in clinical
medicine. In fact, the use of MRI contrast agents plays a crucial role in accurately evaluating the
physiologic and pathologic changes. The majority of FDA-approved MRI contrast agents are
gadolinium-based contrast agents (GBCAs) such as Magnevist (a Gd™ complex agent) [98,99,100].
Although they are used on a daily basis, this modality still faces many challenges [101,102,103,104].
For example, people with moderate to advanced kidney failure are in danger of developing
nephrogenic systemic fibrosis by use of GBCAs. Thus, it is urgently required to exploit novel agents
that exhibit adequate contrast enhancement with a very low risk.

Metal-free magnetic nanoparticles containing nitroxide radicals as a spin source have attracted
great interest since 1980s [105] because of no toxicity, despite the less imaging ability as compared to
Gd™ complex agents [106] and less reduction resistance to antioxidants such as ascorbic acid and
glutathione [107]. However, the reduction resistance should potentially improve through the molecular
design and/or the micelle construction of nitroxide radicals [83,84,85,86,87]. In this context, we have
recently prepared a metal-free magnetic mixed micelles comprised of a surfactant, Brij 58 (6) or
Tweens 80 (18), and pyrrolidine-N-oxyl radical 9, namely 6/9 or 18/9 (Figure 4-1), according to a
simple experimental procedure as described in the chapter 2 and 3. These micelles showed high
colloidal stability, reduction resistance to ascorbic acid, and contrast enhancement in the 71-weighted
MRI in PBS in vitro and in vivo. The mixed micelle 18/9 was found to be much less toxic than 6/9.
Furthermore, additional hydrophobic fluorophores or drugs were stably encapsulated inside the mixed
micelles. Although passive targeting can be expected due to the micelle size (10 - 20 nm), the micelles
which we prepared did not possess any active targeting site for tumor.

Herein, we report on the novel metal-free mixed micelles including nitroxide radicals 20,
conjugated with a D-glucosamine unit as a tumor targeting site, because D-glucosamine derivatives are
well-known to be accumulated in tumor cells [108,109,110,111]. The obtained magnetic mixed
micelles showed little toxicity, excellent in vitro MRI contrast ability and high stability in the presence
of an excess amount of ascorbic acid. When it is applied to in vivo imaging for healthy mice, bright

MRI contrast enhancement was observed in the liver.
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Figure 4-1. Molecular structures of non-ionic surfactants Brij 58 (6) and Tween 80 (18), and nitroxide
radicals 9 and 20, (n = 14, 16 and 18). Compounds 20, are a ca. 1:1 mixture of D-(R,R) and D-(S,S)

diastereomers, see the experimental section for the synthesis and characterization.
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4-2. Results and Discussion

4-2-1. Preparation, stability and in vitro MRI contrast ability of 18/20,

The nitroxide radicals 20, (r = 14, 16 and 18 in Figure 4-1) were synthesized by condensation of the
racemic benzoic acid derivatives of the nitroxide radicals [a 1:1 mixture of (R,R) and (S,S)
enantiomers] [112,113] and D-tetraacetylglucosamine [114,115,116] followed by deacetylation (see
the experimental section).

The mixed micelles 18/20, (Figure 4-1) were prepared at concentration of 10 mM for each
component in PBS according to the procedure described in the experimental section. The stability of
the micelles was found to depend on the length of the alkyl chain (n = 14, 16 and 18) in the radicals
20, (Table 4-1 and Figure 4-2). 18/201¢ and 18/20,5 were formed as a clear dispersion immediately
after preparation and their mean diameter gradually increased up to 92 and 45 nm after one week,
respectively (Table 4-1). The micelle 18/2014 collapsed within one day to give white precipitates of
2014 after 24 h. From these results summarized in Table 4-1, the relative stability of the micelles 18/20,
in PBS is in the following order; 18/201s > 18/201¢ > 18/20,4. Similar dependence of the micellar
stability on the alkyl chain length in the nitroxide radicals 20, was observed in the cases of the mixed
micelles 6/9 and 18/9, too [chapter 2 and 3]. The mean diameters of the resulting magnetic mixed
micelles 18/20, in PBS were determined to be 13 to 16 nm by DLS analysis (Table 4-1 and Figure 4-
2a). Their mean diameters fall in a range of 10 to 100 nm which is required for the most prolonged
blood circulation time.

Importantly, the once precipitated sample of 18/2014 revived to the original clear dispersion
having the same diameter (16 nm) by just heating it with full reproducibility (Table 4-1); the micelle
18/2014 turned out to be easily available as a clear dispersion even after long-term preservation of the

precipitated sample.
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Table 4-1. Mean diameters and colloidal stability of the mixed micelles 18/20, (n = 14, 16 and 18) in
PBS at 30 °C.

Micelle 18/2014 18/2046 18/20,3
Diameter 13 nm* 14 nm*
16 nm*
by DLS 92 nm® 45 nm°
dispersion®

dispersion” dispersion?

Colloidal stability

dispersion®

“Immediately after preparation. ?After 24 h from preparation. “After 6 days from preparation. “After

heating the precipitates.

