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Abstract  19 
Metal-free magnetic mixed micelles (mean diameter: 16 nm) composed of biocompatible surfactant 20 
Tween 80 and hydrophobic pyrrolidine-N-oxyl radical were prepared by mixing them in phosphate-21 
buffered saline (PBS). The magnetic mixed micelles were characterized by dynamic light scattering 22 
(DLS) and small angle neutron scattering (SANS) measurements. The stability of the micelles is found 23 
to depend on the length of alkyl side chain in the nitroxide compounds and degree of unsaturation in 24 
the hydrophobic chain in the surfactant. The size of the mixed micelle can be tuned by changing the 25 
molar ratio of Tween 80 and nitroxyl radical. In view of theranostic application of the micelle, the 26 
cytotoxicity and stability in a physiological environment was investigated; the mixed micelle exhibited 27 
no cytotoxicity, high colloidal stability and high resistance towards reduction by large excess ascorbic 28 
acid. The in vitro and in vivo magnetic resonance imaging (MRI) revealed sufficient contrast 29 
enhancement in the proton longitudinal relaxation time (T1) weighted images. In addition, hydrophobic 30 
fluorophores and an anticancer drug are stably encapsulated in the mixed micelles and showed 31 
fluorescence (FL) upon reduction by ascorbic acid and cytotoxicity to cancer cells, respectively. For 32 
example, the paclitaxel-loaded mixed micelles efficiently suppressed cancer cell growth. Furthermore, 33 
they were found to give higher MRI contrast (higher r1 value) in vitro than the micelles without 34 
paclitaxel. The magnetic mixed micelles presented here are promising theranostic agents in 35 
nanomedicine due to their high biocompatibility and high resistivity towards reduction as well as 36 
functions as drug carrier in therapy and MR or FL imaging probe in diagnosis. 37 
  38 
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I. Introduction 39 
Magnetic resonance imaging (MRI) is one of the most frequently used imaging techniques in clinical 40 
medicine, and MRI contrast agents are sometimes required for more accurate diagnosis. Gadolinium 41 
(III) (Gd3+) complexes such as Magnevist are widely used as paramagnetic metal ion-based contrast 42 
agents for MRI [1-3]. However, the patients with impaired kidney function face a risk of a serious 43 
adverse reaction termed nephrogenic systemic fibrosis (NSF) by using Gd3+ contrast agents [4,5]. 44 
Since the first report of this adverse effect on renal dialysis patients, guidelines for the administration 45 
of Gd3+ contrast agents have been issued and implemented worldwide to minimize the risk of NSF 46 
[6,7]. Since then, metal-free materials including nitroxide radical compounds have been investigated 47 
as proton longitudinal relaxation time (T1) enhancing agents [8-10]. 48 

Nitroxide radicals have attracted great interest as a relatively safe spin source for several decades 49 
despite the lower contrast ability than Gd3+ complex, because the sterically protected N-O group is 50 
thermally stable in the air. A polymer-based nanoparticle composed of nitroxide lipids and glycerol 51 
monooleate was recently reported by Muir and co-workers as an MRI contrast agent [11]. However, 52 
the mean diameters (> 180 nm) were too large to have passive targeting property based on enhanced 53 
permeation and retentive effect in cancer therapy and diagnosis. Although the spirocyclohexyl 54 
nitroxide polyradicals based on branched-bottlebrush copolymers and the polypropylenimine 55 
dendrimer scaffolds were also reported, the functions of these materials were limited to MRI contrast 56 
[12,13]; no other functions such as drug carrier nor fluorescence (FL) imaging were endowed. 57 

In this context, we prepared the metal-free ‘magnetic mixed micelles’ (the term ‘nanoemulsions’ 58 
was used in ref. 14) comprised of equimolar amounts of polyoxyethylene (20) cetyl ether (Brij58, 1) 59 
and (±)-2,2,5-trimethyl-5-(4-alkoxyphenyl) pyrrolidine-N-oxyl radical (2n) according to a simple 60 
experimental protocol [14]. These micelles showed high colloidal stability, high resistance to a 61 
reducing agent, and enough contrast enhancement in the T1-weighted MRI in PBS in vitro. In addition, 62 
fluorophores or a drug was stably encapsulated inside the mixed micelles. However, the surfactant 1 63 
exhibited cytotoxicity in 0.16 µM or higher, while nitroxide radials such as 2n are generally known to 64 
show very low toxicity to cells and animals [15-18]. Therefore, we focused on the surfactant ‘Tween 65 
80 and 60’ (3 and 4, respectively), because they have been employed in clinical medicine owing to 66 
their biocompatibility [19-21]. Here we report the preparation, stability and theranostic application of 67 
the magnetic mixed micelles composed of surfactant Tween 80 (3) and nitroxide radical (218) as well 68 
as the micelles including fluorophores and a drug. 69 
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 70 
Figure 1. Molecular structures of non-ionic surfactant Brij58 (1), nitroxide radicals [2n (n = 12, 14, 16, 71 
18 and 20)], Tween 80 (3), Tween 60 (4), tetraphenylporphyrin (5), pyrene (6), and paclitaxel (7). 72 

