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Abstract

In this study, amphiphilic Janus-type polymers were synthesized via ring-opening metathesis
polymerization (ROMP), multiple vicinal diol formation, and grafting of poly(ethylene
glycol) monomethyl ether (mPEG). These amphiphilic polymers formed self-assemblies,
which were a mixture of micelles and multimicellar aggregates, in water. By choosing
suitable Janus-type polymers and irradiating an aqueous solution of polymers using a
sonicator, either small micelles or large multimicellar aggregates were obtained selectively.
Hydrophobic substituents controlled the aggregation—disaggregation behavior, leading to the
formation of metastable self-assemblies by sonication. The formation of self-assemblies with
a uniform size was affected by ultrasonic frequency, rather than power. In vivo optical tumor
imaging revealed that the large-size multimicellar aggregates persisting for a long time in
blood circulation slowly accumulated in tumor tissues. In contrast, the tumor site was rapidly,

clearly visualized using the small-size micelles.
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1. Introduction

Nanostructures, especially spherical polymeric self-assemblies and their related aggregates,
have recently attracted increased attention because of their huge potential to be used in
medical applications, for examples as imaging agents or as carriers of drugs.['"”) Based on the
phenomenon known as the enhanced permeability and retention (EPR) effect,!'! via which
nanometer-size polymeric self-assemblies accumulate passively and specifically in tumor
tissues, research related to tumor diagnosis and therapy using self-assemblies has

intensified.!'11-23]

The control of the size of self-assemblies is one of the most important
topics in this field, because it was recently reported that the size of polyion complex hollow
vesicles (PICsomes) significantly affects their in vivo kinetics and tumor specificity for drug

delivery.!?*23]

The size-dependent biodistribution of liposomes and the relationship between
the size-dependent accumulation of liposomes and the local blood flow in tumor tissues have
recently been investigated, using computed tomography, positron emission tomography, and

fluorescence imaging.!>6->°]

In contrast to these pioneering studies related to hollow
nanocarriers, the effect of the size of solid self-assemblies on tumor targeting has not been
intensively investigated.

Recently, we reported the synthesis of dye-conjugated amphiphilic polysaccharide
analogues, which are dual-type polymers having a polypentose-mimicked backbone, via ring-
opening metathesis polymerization (ROMP) and dihydroxylation, and their application to

high-contrast optical tumor imaging in vivo (Figure 1a).[30-34

We successfully prepared
various kinds of polymeric solid self-assemblies (diameter: 150-250 nm) by introducing small
alkyl groups, poly(methacrylate)s (PMAs), amino acids, and oligopeptides as hydrophobic
side chains. However, the in vivo kinetics and tumor-imaging ability of small-size self-

assemblies (diameter: <100 nm), which are considered to be more suitable for passive

targeting by the EPR effect, have not been evaluated.
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Amphiphilic Janus-type polymers®>3?1 and dendrimers!****) bearing two chemically
distinct domains that do not enclose each other can form spherical self-assemblies (Figure 1b).
In particular, the main chain of Janus-type polymers forms a cross-linked interface between a
hydrophobic core and a hydrophilic shell, to prevent the disassembly of polymeric self-
assemblies under dilute conditions. Furthermore, in contrast with dual-type polymers, the size
of self-assemblies is controllable by changing the length of the side chains.***}] Based on
these properties, we investigated the formation of self-assemblies with various sizes using
Janus-type polymers derived from polysaccharide analogues. Here, we report the
aggregation—disaggregation behavior of polymeric micelles induced by sonication, and the

evaluation of the application of self-assemblies of various sizes on optical tumor imaging.
(insert Figure 1 here)

2. Results and Discussion
2.1. Synthesis of Janus-Type Amphiphilic Polymers

Janus-type polymers 1 with hydrophobic alkyl chains and PMAs were successfully
synthesized via ROMPI*#! and multi vicinal diol formation, followed by grafting of
poly(ethylene glycol) monomethyl ether (mPEG) moieties (Figure 2). The ROMP of
norbornadiene molecules bearing hydrophobic substituents gave the corresponding polymers
with low polydispersity indices (PDI) in high yields (82-91%, PDI = 1.09~1.36). The
polymer terminal was efficiently functionalized using vinyl ether as a quencher with a
protected amino group (82-96% capping efficiencies).[***’l  Although we attempted to
convert the alkenes on the polymer backbone using osmium-catalyzed dihydroxylation to
obtain polyols, no reaction took place. Alkenes were converted to ethylene glycol moieties by

sequential epoxidation with peracid and hydrolysis under acidic conditions (Figure S1). The
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etherification of polyols with benzyl bromide bearing ethynyl groups, followed by Cul-
catalyzed [3+2] cyclization*®% with an azide bearing an mPEG moiety afforded amphiphilic
Janus-type polymers 1. The moderate efficiencies (50-80%) of mPEG grafting were
attributed to the low conversion of hydroxy groups under etherification conditions (20-50%
of hydroxyl groups remained unreacted). The efficiency of etherification was not improved
further by treatment with excess amounts of sodium hydride and benzyl bromide. 'H NMR
data confirmed that alkynes at the side chain terminus were fully converted under [3+2]
cyclization conditions (Figure S2). It is noted that the [3+2] cyclization did take place under
modified conditions using copper (I) iodide and 1,8-diazabicyclo[5.4.0Jundec-7-ene in N,N-
dimethylformamide, instead of standard click conditions using copper (II) sulfate and sodium

ascorbate.
(insert Figure 2 here)

