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Chapter 1.

General Introduction

1.1 Background and Objective

The betaine polymer, which is a type of zwitterionic polymer having both negative and
positive charges in one repeating unit,!* is an interesting polymer, unlike ordinary ionic
polymers (anionic or cationic polymer), because of unique characteristics such as chain
extension by salt addition.*® The zwitterionic moieties of the betaine polymer have a structure
similar to that of the lipids that make up cells,”® high biocompatibility is observed,”!? it is being
developed into biomedical materials.!!!* Research on the zwitterionic polymer can be found
in the 1950s as a new synthetic report by Morawetz et al.,'* but the study of their basic physical
properties began around 1970~1980.%!516 The viscosity of the polymer aqueous solution
increased by the addition of salt, and its extent depends on the ion species."!” Different
behavior from conventional ionic polymers is named the “anti-polyelectrolyte effect”,® but the
details were not clear, and the charge of the target polymer was limited to imidazolium-based
cations.!”!® Research on polybetaine has been started since 2000, but most of them are sporadic,
and the examination of differences in molecular structure is limited to the case of the paper by
Gauthier et al.! The current situation is that it has not been systematized yet. Besides, among
them, sulfobetaine is known to exhibit the temperature responsivity of the upper critical

solution temperature (UCST) type®2°

and is expected to be applied to a novel temperature-
responsive material, but the mechanism of responsivity has not yet been clarified. For now, it
is thought that the cause is the formation and elimination of intra- or intermolecular salt (ion-
pair) around the critical temperature, but it is a mystery that other betaine polymers do not

exhibit temperature responsiveness.?!22



Zwitterionic polyion complex (PIC) micelles, which are a novel self-assembled
polymeric micelle, have a polyion complex of polyanions and polycations as a core, and a
zwitterionic polybetaine as a corona (shell) (Figure 1).2> In ordinary amphiphilic block
copolymers, the core is formed by the association of hydrophobic chains to form polymeric
micelles,>* but in PIC micelles, the driving force is the electrostatic attraction between
polyanions and polycations and the increased entropy according to counterions released by the
association.?® Therefore, it is expected that the stability as micelles and the response to added
salt will be significantly different between the two. In most cases, the shell of normal PIC
micelles is water-soluble and nonionic polyethylene glycol (PEG).2>2¢ In addition, it has been
reported that poly(N, N-dimethylacrylamide) (PDMA),2” poly(N-isopropylacrylamide)
(PNIPAM),?® poly(ethylene oxide) (PEO),? and poly(acryl amide) (PAAm),* etc. used as

shells for PIC micelles.

Figure 1. Schematic illustration of zwitterionic polyion complex (PIC) micelles.

Synthesize a novel polymer of block copolymers consisting of zwitterionic betaine
chains and ionic chains, and clarify the formation behavior and stimuli responsivity of the
aggregate. The objective of this study is to construct PIC micelles in the shell of sulfobetaine
that have temperature responsivity. It is expected that micelles whose corona expands and
contracts in response to temperature changes can be constructed (Figure 2).2!*> Furthermore,

clarify the correlation between the molecular structure and stimulus responsiveness, and



elucidate its expression mechanism. Establish a mechanism to freely control the nanostructure
of self-assembled aggregates and the properties and functions of betaine polymers, which will

lead to the development of new stimuli-responsive materials and biomaterials.

Below the critical Critical Above the critical
temperature Temperature temperature
(Low Temp.) (High Temp.)

Figure 2. Schematic illustration of the shape changes of PIC micelles according to
temperature change.
1.2 Polybetaines
Polybetaines has the same number of anions and cations in the one repeating unit and
has an overall charge of zero under general conditions (Figure 3a).!? Polybetaines are a

subclass of polyampholytes.!-!

Polyampholytes have both anionic and cationic moieties, but
there is no specific mutual correlation between them.3!-3? Therefore, in polyampholytes, anions
and cations are present randomly along the polymer chain, one of the charged species may be
present more than the other (Figure 3b). Accordingly, polyampholytes usually take on the
overall net charge (except for a particular narrow pH range, where the number of anionic and
cationic moieties may be equal, thus behaving like polybetaines). The net charge can be

negative or positive, which varies sensitively with pH and ionic strength.?! On the other hand,

polybetaines commonly exhibit high hydrophilicity due to strong Coulomb interaction.?*34



Polybetaines do not exhibit the typical “polyelectrolyte effects”, but there is much similar to

polar nonionic polymers.*

(2) (b)

Figure 3. Simplistic model of polyzwitterions (a) and polyampholytes (b).

(2) (b)

O HN
(9) 0]
® { %
—N— @ | —_N—
o— ||3 =0
0 (@)
0]
@ % @ O=?=O
_N_
@)
| ©
PGLBT PMPC PSPP

Figure 4. Chemical structure of polybetaines: (a) Polycarboxybetaine (CB), (b) polyphos-
phobetaine (PB), (¢) Polysulfobetaine (SB).