 73 
II. Results and Discussion 74 
II-1. Preparation and Stability 75 
II-1-1. Preparation and stability of magnetic mixed micelles of 3/2n and 4/2n 76 
The mixed micelles composed of 3 and 2n, and 4 and 2n (Figure 1), designated as 3/2n and 4/2n 77 
respectively, were prepared at concentration of 10 mM in phosphate buffer saline (PBS) according to 78 
the experimental procedure described in the Supplementary Information. 79 

The stability of the micelles was found to depend on the length of the alkyl chain (n = 12, 14, 80 
16, 18 and 20) in the radical 2n and the degree of unsaturation in the hydrophobic chain in the 81 
surfactants 3 and 4 (Figure 1). 3/218 was formed as a clear yellow dispersion immediately after 82 
preparation and the appearance did not change for one month (Table 1). Although the micelles of 3 83 
with 2 (3/216 and 3/220) having shorter and longer alkyl chains than 218 also gave clear yellow solution 84 
immediately after preparation, they were unstable to give white precipitates within one month. The 85 
radicals 2 (212 and 214) with alkyl chains shorter than 216 precipitated within 24 h after mixing with 3. 86 
These observations for 3/2n clearly indicate that the most appropriate chain length (n) in 2n is 18, 87 
probably because of a similar length to that of the hydrophobic part of 3 (n = 17) [14]. However, the 88 
stability of the mixed micelles decreased significantly, when the alkenyl group with the cis-89 
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configuration in 3 was replaced by saturated C17 alkyl chain in 4. That is, 4/216, 4/218 and 4/220 were 90 
less stable, and 4/212 and 4/214 were much less stable than 3/218. This significant stability difference 91 
between 3/218 and 4/218 may be caused by the difference in the chain length and/or rigidity due to the 92 
C = C with cis-configuration. The CH/p interaction is also conceivable to increase the intermolecular 93 
interaction other than the hydrophobic one. From these observations shown in Table 1, the order of 94 
the stability in the micelles 3/2n and 4/2n is concluded to be 3/218 > 3/216, 4/216, 4/218, 3/220 and 4/220 95 
> 3/214, 4/214, 3/212 and 4/212.  96 

 97 
Table 1. Mean diameters and colloidal stability of the mixed micelles 3/2n and 4/2n (n = 12 – 20) in 98 
PBS at 30 °C. 99 

  212 and 214 216  218 220 

3 

Diameter 

by DLS 
— 18 nma 16 nma 22 nma 

Observation precipitatesa 
solutiona à 

precipitatesb 

solutiona à 

solutionb 

solutiona à 

precipitateb 

4 

Diameter 

by DLS 
— 21 nma 17 nma 58 nma 

Observation precipitatesc 
solutiona à 

precipitatesc 

solutiona à 

precipitatesc 

solutiona à 

precipitatesc 
aImmediately after preparation (Figure S1). bOne month after preparation. cOne day after 100 
preparation. 101 

 102 
After preparation of the mixed micelles, mean diameters of the resulting magnetic mixed 103 

micelles (3/2n and 4/2n, n = 16, 18 and 20) in PBS were measured by dynamic light scattering (DLS) 104 
and small angle neutron scattering (SANS) analyses. The mean diameter of 3/218 was 16 nm (100% in 105 
in Figure 2a) even after the 1000-fold dilution (to 0.01 mM) with PBS, supporting the above 106 
conclusion of the high stability in 3/218. In addition, the size of 3/218 is the smallest among the micelles 107 
(3/2n and 4/2n, n = 16, 18 and 20) (Table 1, Figure S1). The mean diameter (16 nm) of 3/218 by DLS 108 
in PBS was also supported by SANS measurement in D2O; the SANS profile observed at iMATERIA 109 
(BL20, J-PARC) was in good agreement with the scattering function for spherical particles. The mean 110 
diameter is estimated to be 14 nm which is slightly smaller than that (16 nm) determined by DLS 111 
(Figure S3 and S4). This deviation can be explained by the difference in the principle of these analyses; 112 
light and neutron scattering. Because DLS is based on hydrodynamics of micelle diffusion, the 113 
determined diameter of the 3/218 reflects the whole micelle size including water. In contrast, SANS 114 
observes scattering length density difference (contrast) between the micelle and surrounding medium. 115 
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The weak SANS contrast in the hydrophilic corona region including D2O is considered to make the 116 
diameter of 3/218 to be smaller than that by DLS [22]. 117 

