¥ ® ROYAL SOCIETY

Materials
PP OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue

Development and structural analysis of
dual-thermo-responsive self-assembled
zwitterionic micellest

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2022,
3,4252

Dandan Zhao,? Robin Rajan, (22 Shin-ichi Yusa, {2° Masaru Nakada“ and

Kazuaki Matsumura () *@

Multi-stimuli-responsive materials may dominate next-generation drug delivery systems. Herein, dual-
thermo-responsive micelles were prepared by introducing cholesterol chloroformate to facilitate the
spontaneous self-assembly of graft polymers prepared by combining two charged polymers, poly-
sulfobetaine and carboxylated e-poly-L-lysine. This polymerization was controlled by reversible addition
fragmentation chain transfer polymerization. Turbidimetry measurements and temperature-dependent
'H NMR spectroscopy were used to investigate the phase transition behaviors; transmission electron
microscopy and atomic force microscopy were used to determine the morphology of the micelles. The
dependence of self-assembled structures on temperature was investigated through ultra-small-angle
X-ray scattering (USAXS). The micelles formed spherical shapes in water which was confirmed by TEM
and AFM. Interestingly, different, temperature-dependent micelle size change behaviors were observed
through dynamic light scattering, Ultraviolet-visible (UV-Vis) spectroscopy, and USAXS; this might be due
to the concentration-dependent hierarchical phase transition. This study provides crucial information on
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the mesoscopic structure of the micelles, and will enable greater control over their transition
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Introduction

Micelles that can be employed as a water-insoluble drug
delivery system and simultaneously enhance disease diagnostics
have attracted considerable attention.' Amphiphilic polymers
can form micelles in aqueous solutions by self-assembly; the
hydrophobic core of the micelles can load water-insoluble
drugs,*® thereby enhancing the solubility of hydrophobic drugs,
and the presence of a hydrophilic shell can increase the stability
of the micelles in an aqueous environment and prolong the
metabolism time.*” Most antitumor drugs, such as paclitaxel,
camptothecin, and cabazitaxel are water-insoluble, which limits
their applicability; this issue can be solved by the use of micelles
to deliver such drugs.®'° Additionally, employing micelles may
also suppress the side effects of the drugs and increase the
efficacy of the active pharmaceutical ingredient. Although some
micelle formulations, such as Genexol PM, have been applied in
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temperatures for numerous biomaterial applications.

clinical treatment,'" several challenges hinder the widespread

use of micelles, with the main limitation being the absence of
disease specificity."

To overcome these limitations, stimuli-responsive micelle
systems that can change their physical or chemical properties
with changes in the environment, such as pH, light, and
temperature, are being investigated extensively."*™ In particular,
multi-stimuli systems are interesting, owing to the presence of
additional properties that are capable of switching states under
two different conditions, and have been employed in various
applications,'®*® including delivering more than two drugs using
a single system.’?*> Among them, temperature-responsive
micelle systems have been preferred.”® The temperature of tumor
tissues is reported to be slightly higher than that of the normal
tissues, owing to faster metabolism.>*>® Moreover, tissues can
withstand temperatures of up to 43 °C for long periods of time,
without any irreversible consequences.>® Therefore, micelles of
temperature-responsive polymers may have the ability of targeted
release at the delivery site.*

Poly(N-isopropylacrylamide) (PNIPAAM) is one of the most
studied thermo-responsive polymers, and in an aqueous
solution, this polymer undergoes a coil-globule transition with
an increase in temperature.*! Moreover, its transition tempera-
ture is around 32 °C, which is close to the human physiological

© 2022 The Author(s). Published by the Royal Society of Chemistry
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temperature.**® Our group previously reported polyampho-
lytes exhibiting a novel lower critical solution temperature
(LCST) property, and these were synthesized by modifying the
free amino groups in e-poly-i-lysine (PLL) with succinic
anhydride (PLLSA) for cryopreservation applications.>”*® The
LCST of these polymers was found to depend significantly on
their hydrophobicity, degree of substitution of the anhydride,
and concentration of the polymer solution. Interestingly, unlike
other LCST-type polymers, the LCST in PLLSA is accompanied
by liquid-liquid phase separation and coacervate formation in
the aqueous phase, differing from the conventional coil-glo-
bule transition.*”