2.2. Sonication-Induced Formation of Size-Controlled Self-Assemblies of Amphiphilic
Janus-Type Polymers

All polymers 1 dissolved in water and formed spherical self-assemblies. In all cases with
the exception of 1-PMA, both small-size (diameter: ~20 nm) and large-size (diameter: 100—
300 nm) self-assemblies were observed using dynamic light scattering (DLS) and
transmission electron microscopy (TEM) (Table 1 and Figures 3a and 3c). The mean
diameters of these aggregates changed neither for one week in phosphate buffered saline
(PBS, pH 7.4), nor for one day in fetal bovine serum (10% in PBS). TEM observation
revealed that self-assemblies with small and large sizes seemd to be micellar and
multimicellar aggregates, respectively. It is known that mild sonication usually accelerates

¢ [51-54

the formation of well-dispersed polymeric self-assemblies in wate ] Next, we examined

-5-
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the sonication-induced formation of self-assemblies with a uniform size. After sonication
(bath-type sonication, 150 W, 38 kHz) for 6 h of an aqueous solution of polymer 1-Ci4
bearing long tetradecyl chains, multimicellar aggregates were gradually disassembled to form
micelles, the spherical shapes of which were observed by TEM (Figure 3b), whereas their size
distribution was measured by DLS (Figure 4a). Because the '"H NMR spectrum of 1-Cy4 did
not change after sonication, polymers were not degraded under the sonication conditions
(Figure S4). Polymer 1-Cj2 bearing much longer alkyl chains also formed micelles with a
diameter of 24 nm after sonication (Figure S5f and S7g). The size distribution of micelles
with a uniform size did not change for 24 h, but it gradually reverted to the original state
observed before sonication (Figures Sa and 5b). In contrast, sonication of an aqueous
solution of polymer 1-Cs bearing shorter alkyl chains caused the aggregation of micelles
leading to multimicellar aggregates (Figures 3d and 4d). The size distribution of
multimicellar aggregates did not change for at least 24 h (Figure 5¢). In the cases of 1-Cg and
1-Ci1, the alkyl lengths of which were between those of 1-Cs and 1-Ci4, the ratio of micelles
to multimicellar aggregates gradually increased under ultrasound irradiation. However, both
micelles and multimicellar aggregates were still observed even after sonication for 6 h
(Figures 4b and 4c). Polymer 1-H bearing the shortest alkyl chains formed only large
aggregates after sonication (Figures S5a and S7a). Regarding polymers 1-bCg and 1-chol
bearing branched and bulky alkyl groups, a similar sonication-induced aggregation was
observed (Figures S5c, S5g, S7d, and S7h). Although the sonication-induced formation of
supramolecular aggregates, such as gelst®>-%4 and fibrils,[%>%7) caused by hydrogen bonding,
77 interaction, and van der Waals interaction has been reported, there are few examples of
the sonication-induced aggregation of micelles. It is difficult to clarify the driving force
behind this aggregation; however, it is obvious that the hydrophobic substituents control the

aggregation—disaggregation behavior, leading to the formation of metastable self-assemblies

-6-
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by sonication. This implies that a mixture of self-assemblies with small and large sizes is the
most favorable state in water for the present amphiphilic Janus-type polymers. Polymer
1-PMA formed self-assemblies with diameters of ~100 nm without sonication and the

distribution of diameters did not change after sonication (Figure S9).
(insert Table 1 here)
(insert Figure 3 here)
(insert Figure 4 here)
(insert Figure 5 here)

The effects of the power and frequency of the sonication instrument as well as the
ultrasonic exposure time were also investigated. The irradiation of an aqueous solution of
1-Ci4 using another bath-type sonicator with a lower power and a similar frequency (100 W,
45 kHz) led to the formation of similar small micelles within 6 h (Figure 6b). Although no
change in size distribution was observed by ultrasonic irradiation at higher frequency (100 W,
100 kHz), the irradiation at lower frequency (100 W, 28 kHz) accelerated the change in size
distribution, small micelles being formed within 3 h (Figures 6a and 6c). These results
indicate that the frequency of ultrasound is the important factor for the ultrasound-induced
formation of self-assemblies with a uniform size. It is known that ultrasonic irradiation at
lower frequency creates large cavitation bubbles that generate stronger shear forces upon their
collapse. Isozaki, Naota, Takaya, and coworkers recently reported that the rate of ultrasound-

induced self-assembly of metalated dipeptides increases with decreasing frequencies of
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ultrasound.!®® Based on the relationship between the cavitation energy and the rate of self-
assembly, it was pointed out that microcavitation caused by ultrasound irradiation is a key
factor in self-assembly. Because a similar rate increment with decreasing frequencies was
observed in our case, we suppose that the dynamic aggregation—disaggregation of micelles to
form metastable aggregates might be similarly accelerated by the shear force induced at low
frequency rather than the acoustic streaming induced at high frequency.