Polybetaines are divided into carboxybetaine (CB), phosphobetaine (PB), and

sulfobetaine (SB) according to functional groups (Figure 4).!? Among them, the only



sulfobetaine polymer exhibits upper critical solution temperature (UCST) behavior in which
the solubility increases rapidly when a certain temperature is exceeded.®?*?> The expression
mechanism predicts that anions and cations form an intra- or intermolecular pair (salt) below
the critical temperature, and that the intra- or intermolecular pair is relaxed and dissolved by
an increase in the kinetic energy of the molecular chain above the critical temperature.?'?> The
carboxybetaine polymer by a functional group having a pH responsivity,*>-*¢ phosphobetaine
polymer has high solubility'* and biocompatibility.>!° The solubility of polybetaines changes
depending on the concentration of the added salt, and it depends on the ionic species of the
added salt.®!”-?2 In normal ionic polymers (anionic or cationic), the polymer chain shrinks
according to the addition of salt,** whereas the polybetaines chain expands,'”??> which is the
opposite behavior (Figure 5). Then, its behavior strongly depends on the anionic species of the

added salt.!”?> Accordingly, polybetaines have been studied in various fields such as

brushes,*”*® micelles,?*-*° organic-inorganic hybrid solar cells,***! surfactants,*>* and gels,***°
etc.
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Figure 5. The effect of salt addition on (a) ionic polymer and (b) polybetaines.
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1.3 Self-Assembly of Block Copolymers
Amphiphilic block copolymers that have both hydrophobic and hydrophilic moieties

within a single molecule build various forms by self-assembly in a solvent (Figure 6).%¢ In the



case of a diblock copolymer, it forms micelles above the critical micelle concentration (CMC),
the morphology is changed in the order of spherical micelle—cylindrical micelle—lamellar
formation with an increase in the ratio of hydrophobic moieties.*’ The shape of the micelles is
determined by the ratio of the molecular volume of the hydrophobic chain to the actual volume
occupied by the copolymer in the assembly. As a general rule, spherical micelles are formed
when hydrophobic chains are much shorter than hydrophilic chains, lamellar formation
(polymeric membranes) is formed when the length of the two domains are similar.*’ From a
theoretical point of view, the most stable condition will be an infinitely long cylinder and
infinitely large lamellar forms.*® However, thermal fluctuations and the intrinsic fluid nature of
these aggregates force finite dimensions. Thus, to avoid contact between the solvent and the
hydrophobic moieties, the lamellar formation bends to form a spherical structure of vesicles.*®
In addition, the micelle-to-vesicle morphological transition occurs depending on temperature,*

concentration,*® solvent,’! pH,>? and mixing ratio,>* etc.

AB diblock Spherical Cylindrical Lamellar Vesicle

Figure 6. The morphological transition of amphiphilic diblock copolymer micelles

depending on the ratio of hydrophobic moieties.

Triblock copolymers can be assembled into various types of aggregates such as flower-
like micelle, spherical micelle, and vesicle depending on how the blocks are designed like ABA,
BAB, and ABC (Figure 7).>* Also, the shape is changed by changing the conditions.>*3¢
Triblock copolymer systems have several advantages compared with diblock copolymer

systems, because the presence of three distinct domains can provide more functional features.
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ABA triblock  Flower-like micelles ~ BAB triblock Spherical micelles

Figure 7. The morphological change of triblock copolymer micelles according to block

design.

1.4 PIC (Polyion Complex) Micelles

Supramolecular assemblies formed by associations of the polymer have been studied
in various fields.”’® Among them, research on polymeric micelles having a core-shell structure
composed of block copolymers is being actively conducted.*’ The core part of the polymeric
micelles is used as a carrier for various substances.’>%° These features have been applied to
drug delivery systems (DDS),°%¢! separation techniques,’? and the like to provide significant
advantages when using amphiphilic block copolymer micelles in an aqueous environment.
Ordinary amphiphilic block copolymers have hydrophilic and hydrophobic moieties. In an
aqueous environment, the hydrophobic moieties are self-assembled by the hydrophobic
interaction to form a core-shell (hydrophobic-hydrophilic) structure.?*464” The hydrophilic
shell (corona) is involved in preventing progressive assembly of the core and stabilization of
micelles. In addition, the stability of micelles is determined by the proportion of hydrophilic
chains, low critical association concentration, solvent, pH, etc.> On the other hand,
amphiphilic block copolymer micelles whose core is hydrophobic have the limit of being able
to contain only hydrophobic compounds.5%-¢!

The Polyion Complex (PIC) micelles were established by Kataoka et al.,>>?¢ and are

7



novel polymeric micelles formed by self-assembly with a polyion complex of polyanionic
chain and polycationic chain as the core and hydrophilic chain as the shell (corona). PIC
micelles are prepared by dissolving two diblock copolymers or block copolymers and ionic
homopolymers in a solvent, and mixing an aqueous solution so that the numbers of charges of
anions and cations are equal.?>=? At that time, the block copolymer contains an ionic block.
The driving force is the electrostatic interaction between polyanions and polycations, and the
increase of entropy according to the release of counterions.? In most cases, the shell of normal
PIC micelles is polyethylene glycol (PEG), which is a nonionic hydrophilic polymer.?°-3° The
reason is that if an ionic chain or amphoteric chain are used as the shell, the shell and core
interact to form unstable micelles, making it difficult to control the size and stability. In addition,
these new polymeric micelles (PIC micelles) can contain specific chemical compounds
(hydrophilic or charged compounds) because the core is a polyion complex, and it is expected

to be applied to various fields such as a drug delivery system (DDS).