In contrast, polymers that tend to be insoluble at low tem-
peratures and soluble at high temperatures are said to exhibit
upper critical solution temperature (UCST) properties. Polymers
such as poly(N-acryloyl glycinamide),">*' poly(acrylamide-co-
acrylonitrile) (P(AAm-co-AN))*> and poly(sulfobetaine) (PSPB)**
have been found to exhibit UCST behavior. Among the UCST-
type polymers, PSPB polymers have attracted the most
attention.** Their protein-like structures provide high biocom-
patibility, and they exhibit several biomedical properties such as
anti-biofouling,*>*® cryopreservation,®” and protein aggregation
inhibition.**">>

A few thermo-responsive micelles have been reported, such
as poly(ethylene glycol)-co-poly(acrylamide-co-acrylonitrile) (PEG-
co-P(AAm-co-AN)),** poly(sulfobetaine methacrylate)-block-poly(N,N-
dimethylaminoethyl methacrylate) (poly(SBMA)-b-poly(DMEMA)),>?
and poly(2-(N-morpholino)ethyl methacrylate)-b-poly(2-(diethylami-
no)ethyl methacrylate.>® Notably, despite the great potential of
these micelles for use in biomedical applications, their corres-
ponding studies did not transition into in vivo or clinical studies,
thereby suggesting the need for further development of these types
of systems. Moreover, insufficient data are available on the micro-
structures of these micelles. Compared with PNIPAM, more factors
affect the LCST of PLLSA and these parameters may provide
information on a more complex mesoscopic structure of the
systems that contain PLLSA blocks in the micelles. Therefore,
detailed structural information studies are necessary not only for
the PLLSA homopolymer, but also for complex polymer systems
containing PLLSA.

Micellization has often been triggered by the introduction of
cholesterol,> which is a highly hydrophobic polycyclic molecule,
an essential component of mammalian cells, and is responsible
for membrane fluidity and permeability, intracellular transport,
signal transduction, and cell trafficking.>>” As cholesterol is
associated with many membrane-related bioprocesses, the incor-
poration of cholesterol not only promotes polymer self-assembly
in aqueous media but also enables easier crossing of the cellular
membrane by micelles,”®° while enhancing the encapsulation
of polycyclic drugs.®® Meanwhile, the degradability of cholesterol
also suppresses the damage caused by the micelles.

In our previous work, we successfully synthesized graft
polymers by combining PLLSA and PSPB (PLLSA-g-PSPB).*'
These polymers exhibit UCST-LCST type dual-thermo-responsive
property, and we found that they exhibited a suppression of
protein aggregation and loaded proteins electrostatically and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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subsequently released them upon changing the pH. However,
their linear structure did not exhibit a strong bonding between
the polymer chain and the therapeutic agent, such as drugs or
proteins, because electrostatic interactions are not sufficiently
strong and cannot be used under all conditions. Therefore, in
the present study, we optimized PLLSA-g-PSPB linear systems by
modifying them with cholesterol to obtain micellar structures
formed by self-assembly in an aqueous solution. These micelles
exhibited dual-thermo-responsive properties owing to the
presence of two different thermo-responsive polyampholyte
blocks and hence can be a strong candidate in the field of
thermo-responsive drug delivery systems. Structural analysis and
soft matter characterization have been widely studied using
synchrotron radiation X-rays because of their light which is
brighter than conventional laboratory X-ray sources.”” Ultra-
small angle X-ray scattering (USAXS) has particularly been used
to elucidate the structural information of the micelles in detail,
and it revealed interesting contrasting phase separation behaviors
between the two charged segments in the micelle. To the best of
our knowledge, this is the first study to show the formation of
dual thermo-responsive micelles made by the combination of two
different polyampholytes.

Experimental
Materials

A 25% (w/w) PLL (molecular weight 4000) aqueous solution was
purchased from JNC Corp. (Tokyo, Japan). The sulfobetaine
monomer was donated by Osaka Organic Chemical Ind., Ltd.
(Osaka, Japan) and used without further purification. Succinic
anhydride (SA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride, and N-hydroxysuccinimide (NHS) were purchased
from Wako Pure Chemical Industries Ltd. (Osaka, Japan).
2-(Dodecylthiocarbonothioylthio)-2-methylpropionic acid (rever-
sible addition fragmentation chain transfer (RAFT) agent), 4,4'-
azobis-(4-cyanovaleric acid) (V-501, initiator), pyrene, and cho-
lesterol were purchased from Sigma-Aldrich (St. Louis, MO) and
used as received.