(insert Figure 6 here)

2.3. Size-Dependent Tumor Accumulation and Blood Circulation of Self-Assemblies

To evaluate the tumor targetability of polymeric self-assemblies as in vivo optical tumor-
imaging agents, we conjugated the near-infrared fluorescent dye, indocyanine green (ICG), to
amphiphilic Janus-type polymers. After deprotection of the Ns groups of 1-Cs, 1-Cy4, and
1-PMA, followed by transamidation using an activated ester bearing an ICG dye moiety,
ICG-conjugated Janus-type polymers 2 were obtained (Table 2). To obtain highly fluorescent
self-assemblies, it is important to place the ICG moieties in the hydrophobic environment,
where hydrophobic dyes can generally emit stronger fluorescence than they can under
hydrophilic polar conditions. In our previous study, we found that the choice of a suitable
length of the side chains between the ICG moieties and the amphiphilic polymer backbone
dramatically enhanced the fluorescence intensities of self-assemblies in vivo as well as in
aqueous solution. Based on this finding, we precisely regulated the length of linkers
connecting an ICG moiety with the main chain terminal to obtain highly emissive self-
assemblies (Figure S3). In the case of alkyl-grafted polymers, the use of a w-amino acid, such
as 8-aminooctanoic acid, as a linker improved the fluorescence intensities of their self-
assemblies. In contrast, in the case of PMA-grafted polymers, the elongation of the linker

length between an ICG moiety and the main chain led to a decrease in fluorescence intensity.
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These results showed that for alkyl-grafted polymers, the hydrophobic alkyl side chains form
a densely packed hydrophobic domain that only an ICG moiety with a long linker could reach.
Regarding the PMA-grafted polymer, an ICG moiety with a short linker reached a large
hydrophobic core consisting of long PMA chains, but the elongation of its linker length
resulted in the decrement of fluorescence intensity, probably due to aggregation-induced

fluorescence quenching.
(insert Table 2 here)

The diameters of the self-assemblies of 2-Cs, 2-Cy4, and 2-PMA, the linker lengths of
which were adjusted for high-contrast imaging were 130, 20, and 170 nm, as measured by
DLS, respectively. Because hydrophobic ICG moieties were placed in the hydrophobic cores,
the diameters of the self-assemblies became larger compared with those formed from the
corresponding polymers 1 without ICG moieties. Low critical aggregation concentration
(cac) values, which were measured using static light scattering (SLS), indicate that polymeric
self-assemblies do not disassemble under diluted conditions in aqueous solution. Before
carrying out the optical imaging in vivo, the excitation wavelength (710 nm) and the detection
wavelength (820 nm) were optimized by measuring fluorescence intensity of aqueous
solutions of 2 (Figure S13).

Next, we performed a series of optical tumor-imaging experiments using self-assemblies
with different sizes. We intravenously injected solutions of self-assemblies into tumor-
bearing nude mice (tumor site: right hind leg) and monitored their distribution using an
optical in vivo imaging device. Optical imaging using polymers 2 led to high-contrast images
of tumor tissues within 3 h, although fluorescence from the liver was detected in the case of

large self-assemblies consisting of 2-PMA (Figures 7a-c). It is noteworthy that the tumor site
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was clearly visualized within 10 min by the smallest self-assemblies of 2-Cis. The
fluorescence intensity ratio (tumor/liver) showed that self-assemblies with a smaller size
could accumulate in tumor tissues much more rapidly and efficiently (Figure 7d). The tumor
specificity over time is improved by the continuous accumulation of self-assemblies in tumor
tissues and their smooth clearance from the liver (Tables S1-S3). In the case of the self-
assemblies with a diameter of 20 nm, half of the amounts were cleared from the blood vessels
3 h from injection because of rapid accumulation in tumor tissues as well as rapid excretion
through the liver and the spleen, resulting in efficient cutting off of the background

fluorescence intensity (Figure 7¢ and see also the SI).
(insert Figure 7 here)

Kishimura, Kataoka, and coworkers recently reported that the tumor/liver ratio and the
blood circulation of PICsomes with a diameter of 102 nm are better than those observed for a
diameter of 38 nm.[>>) It was demonstrated that the polymer pharmacokinetics as well as the
biodistribution could be controlled by the molecular weight and structure of the polymers.[¢”]
Therefore, we consider that the tumor specificity is profoundly affected not only by the size
but also by the morphology of the self-assemblies. We suppose that larger hollow self-
assemblies that persist for a long time in blood circulation can deform and pass through small
pores in the blood vessel wall to accumulate in tumor tissues gradually by the EPR effect,
resulting in a better tumor/liver ratio compared with smaller ones. In contrast, densely packed
multimicellar aggregates composed of amphiphilic Janus-type polymers do not readily
deform; therefore, smaller micelles could accumulate in tumor tissues more efficiently.

The optical imaging experiments of harvested major organs show that self-assemblies of

2-C14 with small sizes more efficiently accumulated at the tumor site (Figure 7f). Although
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fluorescence intensities of 2-Cy4 in tumor tissues were much stronger than those in normal
tissues in optical imaging in vivo, those in the harvested tumor tissues were slightly stronger
than those in the harvested liver. This might be caused by underestimation of fluorescence
from normal tissues in the ventral cavity. Although further improvement is necessary for
diagnostic purposes, these results suggest that self-assemblies with a diameter of 20 nm, that
can accumulate in tumor tissues rapidly and specifically and can be excreted from the blood
vessels smoothly, are suitable for ultrarapid and high-contrast visualization of subcutaneous

tumor tissues during endoscopy or surgery.