1.5 Outline of This Thesis

The main objective of this thesis is to synthesize a novel entirely ionic block copolymer
consisting of zwitterionic sulfobetaine chains and ionic chains, and to elucidate the formation
behavior and function expression mechanism of their complex. Furthermore, create a PIC
micelle with sulfobetaine as a shell, and not only to control its transition temperature and
morphological changes but also to clarify the correlation between molecular structure and
stimulus responsiveness. Thereby, establish a mechanism to freely control the nanostructure of
self-assembled complex and the properties and functions of betaine polymers. The thesis
composes of six chapters. The first chapter describes the background and objective of this thesis.
The other chapters are divided into two parts.

In Part I (chapters 2-4), the author deals with the synthesis of diblock copolymers

composed of sulfobetaine and ionic blocks and the influence of the block ratio on their



temperature responsivity. Furthermore, investigating the formation of temperature-responsive
PIC micelles and the control of their transition temperature, size, and uniformity.

Chapter 2 describes the precision synthesis of sulfobetaine-containing entirely ionic
diblock copolymers and the influence of the block ratio on their temperature responsivity.
Temperature responsiveness disappeared by introducing an ionic chain into polysulfobetaines
having the upper critical solution temperature (UCST) type temperature responsivity. This is
probably due to the electrostatic interaction between the betaine chain and the ionic chain
(anionic or cationic) formed some complex. Therefore, investigating the effect of the addition
of an ionic homopolymer to sulfobetaine homopolymer and the change in responsiveness
according to a change in the block ratio. The responsiveness disappeared due to the interaction
between the betaine chain and the ionic chain, and the responsiveness could be exhibited by
shortening the ionic block with respect to the length of the sulfobetaine block. In particular, it
was revealed that the influence of the anionic block is greater than that of the cationic block.

Chapter 3 describes how to form temperature-responsive PIC micelles. The
fundamental properties of the sulfobetaine-containing polymer exhibiting temperature
responsivity were investigated, and it was found that the transition temperature strongly
depends on the degree of polymerization (DP) and the concentration of polymer solution. On
the other hand, PIC micelles prepared by block copolymer (polyanion-b-polysulfobetaines or
polycation-b-polysulfobetaines) that did not exhibit temperature responsiveness due to the
block ratio of 1:1 exhibited temperature responsivity, and the transition temperature depended
on the concentration. In the case of block copolymers, the temperature responsivity disappears
due to the influence of the block ratio by the introduction of ionic chains, but when PIC micelles
are formed, the ionic chains become the core and do not behave as ionic chains. Furthermore,
the transition temperature can be controlled by fixing the core and adjusting the length of the

shell. That is, the transition temperature of PIC micelles can be controlled by adjusting the DP



of sulfobetaine which becomes a shell, and the concentration of the polymer aqueous solution.

Chapter 4 describes the changes in transition temperature and shape depending on the
method of preparing PIC micelles. As a method for preparing micelles, comparing a simple
mixing method and a reforming method by dialysis. The collapse of PIC micelles due to salt
addition depends on the anionic species of the added salt and is consistent with the tendency
of structural destruction in the Hofmeister series. The most important factor was how much
SO3 on the outside of the sulfobetaine chain could be hydrated, and the anionic species play
the role. Heterogeneous and large PIC micelles formed by the simple mixing method collapsed
after salt addition and reformed by dialysis to form a uniform and smaller micelle. Thus,
uniform and smaller micelles can be reformed in an equilibrium state by dialysis. Then, the
temperature response of PIC micelles formed by the simple mixing method and PIC micelles
reformed by dialysis showed similar temperature-transmittance curves. This result suggested
that the responsiveness was more influenced by the concentration than the size.

In Part IT (Chapter 5 and Chapter 6), the author deals with the PIC micelles of the
diblock copolymer/ionic homopolymer system and the complex of zwitterionic betaine
surfactant micelles and ionic polymers.

Chapter 5 describes the formation behavior of PIC micelles composed of sulfobetaine-
containing diblock copolymers and ionic polymers, the influence of the degree of
polymerization of ionic polymers, and changes in the transition temperature. The PIC micelles
of the block/cationic polymer system exhibit temperature responsivity, and it turned out to be
concentration dependent. On the other hand, the PIC micelles of the block/anionic polymer
system with a core-shell structure at very low concentrations (0.05 wt%), but at higher
concentration (0.1 wt%), the anionic polymer interacts with both the sulfobetaine and the
cationic moieties of the block copolymer to form an unstable aggregate. Precipitation occurred

when the concentration was further increased (0.3 wt% or more). Then, if the DP of the ionic
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polymer was higher than that of the ionic moiety of the block copolymer, PIC micelles could
not be formed.