Carboxylated poly-i-lysine (PLLSA) and macro-chain transfer
agent (macro-CTA; PLLSA-RAFT agent) were prepared according
to a previously reported synthetic method.**

Synthesis of cholesterol chloroformate-modified Macro-CTA
(PLLSA-cho-RAFT agent)

0.33 mmol PLLSA50 or PLLSA65 (numbers represent the degree
of succinylation of amino groups of PLL by SA) was dissolved in
10 mL DMSO at 130 °C. After complete dissolution, 1 mL
dichloromethane (DCM) containing 0.03 mmol cholesterol
chloroformate (cho) solution was added to the DMSO solution.
After 6 h, the solution was transferred to a dialysis membrane
(MWCO 3.5 KDa, Repligen Corp. Waltham, MA, US) and
dialyzed against water for 3 days. After dialysis, the polymer
was washed with DCM, and the aqueous phase was dried in an
oven, followed by vacuum drying to obtain the desired polymer.
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RAFT Polymerization of PLLSA-cho-PSPB

SPB monomer (6.6 mmol) and V-501 (6.6 umol) were dissolved
in water (45 mL). In another vial, macro-cho-CTA (PLLSA50-cho-
RAFT and PLLSA65-cho-RAFT agents, respectively) (33 pmol)
were dissolved in DMSO. Then, the DMSO solution was added to
the water solution, and the mixture was purged with nitrogen gas
for 1 h and subsequently polymerized at 90 °C for 24 h. The ratio
of [SPB monomer]: [V-501]: [macro-cho-CTA] was 1000:1: 5. The
polymer was then purified by dialysis against water for 3 days
using a dialysis membrane (MWCO 14 kDa). After dialysis, the
polymer was obtained by lyophilization.

Polymer characterization

All NMR spectra were recorded on a Bruker AV400 Avance III
spectrometer operating at 400 MHz. The temperature-
dependent "H NMR experiment of M1 in D,O was performed
in the temperature range of 15-75 °C in 10 °C intervals. The NMR
data were analyzed using Topspin 3.5 software. The number of
repeating units of the graft copolymers was estimated by
'"H NMR spectroscopy, and the number of free NH, groups
was determined by a 2,4,6-trinitrobenzene sulfonic acid (TNBS)
assay.®

Determination of critical micelles concentration (CMC)

The CMC of the self-assembled micelles was estimated using
pyrene as a fluorescent probe. Four microliters of pyrene
(1.0 mM in acetone) were transferred to a 10 mL test tube,
followed by complete drying under a stream of nitrogen gas.
Micelle solutions of varying concentrations were added to each
tube (4 mL). Then, the solutions were sonicated for 30 min,
followed by incubation at 60 °C for 3 h. After 3 h, the samples
were allowed to cool overnight. The fluorescence of the solubi-
lized pyrene was measured using a JASCO FP-8500 spectro-
fluorometer at room temperature from 350 to 450 nm with an
excitation wavelength of 339 nm. The ratio of the intensities of
the peaks at 394 and 373 nm was plotted against the concen-
tration of micelles to obtain the CMC.

Particle size and zeta potential

The diameter and zeta potential of the micelles were deter-
mined using a Zetasizer 300 system (Malvern Instruments,
Worcestershire, UK) equipped with a He-Ne laser with a
wavelength of 633 nm and a scattering angle of 173°. Sample
solutions were prepared at 0.1% (w/w) in distilled water.

Atomic force Microscopy (AFM)

AFM images were obtained using an AFM50001I SPA-400 (HITA-
CHI) with a Si probe (SI-DF20, Seiko). The sample solution
(0.1% w/w) was dropped onto a freshly cleaved mica surface
and air-dried overnight prior to measurement at room tem-
perature in the dynamic force microscope (DFM) mode.

Transmission electron microscopy (TEM)

Transmission electron micrographs (H-7650 Hitachi, Tokyo,
Japan) were obtained to observe the morphology of the micelles.
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The samples were prepared by adding a drop of the polymer
solution (0.1% w/v) on a copper grid (NS-C15 Cul50P; Stem,
Tokyo, Japan). After drying at 10, 45, and 70 °C, the grid was
negatively stained with 1% phosphotungstic acid (Sigma Aldrich,
Steinheim, Germany) for 30 s, washed with a drop of distilled
water, and air-dried.

Turbidimetry

The cloud points of the micelles were determined using
UV-visible spectroscopy (UV-Vis; UV-1800, Shimadzu Corp., Kyoto,
Japan). Each transmittance value was obtained at different tem-
peratures during heating runs in steps of 2 °C at a wavelength of
550 nm, and the equilibration time at each temperature was
12 min.