In the EPR spectra of 18/20, shown in Figure 4-2b, ¢ and d, the broad singlet signals were

obtained immediately after preparation due to the Heisenberg spin exchange interactions.
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Figure 4-2. (a) Mean diameters of mixed micelles 18/20, (» = 14, 16 and 18) determined by DLS
(black solid line: 18/2014 just after preparation, red solid line: 18/201¢ just after preparation, blue solid
line: 18/20;5 just after preparation, red dashed line: 18/205 after 6 days, blue dashed line: 18/20;5 after
6 days) and EPR spectra of (b) 18/2014, (c) 18/206 and (d) 18/20;5at 25 °C in PBS.

The dependence of the alkyl chain length in 20, on the longitudinal relaxivity (1) of 18/20, was
determined from the relaxation time (77) as a function of the concentration at 25 °C by using an MRI
machine at 7.0 T. Sufficiently bright 7;-weighted MR phantom images were obtained at concentration
of 10 mM of the magnetic mixed micelles 18/2014, 18/201¢ and 18/2015 as compared with that of control
PBS (panel A, E and I in Figure 4-3a). This result implies that 18/20, is likely to show a distinct MRI
contrast enhancement in vivo in this concentration or higher. Linear regression analysis yielded 7 =
0.14,0.13 and 0.11 mM's™! for 18/2014, 18/20,6 and 18/20s, respectively (Figure 4-3b). That is, the
MRI contrast ability of the micelle 18/20, in PBS is in the following order; 18/2014> 18/2016 > 18/20s.
The mixed micelle 18/2014 was used for further experiments in the following two reasons; (1) 18/2014
exhibited the superior in vitro MRI enhanced ability to those of 18/20;s and 18/20;5 and (2) the clear
dispersion was fully revived reproducibly by simply heating the precipitated sample. Although
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stability of 18/20:4 was less than that of 18/206 and 18/20,5 as mentioned above (Table 4-1), we gave
priority to MRI enhanced ability over the stability.

These 71 values are much larger than those of micelles 18/9 and 6/9 (1 = 0.07, and 0.09 mM's™!,
respectively, at 7.0 T) which we reported previously, although they are much lower than those of Gd'™"
complex agents [103].

18120
(a) (b) __;}:18/20}2
19mM 50mM 25mM 12 M 18/20,3

1.4 . , ; .

y=-0.06+0.14x R=1 b
1.2 -=y=.0067+0.13x R=1
== y=-0.043+0.11x R=1

Ay
T1 /s

Concentration / mM

Figure 4-3. (a) (A — D) T1-weighted MR phantom images of 18/2014 (2014: 1.2 to 10 mM), (E — H)
18/2016 (2016: 1.2 to 10 mM) and (I — L) 18/2015 (2015: 1.2 to 10 mM) in PBS, and control PBS at 7.0
T and 25 °C. (b) Plots of 77! vs concentrations of 18/2014 (solid line), 18/201 (dashed line) and 18/201s
(dashed and dotted line) at 1.2, 2.5, 5.0, 10 mM for each component. The »; was determined from the

slope of each line. See the experimental section for details.

These experimental results can be interpreted in terms of the slower rotation diffusion of 2014
than that of 9 inside the mixed micelles [89,90,91]. In order to compare the rotation diffusion mobility
between radicals 2014 and 9 inside the micelles, the EPR spectra of radical 2014 or 9 in the micelles
consisting of a 1 : 0.01 molar ratio of surfactant 18 and 2014 or 9 were measured in the temperature
range from 263 to 298 K and then were numerically simulated (Table 4-2). The representative results

for simulation of several spectra are presented in Figure 4-4 and 4-5.

Table 4-2. Rotation diffusion coefficients and the angles determining the position of the main rotation
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axis in g-tensor frame for radical 2014 in 18/2014 (a molar ratio of 1 : 0.01).

Temp., K D.. 10851 Beta“, °© Gamma“, ° Discrepancy
(#2°)° (+2°)° (%107
298 3.6+0.5° 45 75 0.741
293 33+0.5 45 73 0.363
288 29+04 44 90 0.333
283 25+04 43 90 0414
281 23+0.3 43 90 0.202
279 22+03 42 90 0.409
277 2.1+03 41 90 0.170
275 1.8+0.3 42 90 0.157
273 1.8+0.3 41 90 0.158
271 1.9+0.3 38 90 0.213
269 1.4+02 40 90 0.110
267 14+0.2 39 90 0.165
265 1.2+0.2 37 90 0.249
263 1.2+0.2 36 90 0.115

“Euler angles describe the transformation of rotation frame to g-tensor frame [96,97]. Error values

are presented.
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Figure 4-4. Representative EPR spectra of 18/2014 (a molar ratio of 1 : 0.01) and the results of their

computer simulation at high temperatures. Black lines denote the experimental spectra, red lines

represent the results of simulation.
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Figure 4-5. Temperature dependence of rotation diffusion coefficient D: of 2014 in 18/2014 and 9 in

18/9. The data of 18/9 was cited from the chapter 3. See the experimental section for details of 18/2014.