Chapter 6 describes the complex formation of sulfobetaine surfactant micelles and
ionic polymers and their stimuli responsivity. Sulfobetaine surfactant (LAPHS) micelles do not
exhibit temperature responsivity. However, temperature responsivity could be exhibited by
forming a complex with the cationic polymer. The unprecedented phenomenon of
“clear—opaque—-clear” was observed with increasing concentration in the concentration range
above critical micelle concentration (CMC). This is considered to be due to the change in
transition temperature accompanying the change in concentration. On the other hand, LAPHS
micelles and the anionic polymer formed a large aggregate but did not exhibit temperature
responsiveness. Aggregates were not formed when monomers were added or when salt
concentration was high. These results revealed that 1) the LAPHS micelles and the ionic
polymer form an aggregate, 2) the temperature responsivity can be expressed by the interaction
with the cationic polymer, and 3) the transition temperature can be controlled by adjusting the
concentration of polymer aqueous solution and the degree of polymerization of the cationic

polymer.
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Chapter 2.

Synthesis and Stimuli Responsivity of Diblock Copolymers Composed of

Sulfobetaine and lonic Blocks: Influence of the Block Ratio

Ionic diblock copolymers having sulfobetaine, poly(sodium styrenesulfonate)-b-
poly(sulfopropyl dimethylammonium propylacrylamide) (PSSNa-b-PSPP) and poly[3-
(methacrylamido)propyl trimethylammonium chloride])-b-poly(sulfobetaine) (PMAPTAC-b-
PSPP), were synthesized by reversible addition-fragmentation chain transfer (RAFT)
polymerization. Polysulfobetaine has the temperature responsivity of the upper critical solution
temperature (UCST) type. However, sulfobetaine and PSSNa, sulfobetaine and PMAPTAC
with a block ratio of 1:1.8 (36-5-66) and 1:1.3 (50-b-66), respectively, did not show temperature
responsivity. This is probably due to the interaction between sulfobetaine and ionic polymer
(anionic or cationic) to form some complex. Therefore, the author investigated the effect of
block ratio on the temperature response and interaction between sulfobetaine and ionic
polymers. The UCST behavior of the block copolymer composed of a sulfobetaine chain and
ionic chain was investigated by changing the block ratio by turbidimetry. PSSNa-»-PSPP and
PMAPTAC-b-PSPP with a block ratio of 1:42.5 (6:255) and 1:4 (16:61), respectively, showed
temperature responsivity. The expression of temperature responsivity was found to be very
sensitive to the chain length of the ionic chain block. The temperature responsivity was
considered to disappear because of interaction between the sulfobetaine chain and the ionic
chain. The interaction was investigated by adding the ionic polymer to the sulfobetaine
homopolymer. UCST behavior was confirmed by adding 0.1% PSSNa and 1% PMAPTAC,

respectively. The results suggested that the sulfobetaine chain and the ionic chain interacted
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with each other, and that PSSNa was more sensitive than PMAPTAC. In addition, it was
confirmed that the sulfobetaine chain and ionic chain in homopolymers mixture system and a

block copolymer interact with each other by 'H NMR measurement.

2.1 Introduction

Betaine polymer, which is a type of zwitterionic polymer having both an anion and
cation, is an interesting polymer, unlike ordinary ionic polymers, due to unique characters such
as polymer chain extension by salt addition. '*® The viscosity of the polymer aqueous solution
increased by addition of salt, and that its extent depends on the ion species. Different behavior
from conventional ionic polymers is named “anti-polyelectrolyte effect”. 7-12

Since the zwitterionic part is a structure similar to the cell membrane, high
biocompatibility is observed, and application to biomedical materials is expected.!!6

Betaine polymers are roughly categorized into three kinds, sulfobetaine,
carboxybetaine and phosphobetaine.>'” Among them, sulfobetaine is known to exhibit the

12,18-23 and

temperature responsiveness of the upper critical solution temperature (UCST) type,
it is expected to be applied to a novel temperature responsive material, but the mechanism of
responsivity has not yet been clarified.

In this research, the author aimed at the development of novel thermo-responsive
polymeric materials, entirely ionic diblock copolymers consisting of a sulfobetaine chain and
ionic chain (anionic chain or cationic chain) were synthesized by reversible addition and
fragmentation chain transfer (RAFT) polymerization.?*? When these two block copolymer
aqueous solutions are mixed so that the charge of anions and cations are equal, they become
polyion complex (PIC) micelles in which the core is PIC and the shell is sulfobetaine.?%?” This
is a new type with micelles consisting entirely of ionic polymers. Furthermore, by using

sulfobetaine, the temperature responsivity can be imparted. However, the author investigated

the temperature responsivity of these aqueous solutions of two block copolymers with a block
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ratio of about 1:1, it was confirmed that the temperature responsivity disappeared. It is likely
that the betaine chain and ionic chain form complex.?®% So, in order to clarify the mechanism
of temperature responsivity, the author conducted measurement of transmittance and 'H NMR
measurements for diblock copolymers with different block ratios and mixture solution of
sulfobetaine homopolymer and ionic homopolymer. The influence of block ratio on
temperature responsivity and the effect of addition of ionic homopolymer on sulfobetaine were

investigated.