Ultra-small-angle X-ray scattering

USAXS measurements were carried out at the BLO8B2, SPring-8
(Harima, Japan) using an X-ray with a wavelength of / = 0.10 nm
and the distance from sample to detector of 16 000 mm.

The 2-dimensional USAXS data measured by Pilaus3-S-1M
detector (172 pm square pixel size, DECTRIS) were converted
into the one-dimensional intensity I(g) as a function of the
scattering vector g (¢ = 4n sin 0/), where 20 is the scattering
angle, beam width: 0.2 x 0.3 mm?) by circular averaging. The
covered range of g was 0.008-0.2 nm ™ ".

PLLSA50-cho-PSPB was dissolved in double distilled water to
5% w/w and 10 pL of the solution was placed in a silicone mold
(¢ =2 nm, thickness = 1 mm) and covered with Kapton film and
loaded onto the sample chamber. Samples were measured in
the temperature range of 5-50 °C at a heating speed of 5 °C
min~' by attaching a temperature-controlling plate (Linkam
10002L Cooling Stage, Linkam Scientific Instruments, UK). The
exposure time was 30 s for each temperature.

The SAXS data can be analysed by following structure model.

Ipp(0) 1oz(0)
(1 + (1251332)2 1 + quozz

1(q) = I(0)e 7R 4 (1)

The first term represents the Guinier raw, which can esti-
mate the radius of gyration (R,) of micelles and the intensity of
Guinier raw at g = 0 (I5(0)). The second and third terms account
for the scattering originating from the inhomogeneous micelle
assembly structure and the fluctuation intra-micelle, respec-
tively. In the equation, Zpg indicates the size of micelle
assembly and oz denotes the correlation length of thermal
fluctuation.®*%°

Cytotoxicity study

The cytotoxicity of the micelles was evaluated using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium bromide (MTT)
assay. L929 (American Type Culture Collection, Manassas, VA,
USA) cells were cultured and treated with different concentra-
tions of micelle solutions. First, 1 x 10° cells in 0.1 mL of
culture medium were seeded on a 96-well plate and incubated
for 72 h. Then, 0.1 mL of the culture medium with different
concentrations of micelles was added to the 96-well plate. After

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma01189h

Open Access Article. Published on 08 April 2022. Downloaded on 4/4/2026 12:51:49 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

re-incubation for 24 h, 0.1 mL MTT (3-(4,5-dimethylthiazole-2-
yl)-2,5-diphenyltetrazolium bromide) solution (300 pg mL™%)
was added to each well, and the cells were incubated for an
additional 3 h. After removing the medium, (DMSO, 0.1 mL)
was added to dissolve the purple formazan crystals formed by
the living cells. Cells without micelle treatment were used as
controls. The absorbance at 540 nm was measured using a
microplate reader (versa max, Molecular Devices Co., CA, USA).
Dulbecco’s modified Eagle’s medium (Sigma-Aldrich, St. Louis,
MO, USA) supplemented with 10% heat-inactivated fetal bovine
serum was used as the culture medium.

Results and discussion
Characteristics of copolymers

Dual-thermo-responsive polymers with cholesterol were synthe-
sized by RAFT polymerization. As shown in Scheme 1, in the
first step, carboxylated PLL was synthesized by adding different
amounts of SA to &PLL.>’ The degree of substitution was
determined by "H NMR spectroscopy (Fig. S1 and S2, ESIt)
and was close to the feed ratio. (Table 1). In the next step,
macro-CTA was synthesized by adding a controlled amount of
RAFT agent to PLLSA. The incorporation of the RAFT agent was
again evaluated using "H NMR spectroscopy, and the results
showed that nearly 1 RAFT agent was introduced per chain of
PLLSA (Fig. S3 and S4, ESIY), which is in accordance with the
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desired synthetic strategy (Table 1). Subsequently, a cholesterol-
modified chain transfer agent was synthesized on the PLLSA
backbone by reacting the macro-CTA with cholesterol chloro-
formate. A TNBS assay was used to determine the amount of
cholesterol incorporated by estimating the free amino group
before and after the reaction (Table 1). Fig. 1 shows the 2D
"H-"3C heteronuclear single quantum coherence (HSQC) spec-
trum of Macro-CTA-cho. The addition of cholesterol increased
the hydrophobicity of the polymer; thus, this NMR spectrum
was obtained in DMSO-ds. HSQC provides information on the
correlation of two different nuclei separated by a single bond.®®
From this spectrum, the small peak that appears at 6H = 5.2 ppm
can be correlated with 6C = 125 ppm (indicated by red circle in
Fig. 1), which clearly shows that this peak represents the cyclic
alkene group in the cholesterol moiety. This result indicates
that a cholesterol modified-macro-chain transfer agent was
successfully synthesized.