The temperature dependence of the rotation diffusion mobility was successfully described by
Arrhenius law with values of activation energy (£%) shown in Table 4-3, indicating that 414 showed
slower rotational diffusion inside the micelle to give a highly enhanced MRI as compared with 3. The
better 71 of 18/2014 than 18/2016 and 18/20:5 mentioned above might be interpreted by the slower
rotation diffusion mobility of 2014 than 2016 and 20;s.

Table 4-3. The effective activation energy of rotation diffusion of 2014 in 18/2014 and 9 in 18/9.

Mixed micelle E% /kJmol™!
18/2014 21.1+£1.0
18/9¢ 184+04

“Reported value in the chapter 3.

4-2-2. Reduction resistivity of 18/2014 in the presence of ascorbic acid

The concentration of ascorbic acid in the healthy adult serum was reported to be kept in the range of
14.9 to 52.8 uM by a daily intake of ascorbic acid (60 mg) [117]. When nitroxide radicals are applied
to the in vivo MRI measurement, radical reduction occurs to result in a significant decrease in the MRI
contrast [118,119,69]. For example, TEMPO derivatives such as TEMPONE and TEMPOL are
reduced rapidly [half-life (712) < 2 min] to the corresponding hydroxylamines in the presence of
ascorbic acid [82]. In our molecular design, we expected that the interplay between four long
hydrophilic tails in 18 and four neighboring substituents in 20:4 should enhance the reduction

resistance to ascorbic acid sterically. The decay of 2014 in 18/2014 in response to a large excess of
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ascorbic acid (20 equiv based on 2014) in PBS was monitored by EPR spectroscopy (Figure 4-6). As
expected, the 712 of 18/2014 (30 min) was almost comparable to that of 18/9 (33 min) and much longer
than that of 6/9 (7 min) [chapter 3].

(a) (b)
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Figure 4-6. (a) Time-course of EPR spectra and (b) the reduction resistance of 2014 in 18/2014t0 a
large excess of ascorbic acid (20 equiv based on 2014) in PBS at 25 “C. The normalized signal intensity

decay was evaluated by a double-integration method. See theexperimental section for details.

4-2-3. Biomedical application of 18/20,4

Since biocompatibility is prerequisite to the magnetic mixed micelles as an MRI contrast agent, the
cancer cell viability of 18/2014 was assessed by the CCK-8 assay at the initial concentration of 2.5 mM
for 18 and 2014 and compared with those of pure micelle of 18, designated as P18, (Figure 4-7a). Both
of P18 and 18/20:4 exhibited little cytotoxicity to HeLa cells at concentrations up to 2.5 mM,
demonstrating that 18/2014 is an appropriate candidate for in vivo experiment. In addition, the body
weights gradually increased in the healthy ICR (Institute of Cancer Research) mice over one month
after injection of 18/2014, 18/9 and PBS (Figure 4-7b). It is concluded that mixed micelles 18/2014 can

serve as a bio-compatible MRI contrast agent similar to 18/9.
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Figure 4-7. (a) In vitro cell viability of 18/2014 and P18 by using the CCK-8 kit after incubation for
24 h at 37 °C under 5% CO; and (b) in vivo toxicity of 18/204 for healthy ICR mice weight (three
mice for each of 18/2014, 18/9 and control PBS) as a function of time after injection of 200 uL of

mixed micelles (40 mM for each component) in PBS or PBS. See the experimental section for details.

Finally, the in vivo MRI experiment using 18/204 was performed for healthy ICR mice. Bright
MRI contrast enhancement was observed in the liver in both coronal and sagittal planes over 1 h with
high reproducibility (Figure 4-8). This result reveals that the magnetic mixed micelle 18/2014 is
effective as an in vivo T1-weighted MRI contrast agent. The prolonged MRI enhancement observed

for 18/2014 is attributed to the high resistance to reducing agents as described above.
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Figure 4-8. Time-course of coronal (panels A-D) and sagittal (panels E-H) T7-weighted MR images
of an ICR mouse before and after injection of 200 puL of 18/2014 (40 mM) in PBS. Distinct contrast
enhancement was observed in the liver of the mouse (indicated by white arrows). See the experimental

section for details.
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4-3. Conclusions

We have prepared highly robust and biocompatible metal-free magnetic mixed micelles which are
composed of non-ionic surfactant 18 and hydrophobic nitroxide radical 20, in PBS. The time-course
stability and in vitro MRI contrast ability of the mixed micelles was found to depend on the length (r)
of the alkyl chain in the nitroxide radicals. In addition, the mixed micelle 18/2014 showed considerable
reduction resistance to a large excess of ascorbic acid, little toxicity and sufficient contrast
enhancement in the T1-weighted MRI in vivo. Such highly biocompatible magnetic mixed micelles
composed of nitroxide radicals bearing a D-glucosamine unit is expected to be utilized as a low-
molecular-weight cancer targeted MRI contrast agent in line with the theranostic applications of

micelles, which are attracting an increasing interest recently [120,121,122].
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4-4. Experimental section

4-4-1. General

The surfactant 18 [Tween 80 (DKS Co. Ltd.)] was used as received. Unless otherwise noted, solvents
and reagents were reagent grade and used without further purification. Tetrahydrofuran (THF) used
for EPR spectroscopy or Grignard reactions was distilled from sodium/benzophenone ketyl under
argon. EPR spectra were recorded on JEOL JES-RE2X and Bruker EMX Plus. FT-IR spectrometry
was performed with a Shimadzu IRSpirit instrument using a dry KBr powder. Elementary analysis
was performed with a Yanaco CHN corder MT-6 instrument at the Center of Organic Elemental

Microanalysis of Kyoto University.