When the molar ratio was changed in the preparation of the mixed micelles 3/218 containing 0 118 
– 100 mol% of 218 in PBS, the diameter of the resulting micelle was found to be proportional to the 119 
molar content of 218 as shown in Figure 2. This indicates that the size of the mixed micelle can be 120 
tuned by changing the molar ratio of 3 and 218; for example, 16 and 11 nm diameters for 1 / 1 and 9 / 121 
1 molar ratio, respectively. 122 

 123 
 124 
  125 
 126 
 127 
 128 
 129 
 130 
 131 

Figure 2. (a) The dependence of the mol% of 218 in 3/218 on the mean diameters by DLS at 25 °C in 132 
PBS (mol% of 218 = 0, black solid line; 11, gray solid line; 25, red long-broken line; 43, green dotted 133 
line; 67, orange short-broken line; 100, purple broken dotted line). (b) Proportional relationship 134 
between the mol% of 218 in 3/218 and mean diameters of 3/218. 135 
 136 
II-1-2. Preparation and stability of magnetic mixed micelles of 3/218/X (X = 5, 6 or 7) 137 
The micelles of 3/218 including fluorophore (5 or 6) or drug (7), designated as 3/218/X (X = 5, 6 or 7), 138 
were prepared by adding 5 (1.0 mol%), 6 (10 mol%), or 7 (10 mol%) upon the preparation of 3/218. 139 
The experimental detail is described in the Supplementary Information. The incorporation of 5 and 6 140 
into the mixed micelles was confirmed by FL quenching (Figure 3), which is known to be caused by 141 
surrounding nitroxide radicals [23-27]. However, the FL was revived by adding a large excess (20 142 
equiv based on 218) of ascorbic acid as a reducing agent in both 3/218/X (X = 5 and 6). As shown in 143 
Figure 3, the intensity of FL started to increase, when the amount of radical monitored by EPR 144 
spectroscopy became less than half at around 30 min. These phenomena can be interpreted by 145 
reduction of the nitroxide radicals to N-hydroxy groups which cannot quench the fluorophores. 146 

The mean diameter (11 nm) of 3/218/7 was smaller than those of 3/218, 3/218/5 and 3/218/6 (16, 147 
14 and 15 nm, respectively, in Figure S2). 3/218/7 was found to be more stable than 3/218/5 and 3/218/6, 148 
based on the observation that 3/218/7 was dispersed stably more than one month, while the micelles of 149 
3/218/5 and 3/218/6 collapsed within one month giving white precipitates.  150 
 151 

(a)                                 (b)         

R = 0.996 
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 152 
Figure 3. FL intensity change after addition of 20 equiv of ascorbic acid to (a) 3/218/5 and (b) 3/218/6 153 
at 25 °C in PBS. The decrease and increase in the spectral intensity were monitored by EPR 154 
spectroscopy using a double-integration method and FL spectroscopy, respectively. See the 155 
Supplementary Information for experimental details.  156 
 157 
II-1-3. Stability of magnetic mixed micelles in the presence of reducing agent 158 