The macro-CTA was then used to polymerize SPB to yield
copolymers of PLLSA-cho-PSPB. The number of repeating units
of SPB in the feed was fixed at 200 for each polymer. To obtain
micelles of different charges, PLLSA65 and PLLSA50, with two
different degrees of substitution of SA in PLL, were synthesized
to impart negative and neutral charges to micelles, respectively.
The structure of the polymers was characterized by "H NMR
and *C NMR spectroscopy, and the results are shown in the
Supplementary Information (Fig. S5-S8, ESIf). The character-
istics of the micelles are presented in Table 1. M1 indicates the
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Table 1 Characteristics of the PLLSA-cho-PSPB

View Article Online

Paper

Degree of substitution of
SA into PLL

Entry Polymeric micelles In feed  In polymer®

Number of RAFT agents Number of cho
substituted per chain®

Number of
repeating units

substituted per chain® PLLSA PSPB  M,” x 10> Zeta potential

PLLSA50-cho-PSPB 50%
PLLSA65-cho-PSPB 65%

M1
M2

47% 1.2
63% 0.9

3.53 + 0.142
—14.9 + 0.872

3.6 31.25
1.9 31.25

172.8
132.8

54.5
43.8

“ Determined using 'H NMR. ? Determined by subtracting the number of NH, groups in PLLSA from the RAFT agent substituted PLLSA.

¢ Calculated using the TNBS assay.

o
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Fig. 1 H-'*C HSQC spectra of Macro-CTA-cho in DMSO-d.

neutral charged micelle PLLSA50-cho-PSPB, and M2 indicates
the negatively charged micelle PLLSA65-cho-PSPB.

Critical micelles concentration (CMC)

Micelle formation by the self-assembly of PLLSA-cho-PSPB was
determined using pyrene as a fluorescent probe. Pyrene is
highly hydrophobic and preferentially migrates into the core
of the micelle in the aqueous solution.®” The fluorescence of
pyrene is quenched below the CMC of micelles. The fluores-
cence spectra of pyrene at different concentrations of M1 or M2
are shown in Fig. 2. An increase in the emission intensity
indicates the transformation of a linear or random polymer
structure into a micelle-like structure. Fig. 2(a) and (b) clearly
show that the fluorescence intensity increases as the polymer
concentration increases, indicating the formation of micelles.®®
The CMC was estimated from the intensity ratio of the peaks at

—ommtmom. oo g5
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0025 mgiml.  ——0.05 mgmL. 400
0.1 mgimL 025mgmt. . 350
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Concentration (mg/mL)

0.001 0.01 01 i
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Fig. 2 Emission intensities of pyrene with polymers at various polymer
concentrations of (a) M1 and (b) M2; plots of /zg4/l573 in excitation spectra
as a function polymer concentration: (c) M1 and (d) M2

4256 | Mater. Adv, 2022, 3, 4252-426]1

394 and 373 nm. The CMC of M1 and M2 was estimated to be
approximately 6 pg mL ™" (Fig. 3(c) and (d)).

Thermo-responsive property

NMR spectroscopy. To evaluate the structural changes
during the phase transition, temperature-dependent "H NMR
spectroscopy was performed. The "H NMR spectra of M1 in D,O
obtained at different temperatures are shown in Fig. 3. It can be
clearly seen that with an increase in temperature, the charac-
teristic signals for the PLLSA block, with chemical shifts at 3.9
and 4.1 ppm, diminish in intensity and completely disappear at
75 °C. This indicates the reduced solubility of the PLLSA block
with increasing temperature, which is a result of the shrinkage
of the PLLSA block, indicating an LCST-type transition. In
contrast, the intensity of the peak at 3.25 ppm, which is a
characteristic peak of the PSPB block, became more prominent
as the temperature increased. Papadakis and co-workers
reported similar block copolymers of zwitterionic PSPB and
PNIPAAM having UCST and LCST properties respectively. They
demonstrated that these polymers forms ‘schizophrenic”
micelles by a similar temperature dependent NMR method.®’
Our result indicates that the solubility of the PSPB part
increases with increasing temperature, which may be due to
the globule-coil transformation of the PSPB block. This result
suggests that at high temperatures, the PLLSA and hydrophilic
PSPB may act as the core and shell of the micelles, respectively,
and vice versa at lower temperatures. Previous report supports