4-4-2. Synthesis

O OAc
AcO o] 0 AcQ
Hapi1 GO COOH AcO NH, Hn1 GO
SR\ DMT-MM (1.0 equiv.) OAc N NS0  OAc
H

M Ol}f Me NMM (03 equiv) 22 (1.0equiv) Me 5 Me
- - O
. THF, 25 °C THF, 60 °C
21, 23,

Scheme 4-1. Synthesis of 23, (n = 14, 16 and 18).

As a typical example, 2313 was obatined as a ca. 1:1 mixture of D-(R,R) and D-(S,S) diastereomers as
follows (Scheme 4-1). 4-(4,6-Dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride (DMT-
MM) (174 mg, 0.629 mmol) was added to a solution of (+)-21:5 (330 mg, 0.572 mmol) [112] and N-
methylmorpholine (NMM) (17.4 mg, 0.172 mmol) in THF at 25 °C. After stirring for 15 min, a solution
of D-tetraacetylglucosamine (22) (238 mg, 0.686 mmol, 1.2 equiv) [114,115,116] was added, and the
mixture was stirred for 16 h at 70 °C. The resultant mixture was extracted three times with CH,Cl, (15
ml X 3). The combined organic layer was dried over MgSQO4 and filtered, and the solvent was
evaporated under reduced pressure. The residual solid was purified by flash column chromatography
on silica gel eluting with CHCls/hexane/diethyl ether (50:40:10 to 60:20:20 v/v/v) to give 2315 as
yellow solid (175 mg, 0.193 mmol, 34%).

Similarly, 2314 and 236 were prepared in 52 % and 74 % yields, respectively, as yellow solids.

O OAc 0 OH
O AcO O HO
HlmlcnO\@O\ @//( ﬂ HZHHC"O\@\U\@/« %
~ Q! N—S0 OAc 1 S ) NT70 OH
e N o MeOH/H,0/Me;N (1:1:1) NS d
0 70 °C, 6h o
23, 20,

Scheme 4-2. Synthesis of 20, (n = 14, 16 and 18).
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As a typical example, 2015 was obtained as follows. 2313 (175 mg, 0.193 mmol) was dissolved in a
mixture of HO, MeOH and trimethylamine (2 mL each) at 25 °C and the mixture was stirred overnight
at 25 °C. The resultant solution was acidified with 5 w% H>SO4 to pH 6-7 and extracted three times
with CH>Cl, (15 ml x 3). The combined organic layer was dried over MgSOj4 and filtered, and the
solvent was evaporated under reduced pressure. The residual solid was purified by flash column
chromatography on silica gel eluting with CHCls/MeOH (90:10 v/v) to give 2015 as yellow solid (84
mg, 0.114 mmol, 59 %). Similarly, 2014 and 20,6 were prepared in 41 % and 54 % yields, respectively,
as yellow solids. The existence of functional groups in 20, (n =14, 16 and 18) was confirmed by FT-
IR spectroscopy (Figure 4-9). The HPLC analyses of products 20, (n = 14, 16 and 18) verified the
high purity of each diasteromer mixture (Figure 4-10).

2014 EPR (1.0x10* M in THF, 25 °C) g = 2.0063, ax = 1.32 mT. Anal. Calcd for C3sHssN2Os (%): C,
68.49; H, 8.70; N, 4.10. Found (%): C, 68.15; H, 8.97; N, 3.66.

2056: EPR (1.0x107# M in THF, 25 °C) g = 2.0065, ax = 1.32 mT. Anal. Calcd for C4;HgzN2Os - H,O
(%): C, 67.46; H, 8.98; N, 3.84. Found (%): C, 67.19; H, 9.07; N, 3.71.

205: EPR (1.0x10™* M in THE, 25 °C) g = 2.0065, ay = 1.32 mT. Anal. Calcd for C43Hs7N2Osg (%): C,
69.79; H, 9.13; N, 3.79. Found (%): C, 69.60; H, 9.39; N, 3.53.
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Figure 4-9. FT-IR spectra (KBr) of (a) 2014 (b) 2016 and (c) 20;s. The characteristic IR absorptions for
the N-O¢ bond has been assigned in the range 1380-1340 cm™! [123,124].
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Figure 4-10. HPLC charts of (a) 2014 (b) 2016 and (c) 2015 HPLC analysis was carried out by using a
silica gel column (YMC-Pack SIL-06, 0.46 x 30 cm) at 30 °C, a mixture of hexane and ethanol (6:4

v/v) as the mobile phase at a flow rate of 0.5 mL/min, and UV-vis spectrometer (254 nm) as the detector.