Ascorbic acid exists in vivo in concentration from µM to mM depending on the type of tissue. 159 
When nitroxide radicals are applied to in vivo MRI, they are known to be reduced to the diamagnetic 160 
hydroxylamines by ascorbic acid, resulting in significantly weakening the MRI contrast [28-30]. For 161 
example, TEMPOL, one of the most typical water-soluble nitroxide radical, is reduced quickly to 162 
hydroxylamine in the presence of ascorbic acid [14,31-36]. In our molecular design, four long 163 
hydrophilic tails in 3 and four neighboring substituents in 218 are expected to enhance resistance to 164 
ascorbic acid sterically. The decay of 218 in 3/218 in the presence of a large excess (20 equiv based on 165 
218) of ascorbic acid in PBS was monitored by EPR spectroscopy (Figure 4). The result was compared 166 
with that of 1/218. As expected, 3/218 showed much higher resistance (t1/2 = 33 min) than those of 1/218 167 
(t1/2 = 7 min) and TEMPOL (t1/2 < 1 min). This is because ascorbic acid was likely to be trapped by 168 
three hydrophilic polyethylene glycol (PEG) chains in 3 more tightly than single PEG chain in 1; 169 
ascorbic acid was prevented from invading into 3/218 more efficiently than 1/218. Similarly, the 170 
resistivity of the nitroxide radical in 1/218/7 and 3/218/7 was evaluated (Figure 4). As a result, 1/218/7 171 
and 3/218/7 showed much higher resistance (t1/2 = 64 min each) than the 1/218 (t1/2 = 7 min) and 3/218 172 
(t1/2 = 33 min) did. These results imply that the structure of 3/218/7 is different from those of 3/218, 173 
3/218/5 and 3/218/6. We believe that these contrast agents have enough stability even in the reducing 174 
microenvironment of tumor on the tumor targeting in vivo MRI. 175 
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 176 
Figure 4. Comparison of the reduction resistance to a large excess of ascorbic acid among 1/218, 3/218, 177 
1/218/7 and 3/218/7. The reduction of the radical was monitored by EPR spectroscopy using a double-178 
integration method. See the Supplementary Information for experimental details. 179 
 180 
II-2. Theranostic Appplication 181 
II-2-1. In vitro cytotoxicity of magnetic mixed micelles against HeLa cell 182 
Since biocompatibility is a prerequisite for a magnetic mixed micelle as an MRI contrast agent, the 183 
cancer cell viability of 3/218 was assessed and compared with that of 1/218 by the CCK-8 assay at the 184 
initial concentrations of 2.5 mM for 1, 3 and 218 (Figure 5a). 3/218 exhibited no significant cytotoxicity 185 
to HeLa cells at concentrations up to 2.5 mM, whereas 1/218 showed cytotoxicity at 0.31 mM or higher, 186 
demonstrating that 3/218 is more appropriate than 1/218 for in vivo applications. In contrast, 3/218/7 187 
with the ratio of 1 : 1 : 0.001 at the initial concentrations of 2.5 mM for 3 and 218, and 2.5 µM for 7 188 
displayed significant toxicity in 0.16 µM or higher of 7 as with free 7 (Figure 5b). Thus, these results 189 
suggest that 3/218/7 is incorporated into the HeLa cells and can be used as an MRI-visible DDS drug 190 
carrier.  191 
 192 
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Figure 5. Comparison of the in vitro cytotoxicity between (a) 1/218 and 3/218, and (b) 3/218/7 and free 193 
7 by using Hela cells. The cell viability was assayed by using the CCK-8 kit after incubation for 24 h 194 
at 37 °C under 5% CO2. See the Supplementary Information for experimental details. 195 
 196 
II-2-2. MRI measurement 197 
The longitudinal relaxivity (r1) of 3/218 was determined from relaxation time (T1) as a function of 198 
concentration at 25 °C and compared with that of 1/218 (Figure 6). The T1 values for the two magnetic 199 
mixed micelles (1.2 – 10 mM for each component) in PBS were evaluated by using an MRI machine 200 
at 7.0 T. Sufficiently bright T1-weighted MR phantom images were obtained at a concentration of 10 201 
mM for both magnetic mixed micelles, compared with PBS (Figure 6a, Panel A and E), indicating that 202 
3/218 can be used as an MRI contrast agent in vivo in this concentration or higher [14]. Linear 203 
regression analysis yielded r1 = 0.07 mM–1s–1 for 3/218 and r1 = 0.09 mM–1s–1 for 1/218 (Figure 6b). 204 
These r1 values were less than that (3.4 mM–1s–1) of Magnevist (a Gd3+ complex agent) in deionized 205 
water [2]. However, this result is quite natural because 218 with only one unpaired electron (S = 1/2) 206 
should show inferior water proton relaxivity to Gd3+ (S = 7/2).  207 
 208 

 209 
Figure 6. (a) T1-weighted MR phantom images (7.0 T, 25 °C) of (A) – (D) 3/218 and (E) – (H) 1/218 at 210 
1.2, 2.5, 5.0 and 10 mM in PBS, and PBS as control. (b) Plots of T1 –1 vs the concentrations of 3/218 211 

(a)                            (b) 
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(broken line) and 1/218 (solid line) in the magnetic mixed micelles to determine the r1 values. See the 212 
Supplementary Information for experimental details. 213 
 214 