Sjs(sm-ucn;,.:cn;

75 degree g

65 degree

55 degree

) 45 degree
35 degree (]
\ A 25 degree

T T T T

4 3 2 1 ppm)

Fig. 3 Temperature dependent 'H NMR spectra of M1 in D,O. Temperature
increases from 15 °C (bottom curve) to 75 °C (top curve) in steps of 10 °C.
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the hydration changes of the block copolymer by temperature
change through the shift of v(SO;7) in IR spectra.”

UV-Vis spectroscopy. To determine the thermo-responsive
property, the transmittance of 1% (w/w) polymeric micelle
solutions was recorded at 550 nm at different temperatures.
Fig. 4 clearly shows that the micelles display LCST- and UCST-
type phase separation behavior. At low temperature (10 °C) and
high temperature (70 °C), both M1 and M2 aqueous solutions
appear turbid, which can also be seen by the low transmittance
values at these temperatures. For M1 (Fig. 4(a)), from 10 to
20 °C, the transmittance of the micelle solution increased with
increasing temperature. This behavior is because of the UCST
property exhibited by the SPB segment in the micelle. With
further increase in the temperature, the transmittance reaches
a maximum value (at approximately 20 °C), indicating that here
the polymer may exist in a linear form. When the temperature
was increased further, the transmittance of the micelle solution
started decreasing, which can be attributed to the exhibition of
LCST property (from approximately 26 °C to 70 °C) by the PLLSA
segment. The aqueous solution of M2 micelles also showed
similar properties (Fig. 4(b)); the transmittance of the solution
increased initially with increasing temperature (from 10 °C to
30 °C) and then decreased (from 30 °C to 70 °C). Interestingly,
the increase in transmittance at low temperatures (for UCST)
is sharp (higher slope), whereas at higher temperatures (for
LCST), the curve for the decrease in transmittance is broader.>®
This is probably because the micelles consist of more UCST
segments than LCST segments, that is, more repeating units of
PSPB are present as compared to those of PLLSA.** Moreover,
the maximum transmittance value of M1 was slightly lower
than that of M2. This is because the amount of cholesterol
introduced in M1 is higher than that in M2, which results in a
lower solubility of micelles in an aqueous solution.

Particle size and zeta potential. The hydrodynamic diameter
of micelles is an important factor that affects the drug loading,
drug release, and bioavailability of the micelle. The
temperature-responsive diameters of M1 and M2 were observed
via dynamic light scattering (DLS) in water and are presented in
Table 2 and Fig. 5. The micelle size was approximately 100 nm
for M1 and M2 micelles, and this is reported to be suitable for
cellular uptake and enhanced permeability and retention
effect.”"”?

The temperature responsiveness of both micelles also showed
a similar behavior. At 10 °C, their micelle diameter was the
largest, and their size decreased with increase in temperature
and showed a small local maximum at approximately 45 and

% Transmittance &
N ow oA @
8888

>

°

0 20 40 60 80 0 20 40 60 80
Temperature/ °C Temperature/ °C

Fig. 4 Transmittance of polymeric micelle solutions of (a) M1 and (b) M2
relative to each other at 1% (w/w) in water.
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Table 2 The diameter of micelles at different temperature estimated by
DLS

Micelles Temperature/°C Diameter/nm
M1 10 103.9 £ 9.62
45 81.4 + 2.18
70 80.7 £ 2.26
M2 10 129.1 +£12.1
45 101.3 £+ 1.68
70 109.1 & 4.91

35 °C for M1 and M2, respectively, and subsequently increased
slightly with increasing temperature. Interestingly, the light
scattering intensity (LSI) of M2 showed a continuous decrease.
This indicates that the density of the micelles decreased. Since
M2 has a small degree of substitution of cholesterol and excess
anionic groups, loss of the molecules from the micelles might
occur at higher temperatures because of weak packing and
higher repulsion. This trend agrees well with the turbidimetry
results.