4-4-3. Preparation of magnetic mixed micelles 18/20, (n = 14, 16 and 18) in PBS

As a typical example, 18/2014 (10 mM for each component) was prepared in PBS as follows. To a
glass vial containing 204 (13.67 mg, 20 umol) was added 18 (10 mM) dissolved in PBS (2.0 mL).
The mixture was subjected to sonication (Branson Model 5800, frequency 40 kHz) for more than 10
min at 25 °C to give a white suspension. Then the suspension was heated for more than 10 min at 90 °C
using a water bath to form a clear yellow dispersion of 18/2014, which was passed through a 0.45 um

membrane filter. 18/20,6 and 18/20,5 (10 mM each), and 18/20,4 (40 mM each) in PBS were prepared
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by the same procedure.

4-4-4. DLS measurement (Table 4-1 and Figure 4-2)

The mean diameter of mixed micelles was determined by using a UPA-UTI51 instrument
(MicrotrackBEL) at 25 °C. After the samples were passed through a 0.45 um ¢ disposable membrane
filter, the particle size was measured in PBS using an attached cuvette. The mean diameter was
calculated on volume and number weighted averages from five measurements for each sample. Only
volume average size distributions are described in this paper. Polydispersity index was not available

by using the present instrument.

4-4-5. EPR spectroscopy

4-4-5-1. Determination of rotation diffusion coefficient (D) (Table 4-2 and 4-3, and Figure 4-4 and
4-5)

The EPR spectra of 18/2014 (a ratio of 1: 0.01 of 18 to 2014) were recorded at 100 K in the temperature
range of 263 to 298 K on Bruker EMX Plus spectrometer (X-band). The variable temperature unit
(Bruker) was used to control the temperature. Microwave powers were chosen carefully, especially in
the low-temperature measurement, to prevent the signal saturation arising from prolonged spin-lattice
relaxation time of a radical magnetization vector. Modulation amplitudes were kept below 1/2 to 1/3
times of peak-to-peak line widths. For the experiment at 298K the samples were placed into glass
capillary tubes (~1 mm ¢). For the experiment at 100 K, the samples in the plastic tubes (~ 4 mm ¢)
were dipped quickly in lig. N> to be frozen. The rotation diffusion coefficients and angles (beta and
gamma) that define the position of rotation axis of the probe in the g-tensor frame, were determined
by nonlinear-least squares simulation of the experimental ESR spectra, i. e. by minimizing the
discrepancy (sum of squared deviations) between the experimental and the simulated spectra. The
errors of determined parameters were estimated on the basis of covariance matrix at the point of
minimum. The magnetic parameters of the radicals (principal values of g- and hfc-tensors) were
determined independently from the spectra recorded at 100 K. The detailed EPR fitting procedure was
described in the chapter 3.

4-4-5-2. Measurement of reduction resistance of the mixed micelles to a large excess of ascorbic
acid (Figure 4-6)

To 18/2014 (10 mM each) in PBS (1.5 mL) was added 20 equiv of ascorbic acid. The mixture was
transferred to a capillary tube (1 mm ¢) immediately, followed by the measurement of EPR spectra
during the process of the radical reduction. The spectra were collected with the following parameters;
1.00 mW of microwave power, 0.079 mT of modulation, 0.10 s of time constant, and 120 sec of sweep

time. This experiment was performed twice and the high reproducibility was confirmed.
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4-4-6. Evaluation method of in vitro cytotoxicity (Figure 4-7a)

HeLa cells (8,200 cells in 100 puL per well) were seeded at in a 96-well tissue culture plate with
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum and 1%
penicillin/streptomycin and grown for 24 h at 37 °C with 5% CO.. Then, each well was treated with a
PBS dispersion (10 pL) of P18 or 18/2014. The initial dispersion of the mixed micelles containing 2.5
mM of 18 and 20,4 and diluted dispersion of 1.2, 0.62, 0.31, 0.16, 0.078, 0.039 and 0.020 mM were
applied to the cells before incubation. After incubation for 24 h at 37 °C under 5% CO,, these
compounds shown above were removed and then cell toxicity was assayed using CCK-8 kit according

to the manual provided by the kit manufacture (Dojindo Molecular Technologies).

4-4-7. In vivo toxicology test (Figure 4-7b)

The protocols for the animal experiments were approved by the Shiga University of Medical Science
(approval number: 2018-4-1) and were carried out in accordance with the National Institutes of Health
Animal Care and Use Protocol (NIH, Bethesda, MD, USA). Female ICR mice (aged 7 weeks, body
weight 32 to 34 g) were supplied from Japan SLC Inc. (Shizuoka, Japan) and nine mice were used for
the toxicological experiments. Three mice were housed per cage in climate-controlled, circadian-
rhythm-adjusted rooms, and were allowed access to food and water ad libitum.

To evaluate the toxicity of the mixed micelles to an animal, 200 uL of 18/2014 (40 mM each), or
controls 18/9 (40 mM) in PBS or PBS were intravenously administered to nine mice which were
separated into three groups under anesthesia with 1.5% isoflurane. The body weight of each mouse
(30 to 32 g) before injection was normalized to 100 in order to make valid comparisons, and the body
weight changes of three different ICR mice were monitored for 18/914, 18/9 (employed as in vivo MRI
contrast agent in the chapter 2) and PBS over one month. The mean body weight values of three

measurements at each day were plotted with the standard deviation represented by error bars.