2.2 Experimental

2.2.1 Materials

4,4'-Azobis(4-cyanovaleric acid) (ACVA, 98%), p-styrenesulfonic acid sodium salt
(SSNa) were purchased from Wako (Osaka, Japan). Sulfopropyl dimethylammonium
propylacrylamide (SPP) and 3-(methacrylamido)propyl trimethylammonium chloride
(MAPTAC) were kindly donated from Osaka Organic Chemical Industry Ltd. (Osaka, Japan).
4-cyanopentanoic acid dithiobenzoate was used as chain transfer agent (CTA), which was
synthesized as reported by Mitsukami et al.*° Deuterium oxide (D20, 99.9%) was a product of
Cambridge Isotope Laboratory (CIL) (U.K.). Water used for synthesis, solution preparation and
dialysis was ultrapure water obtained by Milli-Q system (18.2 MQcm). Dialysis for PSPP,
PSSNa, PMAPTAC homopolymers and PSSNa-b-PSPP, PMAPTAC-b-PSPP diblock
copolymers purification was carried out with a dialysis tube of Orange Scientific (MWCO:

3500 and 12000~16000).

2.2.2 Synthesis of Homopolymers
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Scheme 2-1. Synthesis of Homopolymer (PSPP) and Block Copolymers (PSSNa-»-PSPP
and PMAPTAC-b-PSPP)“
“Proton symbols are for 'H NMR in Figure 1.

The PSPP, PSSNa and PMAPTAC homopolymers were the synthesized by Reversible
Addition-Fragmentation Chain Transfer (RAFT) polymerization (Scheme 2-1). SPP, CTA and
initiator (ACVA) (various molar ratio, Table 2-1) were mixed and put into a Schlenk flask.
Then, the mixture was degassed with three cycles of a freeze-pump-thaw and then the flask
was filled with Ar gas. Polymerization was performed at 70 °C for 2 h. The reaction was
stopped by ice cooling, and the product was dialyzed using a dialysis tube (MWCO: 3500) in
Milli-Q water for 5 days. The solid PSPP homopolymer was obtained by freezing-drying. In
the same way, PSSNa and PMAPTAC were synthesized by RAFT technique. The degree of
polymerization (DP) and polydispersity index (PDI) were evaluated by GPC (Table 2-2).

Homopolymers thus obtained were confirmed by '"H NMR.
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Table 2-1. Polymerization Conditions for the Synthesis of Homopolymers (PSPP, PSSNa,
and PMAPTAC; 70 °C)

Polymer Monomer RAFT agent  Initiator Water Polymerization
(mmol) (mmol)” (mmol)* (ml) Time (h)

PSPP-1 8.6 1.4x107! 7.2x1072 3 2
PSPP-2 8.6 1.4x107! 7.2x1072 3 2
PSPP-3 8.6 1.4x107! 7.2x1072 3 2
PSPP-4 9.5 1.4x107! 7.2x1072 3 2
PSPP-5 9.4 1.4x107! 7.2x1072 3 2
PSPP-6 15.1 1.4x107! 7.2x1072 3 2
PSPP-7 7.2 2.9x1072 1.4x1072 3 2
PSSNa-1 4.5 9.0x1072 9.0x1072 3 2
PSSNa-2 9.7 9.7x1072 9.7x1072 3 2
PMAPTAC-1 59 9.0x1072 9.0x1072 3 2
PMAPTAC-2 9.1 9.0x1072 9.0x1072 3 2

2SPP, sulfobetaine; SSNa, p-styrene sulfonic acid sodium salt; MAPTAC, 3-(methacrylami-
do)propyl trimethylammonium chloride. ?For the synthesis of homopolymer, the amount of
macro-RAFT agent is in mmol. “For the synthesis of homopolymers, 4,4'-azobis(4-

cyanoval-eic acid) (ACVA) was used as the initiator.
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Table 2-2. Characteristics of Homopolymers (PSPP, PSSNa, and PMAPTAC).

Polymer My (g/mol)  PDI* (Mw/M,) DP (n)
PSPP-1 15000 1.08 53
PSPP-2 16000 1.08 56
PSPP-3 17200 1.13 61
PSPP-4 17500 1.07 62
PSPP-5 18500 1.09 66
PSPP-6 29600 1.09 106
PSPP-7 71200 1.07 255
PSSNa-1 11000 1.19 52
PSSNa-2 15700 1.08 75
PMAPTAC-1 12200 1.13 54
PMAPTAC-2 19000 1.11 85

“Determined by GPC with a cationic eluent (P2VP standard) or an anionic eluent (PSSNa
standard). PSPP and PMAPTAC were determined with a cationic eluent (0.5 M CH3COOH,
0.3 M Na»S0s), and PSSNa was used as anionic eluent (20 wt% CH3CN(aq), 0.05 M NaNos,
0.01 M Na;HPO,)

2.2.3 Synthesis of Diblock Copolymers.
The macro-SPP, SSNa (or MAPTAC) monomer and ACVA (various molar ratio, Table

2-3) were dissolved in Milli-Q water and put into a Schlenk flask. The flask was degassed by
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five freeze-pump-thaw cycles and filled with Ar gas. Polymerization was performed at 70 °C
for 24 h, and the reaction was stopped by ice cooling. The product was dialyzed using a dialysis
tube (MWCO: 12000~16000) in Milli-Q water for 5 days. The solid PSSNa-b-PSPP and
PMAPTAC-b-PSPP were obtained by freezing-drying. The block ratio, synthesis result and

PDI were determined by analyzing the 'TH NMR spectrum and GPC (Table 2-4).