Morphology of micelles. The morphology of the micelles was
observed by TEM and AFM. Fig. 6 shows TEM images of the
0.1% (w/w) M1 and M2 samples in water upon drying at
different temperatures. As seen in Fig. 6, spherical micelles
were obtained at all the temperatures. The size of micelles at
different temperatures was almost similar to or smaller than
those observed in the DLS results because of the drying process.
The sizes of M1 and M2 micelles were larger at low temperatures
and decreased with increasing temperature. As the temperature
is lower than the UCST of PSPB, PSPB chains in the shell of
micelles shrink and form a globular structure, leading to the
aggregation of micelles. Then, the micelle size exhibited a
constant decrease up to a temperature of approximately 35—
45 °C. Above this temperature, simultaneous expansion of the
PSPB chains and collapse of the PLLSA chain by LSCT balanced,
and the micelle size exhibited complicated size changes.
However, there was no significant difference in the sizes of the
micelles at 45 °C and 75 °C. This may be owing to fewer
repeating units of PLLSA. Moreover, the liquid-liquid phase
separation may not lead to a significant change in size, although
it brings the LCST to PLLSA.

Fig. S9 (ESIf) shows AFM images of M1 and M2. The
concentration of the samples was 0.1% (w/w) in water. From
the images, it is apparent that the size of each micelle was not
uniform. This may be due to van der Waals interactions
between the micelle structures. Also, we can observe that the

sdoy /1S

Diameter / nm
g8 8

sdoy /187

8

Temperature / °C Temperature / °C

Fig. 5 Temperature dependent diameter and light scattering intensity
(LSI) of M1 and M2.
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Fig. 6 TEM image of M1 (a—c) and (b) M2 (d—f) after drying the sample at
different temperatures.

size of M1 is larger than that of M2. All TEM and AFM results
correspond to the DLS results. The size of micelles obtained by
DLS was larger than the sizes obtained by TEM and AFM owing
to the extension of polymer chains in solution.

Ultra-small angle X-ray scattering results. Fig. 7 shows the
USAXS curves obtained for M1 in water during heating. Upon
increasing the temperature, the USAXS intensities at small q
values decreased. In the case of PLLSA, which exhibited only
the LCST-type property, a change in the intensity was observed
in the high q region (Fig. S10(a), ESIt), whereas there was no
change in the low q region. This indicates that the temperature-
dependent changes at low q and high q represent USCT- and
LCST-type phase separations, respectively.

The separation size (Z) at the low g region calculated using the
Debye-Bueche function was approximately 350 nm (Fig. 8(a)).
This can be explained by the large aggregation of micelles” which

D, / @injesadwsa |

Intensity / arb.units

q/ Am’’

Fig. 7 USAXS curves of 5% w/w M1 at various temperatures in agueous
solution.
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was diminished by the coil globule transition of the PSPB part at
approximately 30 °C. In the high q region, the intensity of the q
value increased with increasing temperature. This is due to the
LCST-type phase separation of the PLL part. Then, we evaluated
the Ornstein—-Zernike approximation and calculated the correla-
tion length (Fig. 8(a)). Although this value is smaller than =,
molecular-level fluctuations occurred in the LCST. In addition, the
LCST was observed much earlier by USAXS analysis, as compared
with UV-vis spectroscopy (Fig. 4); hence, USAXS analysis arguably
detected the region of separation earlier. At the microscopic view,
phase transition begins around 30 °C, and it might be correlated
with the diminishing & calculated using the Debye-Bueche
function” in Fig. 8(a). O'Reilly and co-workers employed SAXS
technique to demonstrate that temperature responsive transition
from micelle to unimer takes place, and they revealed the critical
temperature of micelle deformation detected by SAXS was lower
than that detected by DLS.””> Furthermore, the Guinier terms
(Ry and I(0)) were invariant with respect to temperature change,
which indicates that the average size and amount of the micelle
are invariant. An example of fitted curves using Guimier, Denye—
Bueche, and Ornstein-Zernike functions at 5 °C is shown in Fig.
S11 (ESIT).