4-4-8. Evaluation method of in vitro MRI experiment (Figure 4-3)

In vitro MRI measurement was conducted on a 7-Tesla preclinical scanner (BioSpec 70/20 USR;
Bruker BioSpin MRI GmbH, Ettlingen, Germany). The initial PBS dispersion of 18/20, (10 mM each)
and diluted dispersions of 5.0, 2.5 and 1.2 mM were prepared. These mixed micelles were transferred
to plastic tubes and fixed in a sample holder. The MR relaxometry was conducted at 25 °C. MR
phantom images were obtained by a rapid acquisition with relaxation enhancement (RARE) pulse
sequence with variable repetition time (TR) [echo time (TE) = 11 ms, rare factor = 2, repetition time
(TR) = 5,000, 3,000, 1,500, 800, 400, 200, 100 and 50 ms, field of view = 80 x 40 mm?, acquisition
matrix size = 256 x 128, slice thickness = 2.00 mm]. In the acquired images, region-of-interest (ROI)
was set on each tube and the mean signal intensities within the ROI were measured for the TR-varied

images. 71 values were calculated by fitting a saturation recovery equation to the plot of signal
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intensity versus TR by using the image sequence analysis tool in ParaVision 5.1 (Bruker BioSpin).

4-4-9. In vivo MRI experiment (Figure 4-8)

All animal procedures for in vivo MRI measurement were conducted in accordance with guidelines of
animal experiments of Kyoto University (approval number: 30—A—9). Male ICR mice (n =2, aged 7
weeks, body weight 32 to 34 g; JAPAN SLC. Inc., Shizuoka, Japan) were used. After the induction of
anesthesia with isoflurane, mice were placed in a cradle in prone position. The anesthesia was kept
with an inhalation of 2% isoflurane in air at 1.4 L/min through a face mask. Respiratory rate and rectal
temperature were continuously measured using a pressure-sensitive respiration sensor and thermistor
temperature probe, respectively, and monitored using a monitoring system (Model 1025, MR-
compatible Small Animal Monitoring & Gating System; SA Instruments, Inc., NY, USA) with a
dedicated software (PC-SAM V.5.12; SA Instruments). The body temperature was maintained by a
flow of warm air using a heater system (MR-compatible Small Animal Heating System, SA
Instruments).

MRI measurements were conducted on a 7-Tesla preclinical scanner (BioSpec 70/20 USR;
Bruker BioSpin MRI GmbH, Ettlingen, Germany). A quadrature transmit-receive volume coil (inner
diameter 72 mm, T9562; Bruker BioSpin) was used for MR signal detection. After 200 puL of 18/2014
(40 mM each) in PBS were intravenously injected into an anesthetized male ICR mouse (body weight:
32 to 34 g) lying pronely in an animal holder, MRI data were acquired with a dedicated operation
software (ParaVision 5.1; Bruker BioSpin). Two-dimensional multi-slice spin-echo pulse sequence
with a fat suppression was used for acquiring 71-weighted images. The acquisition parameters were
as follows; repetition time (TR) = 200 ms, echo time (TE) = 6.2 ms, field of view (FOV) = 80 x 40
mm?, acquisition matrix size = 256 x 128, spatial resolution of 312 um, coronal and sagittal
orientations, slice thickness = 2 mm, number of slices = 8, number of averages = 2, and scan time =

51.2s.
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4-5. Appendix

4-5-1. Stability of 6/20,

The mixed micelles 6/20, were prepared at concentration of 10 mM for each component in PBS as

with 18/20,. In vitro stability of 6/20, was found to be silimilar to that of 18/20,. 6/201s and 6/2013

were formed as a clear dispersion immediately after preparation. In addition, the DLS analysis

exhibited that their mean diameter gradually increased up to 23 and 16 nm after one week, respectively

(Table 4A-1). The micelle 6/2014 collapsed within one day to give white precipitates. From these

results summarized in Table 4-4, the relative stability of the micelles 6/20, in PBS is in the following

order; 6/201¢, 6/20:5 > 18/2014. The mean diameters of 6/20, in PBS were determined to be 13 to 16

nm by DLS analysis (Table 4A-1 and Figure 4A-1a). Their mean diameters fall in a range of 10 to 100

nm which is required for the most prolonged blood circulation time.

Table 4A-1. Mean diameters and colloidal stability of the mixed micelles 18/20, (n = 14, 16 and 18)

in PBS at 30 °C.
Mixed micelle 6/2014 6/2016 6/20,3
10 nm* > 14 nm* >
Diameter by DLS 11 nm*
23 nm® 16 nm®
_ - dispersion” > dispersion” > dispersion” >
Colloidal stability

precipitates”

dispersion®

dispersion®

“Immediately after preparation. *After 24 h from preparation. ‘After 6 days from preparation.