3. Conclusion

In summary, we achieved the facile synthesis of amphiphilic Janus-type polymers with
terminal functionality, and demonstrated their application to ultrarapid optical tumor imaging.
The amphiphilic Janus-type polymers dissolved in water and formed self-assemblies, which
were a mixture of micelles and multimicellar aggregates. By irradiating an aqueous solution
of polymers using a sonicator, self-assemblies with a uniform size were obtained.
Hydrophobic substituents controlled the aggregation—disaggregation behavior, leading to the
formation of either micelles or multimicellar aggregates. The large-size self-assemblies
(>100 nm) circulated in the blood vessels for a long time and gradually accumulated in tumor
tissues through the EPR effect. Conversely, optical imaging of tumor tissues using self-
assemblies with a small size (~20 nm) could be achieved within 10 min with high contrast.
From the practical application perspective, it is necessary to shorten the sonication time
and/or elongate the life time of small self-assemblies. We believe that the size-controllable

self-assemblies will find advanced application as high-performance tumor-imaging agents.

4. Experimental Section

-11 -
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Materials and Methods: Grubbs’ 3rd catalyst was prepared from Grubbs’ 2nd catalyst with
3-bromopyridine according to the reported procedure.*’] Grubbs’ 2nd catalyst was purchased
from Sigma-Aldrich (St. Louis, MO). 1,8-Diazabicyclo[5.4.0]Jundec-7-ene (DBU), N,N-
dimethylformamide (DMF), piperidine, thiophenol, potassium carbonate (K2CO3), and
dimethylsulfoxide (DMSO) were purchased from nacalai tesque (Japan). 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI) was purchased from Tokyo
Chemical Industry (TCI) Co., Ltd. (Japan). m-Chloroperbenzoic acid (NCPBA), acetic acid
(AcOH), sodium hydride (NaH), and copper iodide (Cul) were purchased from Wako Pure
Chemicals Inc. (Japan). Ethyl acetate (EtOAc), chloroform (CHCIls), dried tetrahydrofuran
(THF) and dried dichloromethane (CH2Cl2) were purchased from Sasaki Chemical Co., Ltd.
(Japan). 1-Hydroxybenzotriazole (HOBt) was purchased from Watanabe Chemical Industry,
Ltd. (Japan). DMF was distilled over CaHz before use. Dialysis membrane, Spectra/Por 6
(molecular weight cut-off (MWCO): 3500), was purchased from Spectrum Laboratories Inc.
(Rancho Dominguez, CA, USA). Silica gel (230-400 mesh) for column chromatography was
purchased from Silicycle (Canada).

The synthetic procedures of monomers 3 (Figure 8) are summarized in the SI. The
abbreviation MW(theor) means a theoretical molecular weight of polymers. Number-average
molecular weight (Mn) and polydispersity index (PDI) were determined by GPC (Shodex

GPC-104, Showa Denko K. K., Japan) with polystyrene standards.
(insert Figure 8 here)

Synthesis of Amphiphilic Janus-Type Polymers 1: The amphiphilic Janus-type polymers

were synthesized via ROMP and mPEG-grafting (Figure 9 and Table 3).

-12 -
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(insert Figure 9 here)
(insert Table 3 here)

To a solution of ruthenium catalyst (Grubbs 3rd catalyst, 18 mg, 2.0x102 mmol) in CH2Cl>
(2.0 mL) was added 3-H (0.1 M in CH2Cl2, 2.0 mL, 0.20 mmol) at room temperature. After
stirring for 5 min, the quencher (0.2 M in CH2Clz, 2.0 mL, 0.40 mmol) was added to the
solution. After stirring for 20 min, organic solvent was removed under reduced pressure and
the residue was subjected to GPC (eluent: CHCIs, flow rate: 3.8 mL/min) to afford 4-H (35
mg, 88%) as a brown solid. Instead of GPC purification, reprecipitation with CH2Clz2/hexane
could be acceptable to purify polymers. 'H NMR (400 MHz, CDCl3, §): 0.77-0.97 (m, 30H),
1.12-1.51 (m, 67H), 1.80-2.11 (m, 20H), 2.21-2.42 (m, 5H), 2.43-2.57 (m, 2H), 2.80-2.96 (m,
20H), 5.01-5.57 (m, 33H), 7.57-7.63 (m, 0.8H), 7.64-7.71 (m, 1.8H), 7.96-8.02 (m, 0.8H).
The degree of polymerization of 4-H was estimated at ~10 by measuring '"H NMR in CD2Cla.
The spectral data of other polymers 4 are summarized in the SI.

To a solution of polymer 4-H (35 mg, 1.8x10 mmol) in CHCI3 (3.0 mL) was added
MCPBA (69-75w%, 0.16 g, ca. 0.65 mmol) at 0 °C. After stirring at room temperature for 16
h, a sat. NaHCOs3 aqueous solution (10 mL) was added to the mixture. The aqueous layer was
extracted with CHCl3 (10 mLx3). The combined organic layer was washed with a sat.
NaHCOs aqueous solution (10 mLx3), dried over MgSOs, and concentrated in vacuo. The
residue was subjected to GPC (eluent: CHCIs, flow rate: 3.8 mL/min) to afford the crude
epoxide. To a solution of the epoxide in EtOAc (2.0 mL) were added water (0.10 g) and
AcOH (70 mg) at room temperature. After stirring at 40 °C for 12 h, the volatiles were
removed under reduced pressure to afford polymer 5-H (32 mg, 66%) as a brown solid. 'H

NMR (400 MHz, CDCls, §): 0.75-0.98 (m, 30H), 1.12-1.65 (m, 81H), 1.70-2.43 (m, 21H),
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2.75-3.66 (m, 63H), 7.61-8.10 (m, 3H). It is confirmed by 'H NMR measurement that the
peaks of olefin protons of 4-H detected around 5.01-5.57 ppm completely disappeared under
the present reaction conditions. The spectral data of other polymers 5 are summarized in the
SI.