Interestingly, the USAXS results suggest that the UCST and
LCST phenomena occurred at entirely different scales in terms
of size. For UCST phenomenon in PSPB, a large change in
particle size was observed at around Zpg = 350 nm. This is likely
due to the coil-globule transition in the PSPB. This is sup-
ported by the observation of spherical structures in TEM and
AFM images. The actual difference in size might be owing to
the high concentration of polymer in the SAXS analysis. The
decrease in the Debye-Bueche intensity (Ipp(0)) during the SAXS
analysis upon heating (due to UCST) indicates that the electron
density contrast between particle and solution decreases
because of the globule-to-coil transition. The disappearance
of the intensity at 30 °C clearly indicates that some of the
polymer chains could be dissolved in the solvent. This also
agreed with the results of the light scattering intensity (LCI)
decrease in DLS (Fig. 5(b)). In contrast, the LCST phenomenon
in PLLSA was observed with a much smaller change in the size
of the correlation length between the two phases with higher
and lower densities. This might be due to the liquid-liquid

a 10° =
) I AaA aaadan ) “A‘
Debye-Bueche @ . AAA Debye-Bueche
[ Py z 10
2} eeeeee®eq 'Io...... s i
£ G g -
E 100 L uinier £ i’k B
= 8| = Guinier
o d S ©0000°%00%% 00,000,
M \g 102
@ 4 9
W . s
EfEgy ~ 4
- - - ® -
< 2 " " “oee = ° .l-..-.-.llll
Ornstein-Zernike = .
10F "uga® % 10° |- wmm®® Ornstein-Zernike
8|
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0 10 20 30 40 50 60 0 10 20 30 40 50 60

Temperature / °C Temperature / °C

Fig. 8 Temperature responsiveness of (a) radius of gyration (Rg), Zpg, and
correlation length (¢o2); (b) intensities IG(0), IDB(0), and 10Z(0) calculated
using Guinier plot analysis at low g region and Debye—Bueche and
Ornstein—Zernike plot analysis at high g region, respectively.
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Fig. 9 Schematic illustration of thermoresponsive micelles structures
change by various detection methods.

phase transition of PLLSA.?® This was supported by the result
that the value of this correlation length (o) was in the range of
approximately 1-4 nm, which was similar to the values in the
PLLSA molecules (Fig. S10(b), ESIT). From the results of UV-vis,
TEM, AFM, DLS, and USAXS, it is possible that PLLSA-cho-PSPB
formed micelles by self-assembly and the UCST type transition
at lower temperature was caused by the PSPB chain coil-globule
transition,”® and the LCTS-type transition was caused by the
PLLSA part through liquid-liquid phase transition with different
size scales (Fig. 9).

Cytotoxicity

The cytotoxicity of polymeric micelles towards L929 cells was
evaluated by the MTT assay, as shown in Fig. 10. The cell
viability slightly decreased with the increase in the concen-
tration of polymeric micelles, while the cell viability was still
around 90% even at 1% concentration of polymeric micelles.
This agrees well with the previously obtained low toxicity of
PLLSA.>””7 The negligible toxicity of the polymeric micelles

120
100
80 |
60 |
40
20 |

0 1 1 1
0.0 0.2 0.4 0.6

M1
M2

Cell viability / %

-6
-0~

1.0

0.8

Concentration/ %

Fig. 10 Cytotoxicity of the micelles. L929 cells were treated with different
concentrations of polymers: M1 (blue filled circles) and M2 (red filled
circles).
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shows that these micelles have great potential for use in
delivering drugs or other cargoes into mammalian tissues.

Conclusions

Cholesterol-modified self-assembled micelles exhibiting UCST
and LCST behavior in aqueous solutions were successfully
synthesized. The spherical micelles were observed by TEM
and AFM. Turbidimetric measurements showed that the struc-
ture of the micelles shrank and aggregated at low temperatures
and high temperatures, respectively, and the chain of micelles
extended and remained in the dissolved state at intermediate
temperatures. Owing to the presence of PLLSA, the structure of
micelles formed by self-assembly became complex. Both
liquid-liquid phase separation and coil-globule transition were
observed in our polymeric micelles. At low temperatures, the
coil-globule transition of PSPB played an important role,
whereas at high temperatures, liquid-liquid phase separation
led to a decrease in transmittance. USAXS was employed to
study the change in micelle structure with temperature. Inter-
estingly, the phase transition temperature measured by USAXS
was different from the temperature measured by UV-Vis
spectroscopy. It was also found that the size scale of each phase
transition of the UCST and LCST behaviors was completely
different. This study provides detailed information on the struc-
ture of micelles containing the PLLSA segment. These micelles
have potential applications in water-insoluble drug delivery
systems and can be used for the protection of proteins owing
to the presence of protein-stabilizing poly-SPB and PLLSA.
Further studies are in progress to introduce degradability into
such micelles, which will enable these micelles to successfully
deliver therapeutic proteins inside the body.
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