The broad singlet signals were obtained from 6/20, immediately after preparation. (Figure 4A-1b,c

and d).
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Figure 4A-1. (a) Mean diameters of mixed micelles 6/20, (n = 14, 16 and 18) determined by DLS
(black solid line: 6/2014 just after preparation, red solid line: 6/2016 just after preparation, blue solid
line: 6/2013 just after preparation, red dashed line: 6/2016 after 6 days, blue dashed line: 6/20:5 after 6
days) and EPR spectra of (b) 6/2014, (c) 18/20 and (d) 6/20;5at 25 °C in PBS.

4-5-2. Results of EPR spectral simulation

In Table 4A-2, the author shows the preparation conditions of the mixed micelles used for the EPR
simulation in the chapter 4. The author prepared the mixed micelles containing 0.10 mM or 0.25 mM
of 2014 for both 6/20153 and 18/205 to invesitigate the effect of radicals’ concentaration on the their

mobility in the mixed micelles.
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Table 4A-2. Preparation conditions of 6/2014 or 18/2014.

) 18/204 with a
Mixed
molar ratio of

1:0.01¢

micelle

18/204 with a
molar ratio of

1:0.02

6/2014 with a molar | 6/2014 with a molar

ratio of 1 : 0.01

ratio of 1 : 0.02

“ The result is discribed above.

Rigid-limit EPR spectra of 18/2014 with a molar ratio of 1 : 0.02, 6/2014 with a molar ratio of 1 :

0.01 and 6/204 with a molar ratio of 1 : 0.02, and the results of their computer simulation are shown
in Table 4A-3 and Figure 4A-2.

Table 4A-3. Magnetic parameters obtained from rigid-limit EPR spectrum recorded at 100 K.

Mixed micelles 2x gy gz Ax/G | Ay/G | A,/ G | Discrepancy (X 10?)
18/2014 (1 : 0.01) | 2.0088 | 2.0067 | 2.0025 | 2.130 | 3.906 | 32.64 0.973
18/2014 (1 : 0.02) | 2.0088 | 2.0067 | 2.0024 | 3.345 | 3.345 | 32.72 0.560
6/2014 (1 :0.01) | 2.0091 | 2.0061 | 2.0024 | 1.548 | 5.722 | 33.38 0.525
6/2014 (1 :0.02) | 2.0093 | 2.0060 | 2.0024 | 3.496 | 3.496 | 33.17 0.233

95




(a)

— Experimental

—— Simulation

3240 3260 3180 3300 3310 3340 336D 3380
Field / G

(®) (©

—— Experimental —— Experimental

—— Simulation —— Simulation

1 1 | | | l | | 1 1 | L 1 1 1 1
3240 3260 3280 3300 3320 3340 3360 33RO 3240 3260 3280 3300 3320 3340 3360 33B

Field / G Field / G

Figure 4A-2. EPR spectra of (a) 18/2014 with a molar ratio of 1 : 0.02, (b) 6/2014 with a molar ratio of
1:0.01 and (c) 6/2014 with a molar ratio of 1 : 0.02 and the results of their computer simulation at 100
K. Black lines — experimental spectra, red lines — results of simulation. See the experimental section

for details.

Next, the author simulated the slow-motion EPR spectra (263 K —298 K) of each mixed micelles
by using the parameters in Table 4A-3. The simulation results of 18/2014 (1 : 0.02), 6/20:5 (1 : 0.01)
and 6/20;s (1 : 0.02) were summarized in Table 4A-4. The mark D, (x108 Hz) denotes the diffusion
coefficient for rotation around Z axis and the representative results for simulation of several spectra

are presented in Figures 4A-3, 4A-4 and 4A-5.
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Table 4A-4. Rotation diffusion coefficients and the angles determining the position of the main

rotation axis in g-tensor frame for radical 2014 in 18/2014 (1 : 0.02), 6/2014 (1 : 0.01) and 6/2014 (1 :

0.02).

182015 (1:0.02) 6/2015 (1:0.01)

Temp., K D.,10%s’! Beta“, ° Gamma®, ° | D., 10%s"! Beta“, ° Gamma®, °
298 3.49 44.8 71.8 4.09 47.7 65
293 3.20 43.9 89.9
288 2.76 43.1 89.4
283 2.38 42.1 90.0 3.16 44.1 90.0
281 2.24 41.8 90.0 2.82 44.0 89.9
279 2.02 41.7 90.0 2.62 43.9 90.0
277 1.93 41.0 89.9 2.42 43.4 90.0
275 1.77 40.6 90.0 2.33 42.5 90.0
273 1.56 40.6 90.0 2.05 42.2 89.9
271 1.47 40.2 90.0 1.83 42.0 90.0
269 1.32 39.6 90.0 1.90 39.6 90.0
267 1.33 37.1 90.0 1.77 38.6 90.0
265 1.20 36.7 89.8 1.53 39.3 90.0
263 1.13 35.0 90.0 1.59 30.6 90.0

6/2014 (1:0.02)

298 3.99 46.5 63.0
293 3.58 45.7 64.4
288

283 2.79 43.2 70.1
281 2.57 43.0 75.9
279 2.49 42.0 89.9
277 2.29 41.6 89.9
275 2.19 40.5 90.0
273

271 2.00 39.0 89.8
269 1.76 38.3 89.8
267 1.69 36.3 71.7
265 1.45 35.2 89.2
263 1.14 334 90.0

“Buler angles describe the transformation of rotation frame to g-tensor frame. “Error values are
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presented.
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Figure 4A-3. Representative EPR spectra of 18/2014 (a molar ratio of 1 : 0.02) and the results of their

computer simulation at high temperatures. Black lines denote the experimental spectra, red lines

represent the results of simulation.