To a solution of polymer 5-H (32 mg, 1.2x102 mmol) in THF (3.0 mL) was added NaH
(60 wt% in oil, 0.80 g, 2.0 mmol) at 0 °C. After stirring at room temperature for 1 h, to the
solution was added a solution of 1-bromomethyl-4-(2-propyn-1-yloxy)benzene!’"! (0.23 g, 1.0
mmol) in THF (2.0 mL). After stirring at 60 °C for 17 h, the reaction mixture was cooled and
water (2.0 mL) was added to the mixture. Organic solvent (THF) was removed under reduced
pressure and the aqueous layer was extracted with CHCl3 (10 mLx3). The combined organic
layer was washed with brine (10 mLx3), dried over MgSOs, and concentrated in vacuo. The
residue was subjected to GPC (eluent: CHCI3, flow rate: 3.8 mL/min) to afford 6-H (53 mg,
62%) as a brown solid. 'H NMR (400 MHz, CDCls, §): 0.79-0.93 (m, 30H), 1.09-1.62 (m,
102H), 1.80-2.09 (m, 22H), 2.38-2.60 (m, 32H), 2.72-3.65 (m, 90H), 3.98-5.11 (m, 136H),
6.58-7.09 (m, 55H), 7.69-7.98 (m, 2H). The efficiency of benzylation was confirmed by
comparing the integrated values of peaks of methyl protons (6 0.8-0.95) and benzyl and
propargyl protons (5 4.0-5.1). Benzylation efficiencies for 6-H, 6-Cs, 6-Cs, 6-bCs, 6-Ci1, 6-
Ci4, and 6-C32 were 60~80%, and that for 6-PMA was 50~60%. The spectral data of other
polymers 6 are summarized in the SI.

To a solution of 6-H (53 mg, 7.4 x 10~ mmol) and mPEG bearing an azide group!’! (0.70
g, 0.35 mmol, My = 2000) in DMF (5.0 mL) were added Cul (4.4 mg, 2.0x10> mmol) and
DBU (3.5 mg, 2.0x10? mmol) at room temperature. After stirring at 50 °C for 18 h, the
mixture was dialyzed against water (Milli-Q) for one day by using Spectra/Por 6 (MWCO =
3500). 1-H (0.17 g, 32%, theoretical molecular weight calculated: 6.8x10%) was obtained as a

white solid after lyophilization. '"H NMR (400 MHz, CDCl3, §): 0.77-0.95 (m, 30H), 1.12-
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1.65 (m, 158H), 1.77-2.09 (m, 43H), 3.25-4.07 (m, 6220H), 4.38-4.71 (m, 42H), 4.97-5.29 (m,
32H), 6.65-7.10 (m, 33H), 7.69-8.00 (m, 30H). It is confirmed by 'H NMR measurement that
the peaks of terminal alkyne protons of 6-H detected around 2.38-2.60 ppm disappeared under
the present reaction conditions. PEGylation efficiencies for all polymers 6 were ~100%. The
spectral data of other polymers 1 are summarized in the SI.

Synthesis of Amphiphilic Janus-Type Polymers 2: The amphiphilic Janus-type polymers 2
bearing ICG moieties were synthesized via transamidation with an activated ester containing

an ICG moiety (ICG-ATT)P# (Figure 10).
(Insert Figure 10 here)

Synthesis of Amphiphilic Janus-Type Polymers 2-PMA: To a solution of 1-PMA (85 mg,
1.3x107* mmol) in DMF (1.5 mL) were added thiophenol (3.0 2L, 3.0x102 mmol) and K2COs3
(4.2 mg, 3.0x10> mmol) at room temperature. After stirring for 24 h, to the mixture was
added a solution of ICG-ATT (3.8 mg, 6.0x10”° mmol) in DMF (1.0 mL). After stirring for
15 h, the resulting mixture was diluted with pure water (2.0 mL) and washed at least 10 times
with Et20 until green color of the etheral solution disappeared (ICG-ATT is insoluble in
water. We believe that the ICG moiety is attached covalently with polymer side chain.
However, we do not exclude that small amount of ICG-ATT is contained in polymeric self-
assemblies). The resulting aqueous solution was dialyzed against water (Milli-Q) for one day
by using Spectra/Por 6 (MWCO = 3500). The ICG-conjugated amphiphilic polymer 2-PMA
was obtained as a green solid after lyophilization (82 mg, 1.3x107* umol, 95%, theoretical
molecular weight calculated: 6.5x10%). '"H NMR (400 MHz, CDCl3, §): 0.63-2.17 (m, 1760H),
3.24-4.06 (m, 6240H), 4.29-4.61 (m, 47H), 5.00-5.28 (m, 38H), 6.61-7.09 (m, 72H), 7.70-
7.98 (m, 24H).
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Synthesis of Amphiphilic Janus-Type Polymers 2-Cs and 2-Ci4: To a solution of 1-Cs (250
mg, 3.6x10~ mmol) in DMF (3.0 mL) were added thiophenol (61 L, 0.6 mmol) and K2COs3
(83 mg, 0.60 mmol) at room temperature. After stirring for 24 h, the resulting mixture was
diluted with pure water (2.0 mL) and the resulting aqueous solution was dialyzed against
water (Milli-Q) for one day by using Spectra/Por 6 (MWCO = 3500) to afford the deprotected
polymer (238 mg, 95%).