Interestingly, 3/218/7 exhibited brighter MRI contrast (Figure 7a) and the larger r1 value (r1 = 215 
0.14 mM–1s–1) than those (r1 = 0.06 and 0.07 mM–1s–1) of 3/218/5 and 3/218/6, respectively (Figure 7b). 216 
These experimental results can be interpreted by the reduced rotation diffusion of 218 inside the mixed 217 
micelles [37–41]. In order to estimate the rotation diffusion mobility of the radicals, the EPR spectra 218 
of the mixed micelles of 3/218 with the ratio of 1 : 0.01 and those including 10 mol% of 7 (3/218/7 with 219 
the ratio of 1 : 0.01 : 0.1) in the temperature range of 263 to 313 K were numerically simulated as 220 
described in the Supplementary Information (Figure 8 and S5). The rotation diffusion tensor of the 221 
radical in 218 in all investigated micelles has axial symmetry. The rotation diffusion coefficient Dz is 222 
within the range (1 – 10) ´ 108 s–1 (Table S1), but the values Dx and Dy are less than 2 ´ 106 s–1. The 223 
temperature-dependence of the rotation diffusion mobility is successfully described by Arrhenius law 224 
with values of activation energy (Ea

z) shown in Table 2, indicating that 7 makes the mixed micelles 225 
more rigid to give enhanced MRI signal. 226 

 227 
 228 

 229 
 230 
Figure 7. (a) T1-weighted MR phantom images (7.0 T, 25 °C) of (M – P) 3/218/5, (Q – T) 3/218/6, and 231 
(U – X) 3/218/7, at 1.2, 2.5, 5.0 and 10 mM in PBS, PBS as control, and 3/218 (equimolar mixture) (10 232 
mM each) (Y). (b) Plots of T1 –1 vs the concentrations of 3/218 in the 3/218/5 (solid line), 3/218/6 (broken 233 
line) and 3/218/7 (dotted line) to determine the r1 values. 234 

(a)                                (b) 
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 235 
Figure 8. Temperature dependence of rotation diffusion coefficient Dz of 218 in 3/218 with the ratio of 236 
1 : 0.01 and 3/218/7 with the ratio of 1 : 0.01 : 0.1. See the Supplementary Information for experimental 237 
details. 238 
 239 
Table 2. The effective activation energy of rotation diffusion of 218 in 3/218 with the ratio of 1 : 0.01 240 
and 3/218/7 with the ratio of 1 : 0.01 : 0.1. 241 

Mixed micelle Ea
z  / kJ/mol 

3/218 18.4 ± 0.4 

3/218/7 22.9 ± 0.6 

 242 
Finally, the magnetic mixed micelle 3/218 was applied to in vivo MRI in mice. The experimental 243 

details are described in the Supplementary Information. As shown in Figure 9, distinct MRI contrast 244 
enhancement with high reproducibility was observed in the liver after injection. This result 245 
demonstrates that the magnetic mixed micelles are effective as an in vivo T1-weighted MRI contrast 246 
agent.  247 

 248 
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 249 
Figure 9. Coronal T1-weighted MR images of the liver of a male ICR mouse: (a) before and (b) 23 250 
min after the intravenous injection of 200 µL of 3/218 in PBS. Distinct contrast enhancement was 251 
observed in the liver (indicated by white arrows). See the Supporting Information for experimental 252 
details. 253 
 254 
Conclusions 255 

We have prepared highly robust, size-tunable and biocompatible metal-free magnetic mixed 256 
micelles 3/218. The guest-unloaded magnetic mixed micelles 3/218 showed lower cytotoxicity, high 257 
colloidal stability and higher reduction resistance to a large excess of ascorbic acid, compared with 258 
previously reported magnetic mixed micelles 1/218 [14]. In addition, 3/218 demonstrated sufficient 259 
contrast enhancement in the T1 weighted MR images in vitro and in vivo. 260 

Furthermore, the mixed micelle encapsulated a hydrophobic drug of paclitaxel (7) (10 mol %), 261 
or hydrophobic fluorophores of tetraphenylporphyrin (5) (1.0 mol%) and pyrene (6) (10 mol%) to give 262 
stable micelles with mean particle sizes of less than 20 nm. The 7-loaded magnetic mixed micelles, 263 
3/218/7, effectively suppressed HeLa cell growth. Thus, such highly biocompatible magnetic mixed 264 
micelles can be utilized in theranostic nanomedicine for targeted drug delivery system visible by MR 265 
or FL images. 266 
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