2.2.4 'H Nuclear Magnetic Resonance (NMR)

'"H NMR spectra for PSPP, PSSNa and PMAPTAC homopolymers and block
copolymers composed of PSPP and PSSNa (or PMAPTAC) were obtained with a JEOL JNM-
EX 400 spectrometer. The concentration of polymer solutions was 1 wt%, and the solvent was

D,0 (CIL, 99.9%).

2.2.5 Gel Permeation Chromatography (GPC)

The degree of polymerization and its polydispersity index were determined by a
JASCO GPC system (Tokyo, Japan) composed of a 830-RI RI detector, UV-2075 Plus UV
detector, CO-2065 Plus column oven, PU-2080 Plus HPLC pump, DG-2080-53 3-line degasser
and Shodex SB-804 HQ column. The pH 3 buffer solution (0.3 M Na,SO4, 0.5 M CH3COOH)
was used as the cationic eluent and the mixed solution (20 wt% CH3CN aq, 0.05 M NaNOs,
0.01 M NaHPOg) as the anionic eluent. Poly(2-vinylpyridine) (P2VP) (Scientific Polymer
Product, Inc.) and poly(p-styrenesulfonic acid sodium salt) (PSSNa) (Sigma-Aldrich) samples

were used as cationic and anionic standards, respectively.

2.2.6 Turbidity

The temperature responsivity and cloud point of polymer aqueous solutions composed

of PSPP were determined with a UV-vis spectrometer U-3310 (Hitachi) for 10 mg/mL solution.
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The author designated the cloud point as the temperature at which the transmittance of the

solution is 50% or less at a wavelength of 400 nm.

Table 2-3. Polymerization Conditions for the Synthesis of Diblock Copolymers (PSSNa-b-
PSPP, PMAPTAC-b-PSPP) (70 °C).

Pol Monomer RAFT agent Initiator Water Polymerization
olymer
Y (mmol) (mmol) (mmol) (ml) Time (h)
PSSNam'b'P
SPP..3 9.8x10! 2.0x1072 2.0x1072 3 24
PSSNam'b'P
SPP..1 4.9x10" 2.0x1072 2.0x1072 3 24
PSSNam'b'P
SPP.2 2.5%107" 2.0x107? 2.0x107? 3 24
PSSNam'b'P
SPP-4 2.4x107" 2.0x107? 2.0x107? 3 24
PSSNam'b'P
S 6.4x107 5.4x107° 5.4x107° 3 24
PP,-5
PMAPTAC,
boPS ; 9.8x10! 2.0x1072 2.0x1072 3 24
-b-PSPP,-
PMAPTAC,
A 4.5%107"! 2.0x107? 2.0x107? 3 24
-b-PSPP,-
PMAPTAC,
boPS . 3.9x10! 2.0x1072 2.0x1072 3 24
-b-PSPP,-
PMAPTAC,
bPSPP...| 3.3x10™! 2.0x1072 2.0x1072 3 24
PMAPTAC,
bPSPP...5 6.3x1072 3.9x10° 3.9x10° 3 24

26



Table 2-4. Characteristics of Diblock Copolymers (PSSNa-b-PSPP and PMAPTAC-b-
PSPP).

Degree of polymerization

Polymer Yield (%) M, (g/mol)  PDI (M/M,)
m’ n‘
PSSNam'b'P
88 25900 1.12 36 66
SPPn'3
PSSNam'b'P
88 20300 1.12 15 61
SPPn'l
PSSNam'b'P
71 18700 1.06 6 62
SPPn'2
PSSNam'b'P
93 30800 1.14 6 106
SPPn'4
PSSNam'b'P
81 72400 1.22 6 255
SPPn'S
PMAPTAC,
64 29500 1.17 50 66
-b-PSPP,-3
PMAPTAC,
44 22500 1.08 24 61
-b-PSPP,-1
PMAPTAC,
29 21800 1.11 21 61
-b-PSPP,-1
PMAPTAC,
45 20700 1.09 16 61
-b-PSPP,-1
PMAPTAC
50 83100 1.05 54 255
-b-PSPP,-5

“m, n: Degrees of polymerization of ionic and sulfobetaine blocks, respectively. (m was

determined by 'H NMR)
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Figure 2-1. '"H NMR spectra of (a) PSPP and PSSNa-5-PSPP and (b) PSPP and PMAPTAC-
b-PSPP in D,O. The block ratio, m:n, was estimated by the area of peaks (a)i+j:a+c+d

+ e + g and (b) b + m:f, respectively. Peak symbols are shown in Scheme 2-1.