To a solution of a part of the deprotected polymer (60 mg) in DMF (3.0 mL) were added 8-
(9H-fluoren-9-yl)methoxycarbonylamino)octanoic acid’?! (7.6 mg, 0.020 mmol), EDC-HCI
(7.7 mg, 0.040 mmol), and HOBt (5.4 mg, 0.040 mmol) at room temperature. After stirring
the reaction mixture overnight, the resulting mixture was dialyzed by using Spectra/Por 6
(MWCO: 3500) against water (Milli-Q) for one day. The side chain—elongated amphiphilic
polymer (51 mg) was obtained after lyophilization.

The Fmoc group of the side chain-elongated polymer was removed by treating with
piperidine in DMF (5.0 mL, 20 wt%) at room temperature overnight. The reaction mixture
was diluted with pure water (3.0 mL) and dialyzed by using Spectra/Por 6 (MWCO: 3500)
against water (Milli-Q) for one day. The deprotected polymer (35 mg) was obtained as an
ocherous solid after lyophilization. To a solution of the polymer in DMSO (2.0 mL) was
added a solution of ICG-ATT (6.3 mg, 0.010 mmol) in DMSO (1.0 mL) at room temperature.
After stirring the mixture overnight, the reaction mixture was diluted with pure water (2.0
mL). The aqueous solution was filtered and washed at least eight times with Et2O until green
color of the etheral solution disappeared (Because ICG-ATT is insoluble in water, we believe
that the ICG moieties are attached covalently with polymer side chain. However, we do not
exclude the contamination of a small amount of ICG-ATT in polymeric self-assemblies).
The volume of solvent was reduced by using lyophilization and the resulting aqueous solution

was dialyzed by using Spectra/Por 6 (MWCO: 3500) against water (Milli-Q). The ICG-
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conjugated amphiphilic polymer 2-Cs (31 mg, 51%, theoretical molecular weight calculated:
7.0x10%) was obtained after lyophilization as a green solid. 'H NMR (400 MHz, CDCl3, §):
0.76-0.92 (m, 30H), 1.12-1.68 (m, 218H), 1.69-2.21 (m, 69H), 3.30-4.02 (m, 6185H), 4.52-
4.63 (m, 33H), 4.99-5.18 (m, 30H), 6.55-7.01 (m, 53H), 7.69-7.91 (m, 23H).

2-C14 was similarly synthesized from 1-Cis. 2-Ci4 (a green solid, 84%, theoretical
molecular weight calculated: 7.1x10%): 'H NMR (400 MHz, CDCls, 8): 0.76-0.93 (m, 30H),
1.08-1.72 (m, 237H), 1.74-2.16 (m, 106H), 3.34-3.97 (m, 5492H) , 4.33-4.64 (m, 39H), 5.03-
5.24 (m, 35H), 6.52-7.12 (m, 77H) , 7.69-7.91 (m, 24H).

Preparation and Characterization of Self-Assemblies: Amphiphilic Janus-type polymers 1
and 2 were dissolved in water (Milli-Q, 5 mg/mL) and stored at room temperature for 30 min
in dark. The resulting solution was filtered by syringe filter (0.45 xm pore size, PVDF filter
membrane, Whatman, Florham Park, NJ). The measurements of properties of self-assemblies
were carried out as soon as possible after preparation.

Sonication for 6 h or 12 h with bath-type sonicators (150 W, 38 kHz, USK-3, As One Corp.,
Osaka, Japan or 100 W, 28, 45, or 100 kHz, VS-100II1, As One Corp., Osaka, Japan) was
employed to obtain an aqueous solution of polymeric self-assemblies. The average
temperature in the bath was ca. 40 °C. For 1-H, 1-Cs, 2-Cs, 1-Cy4, 2-C14, and 1-chol, it took
6 h to obtain self-assemblies with uniform size. In the case of 1-bCs and 1-C33, it took 12 h.

Characterization of Self-Assemblies by TEM Image Analysis: Transmission electron
microscopy (TEM, Model H-9000NAR, Power Supply 200 V, 60 Hz, 15 kVA, Single Phase,
Hitachi, Ltd., Tokyo, Japan) was used to visualize the morphology of dried self-assemblies.
Samples were dropped onto a TEM copper grid covered with a carbon film (200 mesh,
Nisshin EM, Japan) and dried for 3 h. The distribution of diameters was determined by using

TEM images of at least one hundred of self-assemblies.
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Characterization of Size Distribution Using DLS: Dynamic light scattering (DLS) was
measured on FPAR-1000 (Otsuka Electronics Co, Ltd., Japan) at 20 °C. The sample solutions
were diluted in water (Milli-Q) and filtered prior to analysis (syringe filter, 0.45 um pore size,
PVDF filter membrane, Whatman, Florham Park, NJ). The concentrations of the analyzed
sample solutions were 0.05 g/L (all polymers formed self-assemblies in this concentration).
The measurements were performed at scattering angles of 90° at 25 °C.