—— Experimental

T=298K

Simulation

— Experimental

T=283K

—— Simulation

3240 3260 3280 3300 3320 3340 3360
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—— Experimental

T=281K
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Figure 4A-4. Representative EPR spectra of 6/2014 (a molar ratio of 1 : 0.01) and the results of their

computer simulation at high temperatures. Black lines denote the experimental spectra, red lines

represent the results of simulation.
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—— Experimental —— Experimental
—— Simulation T=298K —— Simulation T=293K
| | | | | | | | | | | | | |
3240 3260 3280 3300 3320 3340 3360 3240 3260 3280 3300 3320 3340 3360
Field/ G Field/ G
— Experimental — Experimental
— Simulation T=283K e T=281K

| | | | | | | | | | | | | |
3240 3260 3280 3300 3320 3340 3360 3240 3260 3280 3300 3320 3340 3360

Field/ G Field / G

Figure 4A-5. Representative EPR spectra of 6/2014 (a molar ratio of 1 : 0.02) and the results of their
computer simulation at high temperatures. Black lines denote the experimental spectra, red lines

represent the results of simulation.

Arrenius plot for D, values of the mixed micelles are created by using the simulatinal results in Table

4A-4 (Figure 4A-6).

o

18/20,, (1:0.01) = 18/20,, (1 : 0.02)

20 © 6/20,,(1:0.01) 6/20,,(1:0.02)
b 4
¢ )
195 | 1
S oae
Q" 2ti.,
: & o A
= a0 ey,
9] Tgad1, .
A
a -2
S A
2
* A

18.5 w L ! I 4
0.0033 0.0034 0.0035 0.0036 0.0037 0.0038 0.0039
(Temperatu re)'1 1K?
Figure 4A-6. Temperature dependence of rotation diffusion coefficient D. of 2014 in 6/2014 and 18/2014
with the ratio of 1 : 0.01, and 6/2014 and 18/2014 with the ratio of 1 : 0.02. See the experimental section

for details.
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It was found that the rotational diffusion of 2014 in 18/20:4 was smaller than that in 6/20,4. The linear

regression analysis yielded the £, values of each mixed micelle. Furthermore, D values at 273 K were

evaluated from the linear equation (Table 4A-5).

Table 4A-5. D at 273 K and E“; values of 915 in 6/9,5 and 18/9;s with the ratio of 1 : 0.01, and 6/9:s

and 18/9;3 with the ratio of 1 : 0.02.
) 18/20,4 with a 18/204 with a

Mixed 6/2014 with a molar | 6/20,4 with a molar
molar ratio of molar ratio of

micelle ratio of 1 : 0.01 ratio of 1 : 0.02

1:0.01¢ 1:0.02
Dz/s! 2.1 £ 1.1 1.7 = 0.6 27 £ 1.6 27 £ 19
E%, /

21.1 = 1.0 223 = 0.6 19.6 = 1.1 21.1 = 14

kJ/mol

“ These results are discribed above.

According to Table 4A-5, there is no difference in £% values between the four micelles. This is

probably because the internal structure of 18/2014 is similar to that of 6/204 irrespective of the

concentration of 204.

Finally, the author summarized the simuational resuts based on the concentration of the radicals in the

mixed micelles (Figure 4A-7).
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(a) (b)
> 6/9,5(1:0.01) a 6/20, (1:0.01) 2 0/95(1:0.02) 2 6/201, (1:0.02)
205 * 18/9,5(1:0.01) 2 18/20,,(1:0.0D) 205 —| *18/9,4(1:0.02) 4 18/200, (1 :0.02)
%
g 5 B
20 ¢ 25 20 * Has
v ]
a - & o *s o
Q 195 1 i . o Q 195 - L i
£ £ ‘0, °3
a a . - .
a8 i o
A A A A
19 b i A 19 - * A, b
4, = A i &
A i i
[

85 L L 1 1 L
0.0033 0.0034 0.0035 0.0036 0.0037 0.0038 0.0039

(Temperature)' / K

8.5 1 L L L
0.0033 0.0034 0.0035 0.0036 0.0037 0.0038 0.0039

(Temperature)” / K

Figure 4A-7. Temperature dependence of rotation diffusion coefficient Dz of 915 or 2014in 6/913,

18/913, 6/2014 and 18/2014 with the ratio of (a) 1 : 0.01 or (b) 1 : 0.02. See the experimental section

for details.

One can see that the Dz values of 2014 are smaller than those of 93 in the entire temperature range.
This is because that 2014 bearing hydrogen-bond donating NH and OH groups should interact with
neighboring hydroxy groups of surfactants 6 or 18 via hydrogen bonds to form a highly hydrophobic
environment with high viscosity inside the mixed micelles. However, the property of the surfactant

used for the formation of the mixed micelle seems not to make an impact on the Dz and E*; values.
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