2.3 Results and Discussion

2.3.1 Characterization of Homopolymers and Block Copolymers

PSPP, PSSNa and PMAPTAC homopolymers with various degree of polymerization
(DP) could be synthesized. As shown in Table 2-3, the degree of polymerization (DP) and
polydispersity index (PDI) were confirmed by GPC. Figure 2-1 shows '"H NMR spectra for (a)

PSPP homopolymer (macro-CTA) and PSSNa-b-PSPP block copolymer, (b) PSPP
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homopolymer and PMAPTAC-b-PSPP block copolymer. These spectra indicated successful
synthesis of the polymers. From the peak area ratio, the block ratio, m:n, was determined to be
36:66 (a) and 16:61 (b), respectively. Information on other block copolymers was summarized
in Table 2-4, and GPC estimation of the PDI (My/M,) of the block copolymers was successful.

(see Appendix for the details).

100
90 ]‘
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Figure 2-2. Temperature dependence of turbidity of SPPes, SSNazs-b-SPPes, and

MAPTACs0-b-SPPss aqueous solutions at 1 wt% concentration.

2.3.2 Disappearance of Temperature Responsivity

The temperature responsivity of homopolymer and block copolymers, SPPss, SSNazs-
b-SPPss, MAPTACs0-b-SPPess aqueous solution at 1 wt% concentration was investigated by
UV-vis spectrometer. For the SPPss homopolymer aqueous solution, a temperature-
transmittance curve of a typical upper critical solution temperature (UCST) type behavior was
obtained. As shown in Figure 2-2, with lowering the temperature sudden decrease of
transmittance was observed. However, by transmittance measurement of the aqueous solutions
of two block copolymers (SSNazs-b-SPPss and MAPTACs0-b-SPPes), it was confirmed that the
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temperature responsivity disappeared. When sulfobetaine and PSSNa, sulfobetaine and
PMAPTAC had a block ratio of 1:1.8 (36:66) and 1:1.3 (50:60), respectively, the temperature
responsivity disappeared. This is probably due to the interaction between sulfobetaine and ionic
polymer to form some complex. Therefore, the author investigated the effect of block ratio on

the temperature response and interaction between sulfobetaine and ionic polymers.

(a) PSSNa-b-PSPP (b) PMAPTAC-b-PSPP
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Figure 2-3. Block ratio dependence on the temperature responsivity of block copolymers

having sulfobetaine: (a) PSSNa-b-PSPP and (b) PMAPTAC-bH-PSPP.

2.3.3 Influence of Block Ratio on Temperature Responsivity

Since the temperature responsivity was considered to be very sensitive to the chain
length of the ionic chain block, the influence of block ratio on the temperature responsivity was
investigated. First, PSSNa-h-PSPP block copolymers with different block ratio were
synthesized. The block ratios were 1:4.1 (15:61), 1:10.3 (6:62), 1:17.7 (6:106) and 1:42.5
(6:255). Transmittances of the samples were measured at a concentration of 1 wt% and a
wavelength of 400 nm. As shown in Figure 2-3a, the temperature response was confirmed when

the block ratio was about 1:43 (6:255). Next, the transmittance was measured in the same way
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for PMAPTAC-b-PSPP of different block ratios (1:3.8 (16:61), 1:2.9 (21:61) and 1:2.5 (24:61)).
As shown in Figure 2-3b, the temperature response was confirmed when the block ratio was
about 1:4 (16:61). On the basis of these results, block copolymers with temperature
responsiveness were synthesized using SPP2ss, SSNas-b-SPP2ss (A block ratio of about 1:43)
and MAPTACs4-b-SPP2ss (A block ratio of about 1:5) were obtained. Aqueous solutions of
these polymers were prepared, and changes of the cloud point were observed by the
transmittance. As a result, the cloud point shifted to a lower temperature by connecting ionic
polymers. In particular, as shown in Figure 2-4, there was a large decrease of cloud point when
PSSNa was introduced. This is thought to be due to the interaction between the sulfobetaine
chains and the ionic chain. These results indicated that the temperature responsiveness is very
sensitive to the chain length and the sign of the charge of the ionic chain block (anionic or

cationic).
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Figure 2-4. Change in cloud point by introducing an anionic chain block and a cationic

chain block into SPP»ss as evaluated by transmittance.
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2.3.4 Effect of Addition of lonic Homopolymer to Sulfobetaine