Measurement of Critical Aggregation Concentration (cac): The cac values of the dye-
containing polymers were determined using static light scattering (SLS, SLS-6000, Otsuka
Electronics Co Ltd., Japan).”?! The aqueous sample solutions of polymers in several
concentrations were filtered prior to analysis (syringe filter, 0.45 um pore size, PVDF filter
membrane, Whatman, Florham Park, NJ). A He-Ne laser (wavelength: 632.8 nm) was used
for the measurement. SLS measurements were carried out in a concentration range from 1.0
to 1.0 x 10 g/L at the detection angle, 90°. The measurements were performed at 25 °C.
Two independent measurements of static light intensity were taken at each concentration, and
the reported cac values were averaged. The intensities of the scattering light over the incident
light (Is/Io) were plotted against logC (C: polymer concentration (g/L)), and the cac values
were determined at the point where Is/Io changed from a constant to a larger value.

Imaging Experiments In Vivo: For the current study, the human cervical epithelial
adenocarcinoma cell line (HeLa) was purchased from American Type Culture Collection.
Cells were cultured in 10% FBS-Dulbecco’s modified Eagle’s medium and cultured in a well-
humidified incubator with 5% CO2 and 95% air at 37°C. The suspension of HeLa cells (2 X
10°) was subcutaneously inoculated into the right hind leg of 6-week-old nude mice (BALB/c
nu/nu mice, SHIMIZU Laboratory Supplies Co. Ltd., Kyoto, Japan). Solutions of polymers
2-Cs and 2-Ci4 in water (Milli-Q, 5 mg/mL) as fluorescent probes were prepared, filtered
(0.45 pm pore size, PVDF filter membrane, Whatman, Florham Park, NJ), sonicated for 6 h
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and kept in dark at room temperature before injection. A solution of polymer 2-PMA in
water (Milli-Q, 5 mg/mL) was prepared, filtered and kept in dark at room temperature.
Before injection, the size-distribution of all samples were measured by DLS. Each solution of
fluorescent probes (100 xL) was intravenously injected in each experiment within 6 h after
preparation. Optical imaging experiments to detect the distribution of the fluorescent probes
in tumor-bearing mice were carried out with an IVIS-200 in vivo imaging device (Xenogen,
Alameda, CA, USA, excitation wavelength: Aexe = 710 nm, detected wavelength: Aem = 820
nm. Exposure time = 1 sec). During the imaging, the mice were anesthetized with 2.5%
isoflurane gas in the oxygen flow (1.5 L/min). Images were analyzed using Living Image
2.50-Igor Pro 4.09 software (Xenogen), according to the manufacturer’s instructions. In all
imaging experiments, the fluorescent probe in the same batch was injected to at least two
mice and one set of experiment was repeated at least twice to confirm reproducibility, and
representative images are shown. In order to emphasize the areas where imaging probes
specifically accumulated, we set a threshold and represent intense fluorescence above it. All
of our animal experiments were approved by the Animal Research Committee of Kyoto
University and carried out in accordance with its guidelines.

Blood Half-Life Times of Polymeric Self-Assemblies: We measured blood half-life times of
self-assemblies of polymers 2. The experimental procedures as follows; Immuno deficient
nude mice were intravenously injected with each imaging probe. Just, 3 h, 6 h, and 24 h after
the administration, 5 L. of blood were harvested from tail vein and directly subjected to
optical imaging device (IVIS-200) to quantify blood concentration of the probes, polymers 2
and indocyanine green dye (control: Almost all of dye was excreted within 30 min). Relative
blood concentration was calculated by dividing the fluorescent intensity in each time point by

that in the initial timepoint.

-19-



NANO I | MICRO
Submitted to S m u

Ex Vivo Experiments: One day after injection, mice were sacrificed and the tumors as well
as the major organs were harvested for ex vivo imaging (Figure S15). Before imaging, the
organs were washed with phosphate buffered saline (pH = 7.4). Optical imaging experiments
to detect the distribution of the fluorescent probes in the major organs were carried out with
IVIS-200 (excitation wavelength: Aexc = 710 nm, detected wavelength: Aem = 820 nm). In all
imaging experiments, the fluorescent probe in the same batch was injected to at least two
mice and one set of experiment was repeated at least twice to confirm reproducibility, and
representative images are shown. All of our animal experiments were approved by the
Animal Research Committee of Kyoto University and carried out in accordance with its

guidelines.
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Figure 1. Spherical self-assemblies consisting of (a) dual-type and (b) Janus-type polymers.
Orange and blue chains indicate hydrophobic and hydrophilic grafts, respectively.
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Figure 2. Synthesis of amphiphilic Janus-type polymers 1. Ns = 2-nitrobenzenesulfonyl,
MCPBA = m-chloroperbenzoic acid, DBU = 1,8-diazabicyclo[5.4.0]undec-7-ene. Benzylation
efficiency: 60—80% (1-H, 1-Cs, 1-Cs, 1-bCs, 1-C11, 1-C14, 1-C22, and 1-chol) and 50-60% (1-
PMA). PEGylation efficiency: ~100% in all cases.
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Figure 3. The representative TEM images of self-assemblies of 1-Cy4 (a) before and (b) after
sonication, and those of 1-Cs (¢) before and (d) after sonication (150 W, 38 kHz).
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Figure 4. Hydrodynamic diameters of self-assemblies of (a) 1-Ci4, (b) 1-C11, (¢) 1-Cs, and
(d) 1-Cs in aqueous solution measured by DLS before and after sonication (150 W, 38 kHz).
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Figure 5. Hydrodynamic diameters of self-assemblies in aqueous solution measured by DLS. (a) 1-
Cu4, 24 h after sonication (diameter: 21+8 nm), (b) 1-Cu4, 48 h after sonication (diameter: 1946 nm
and 168+£54 nm), and (c) 1-Cs, 48 h after sonication (diameter: 19+3 nm and 123+48 nm).
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Figure 6. Hydrodynamic diameters (measured by DLS) of self-assemblies of 1-Ci4 in aqueous
solution after sonication with different frequencies. (a) 100 W, 28 kHz, (b) 100 W, 45 kHz, and (c)

100 W, 100 kHz.
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Figure 7. NIRF images (photons per second) of tumor-bearing mice after injection (after 10
min and 3 h) of 100 L of ICG-containing polymers (a) 2-Ci4, (b) 2-Cs, and (c) 2-PMA.
Color code: low intensity black and high intensity yellow. Thresholds were appropriately
established. (d) Fluorescence intensity ratios (tumor/liver) and (e) blood circulation ratios of
2-Cy4 (black), 2-Cs (dark gray), and 2-PMA (pale gray). (f) Fluorescence intensities (photon
s''lem™) of dissected major organs, tumor (black), kidneys (dark gray), and liver (pale gray),
of the tumor bearing mice, which are normalized by those of the liver, one day after
intravenous injection of polymers 2-Ci4, 2-Cs, and 2-PMA. *: p<0.1. **: p<0.05. HeLa cells
(2 x 10°) was subcutaneously inoculated into the right hind leg of 6-week-old nude mice.
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R
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3-bCg  OCH,CH(C,Hs)CsHo
3-C41 OCy1Hp

3-C1s OCy4Hzg

3-C22  OCxHys

Figure 8. Norbornadiene monomers for ROMP.
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™\ 1 3 Ph Me HO ~ OH
Mes—N-_N~Mes )monom.er N\ 1) mCPBA NMeNs
. \(\,CI (10 equiv) Ns (excess) 10 3
pY7||?u:\ OH
cl py* Ph 2) MeO N 2) ACOH HZO
ZE/“M {
(20 equiv) 4 Ao/\),OMe
(1.5 equiv)
1) NaH (4 equiv) Cul (0.1 equiv) Ph PEG PEG PEG
THF, 60 °C, 17 h NMeNs DBU (0.1 equiv) NMeNs
10 3
2) DMF, 50 °C, 15 h PEG
Br
(2 equiv)
6

BN

Figure 9. Synthesis of amphiphilic Janus-type polymers 1.
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2-PMA
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g N N~ 'CC
2) EDC, HOB o M5 >
1-Cy4 » PEG Il I
N H
Fmoc” \H;COZ PEG F<{)5
3) piperidine

4) ICG-ATT 2-C5 (R = OCsHi1), 2-C14 (R = OC14H5)
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ICG-ATT

Figure 10. Synthesis of amphiphilic Janus-type polymers 2.
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Table 1. Diameters of self-assemblies of polymer 1.

Polymer Do.s (nm) before sonication® Do.s (nm) after sonication!® Drem (nm) after sonication®

1-H 1243, 225179 1981134 179124
1-Cs 16+4, 158169 124+71 110+16
1-Cs 1112, 196195 1243, 8637 —

1-bC, 942, 217499 2631167 193125
1-Cy 13+2, 290135 135, 114433 el

1-Cqy 1043, 13171 1815 25+15
1-C; 21+7, 13574 24+6 27+16
1-chol 20+7, 195186 259+172 196122
1-PMA 115+£104 90+66 10727

MICRO

[a] Hydrodynamic diameters of self-assemblies in aqueous solution measured by DLS. [b]

Distribution of diameters of self-assemblies determined by TEM. [c] Not determined.
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Table 2. ICG—Conjugated J anus—type polymers 2 and properties of their self assemblies.

Ph PEG PEG Gy 1o
10 3
w ICG =
Cr N

ICG- conjugated polymer 2 CO(CH2)5
Polymer R R’ Dos (nm)e! Drem (nm)®! cac (g/L)@
2-Cs OCsHq4 CO(CH,);NH-ICG 130143 116122 2.2x10*
2-C14 OC14H29 CO(CH2)7NH—|CG 2110 2517 7.3x10*
2-PMA PMA ICG 17077 163+26 3.5x10*

[a] Hydrodynamic diameters of self-assemblies in aqueous solution measured by DLS. [b]
Distribution of diameters of self-assemblies determined by TEM. [c¢] Measured by SLS.
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Table 3. ROMP-based polymers 4.

Polymer R MW(theo) M, PDI®! Capping efficiency (%)
4-H H 2000 2600 1.21 85
4-Cs OCsH14 2800 4800 1.27 89
4-Cy OCgH+7 3300 3600 1.36 85
4-bCs OCgH+7 3300 5500 1.16 90
4-Cy, OCyHy; 3700 3700 1.32 84
4-Cqy OCy4He 4100 5800 1.10 83
4-C,, OCxHss 5200 5600 1.09 82
4-chol OCy7Hsz 5900 3900 1.1 88
4-PMA PMA 23000 18000 1.14 96

[a] Theoretical molecular weight. [b] Determined by GPC. [c] Determined by '"H NMR.

-38 -



NANO I | MICRO
Submitted to Sm u

Size-controlled self-assemblies of amphiphilic Janus-type polymers, which were synthesized
via ROMP and mPEG-grafting, were obtained by ultrasound irradiation. From in vivo optical
tumor imaging, we found that large-size multimicellar aggregates with long blood circulation
could slowly accumulate in tumor tissues. In contrast, the tumor site was clearly and rapidly
visualized by small-size micelles.
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