The interaction between the sulfobetaine chain and the ionic chain was investigated.
PSPP, PSSNa which is an anionic polymer, and PMAPTAC which is a cationic polymer were
each synthesized by RAFT polymerization. The degrees of polymerization were SPPs3, SPPsg,
SPPs1, SSNasz, SSNazs, MAPTACss and MAPTACss. First, the effect of anionic polymer
addition on the temperature responsivity of the sulfobetaine homopolymer was investigated.
Transmittance measurement was carried out by adding 1, 1/10, 1/100, 1/1000 and 0 equivalent
of PSSNa homopolymers having different degrees of polymerization (DP: 52 and 75) to an
aqueous solution of 1 wt% sulfobetiane homopolymer (SPPs3 and SPPse). As a result, as shown
in Figure 2-5a and 2-5b, in both cases, it was found that the addition of PSSNa homopolymers
of'about 1/100 equivalent eliminated the temperature response. However, it was found that the
temperature response was more sensitive to PSSNa with a lower degree of polymerization (DP:
52) than the higher degree of polymerization (DP: 75). In the case of PSSNa, it interacts with
quaternary ammonium cation (positive charge) in the middle of the sulfobetaine side chain.
Therefore, it is considered that PSSNa with a lower DP (52) than the higher DP (75) is likely
to enter inside the sulfobetaine chain to form complex. This might be the origin of sensitiveness.
Next, the effect of cationic polymer addition on the temperature responsiveness of the
sulfobetaine homopolymer was investigated. 1, 1/10, 1/100 and 0 equivalent of PMAPTAC
homopolymer with different degree of polymerization (DP: 54 and 85) was added to the 1 wt%
PSPP (DP: 56 and 61) aqueous solution, and them the transmittance was measured. As a result,
disappearance of temperature responsiveness was observed with addition of about 1/10
equivalent as shown in Figure 2-6a and 2-6b. Further, it was found that they are less influenced
by the degree of polymerization on the temperature responsivity. Because PMAPTAC interacts
with the sulfonic acid (negative charge) located at the outside of PSPP side chain, it is

considered that the influence of the degree of polymerization on the temperature
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responsiveness, i.e., on complex formation, is small. From these results, it was suggested that
the polysulfobetaine chain and the ionic chain interacted with each other, and that PSSNa was

more sensitive than PMAPTAC.
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Figure 2-5. Addition effect of anionic polymers with different DPs on the temperature

responsivity of sulfobetaine homopolymers in aqueous solutions: (a) SSNas> + SPPs¢ and

(b) SSNays + SPPs3.
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Figure 2-6. Addition effect of cationic polymers with different DPs on the temperature
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2.3.5 Interaction between Sulfobetaine Chain and lonic Chain

Interaction between sulfobetaine chain and ionic chain was investigated by 'H NMR
spectra.’!-3° Using deuterium oxide (D,0) as a solvent, all sample solutions were prepared to
be 1 wt%. Firstly, the interaction between PSPP and PSSNa was investigated. The interaction
between positive charge (quaternary ammonium cation) of PSPP and negative charge
(sulfurous acid) of PSSNa was investigated by the change of the peak of 6 protons in the
positive charge of PSPP. As shown in Figure 2-7, it was confirmed that by addition of PSSNa
homopolymer (DP: 75) to PSPP homopolymer (DP: 53), the d peak of PSPP decreased. It was
also confirmed that the d peak was small even in the case of the block copolymer (SSNaszs-b-
SPPss). Further, it was found that the peaks of a, c, e and g in the vicinity of the quaternary
ammonium ion as well as the d peak of PSPP are totally broadened by the interaction of PSSNa
and PSPP. In both the mixed system of homopolymers and the block copolymer, it was found
that the positive charge of PSPP and the negative charge of PSSNa interact. Similarly, the
interaction between PSPP and PMAPTAC was confirmed from '"H NMR spectra. Paying
attention to the change in the peak of 9 protons at the positive charge (quaternary ammonium
cation) of PMAPTAC, it was observed whether the negative charge (sulfurous acid) of PSPP
and the positive charge of PMAPTAC interacted or not. As shown in Figure 2-8, it was
confirmed that by PMAPTAC homopolymer (DP: 85) addition to PSPP homopolymer (DP:
61), the d+o peak of the mixed solution of homopolymers decreased. It was also confirmed that
the d+o peak was small even in the case of the block copolymer (MAPTAC 6-b-SPPs1). In
addition, in the case of PMAPTAC and PSPP systems, unlike PSSNa and PSPP systems, the
d+o peak is mainly affected. In both the mixed system of homopolymers and the block
copolymer, it was confirmed that the negative charge of PSPP and the positive charge of

PMAPTAC interact. These results proved that the sulfobetaine chain and the ionic chain
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interact with each other.
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Figure 2-7. '"H NMR spectra of PSPP, PSSNa, their mixture, and the block copolymer in
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Figure 2-8. '"H NMR spectra of PSPP, PMAPTAC, their mixture, and the block copolymer

in D2O.
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2.4 Conclusions

Homopolymers of PSPP, PSSNa, PMAPTAC and block copolymers composed of
polysulfobetaine (PSPP) and polyanion (PSSNa), polysulfobetaine and polycation
(PMAPTAC) were synthesized by RAFT polymerization. First, the block ratio dependence of
the temperature responsiveness of the block copolymer comprising a sulfobetaine chain and an
ionic chain was investigated. The temperature responsivity was found to be exhibited at a block
ratio of about 1:43 (2.3% or less) for PSSNa. On the other hand, in PMAPTAC, the temperature
responsiveness was found at a block ratio of about 1:4 (25% or less). The temperature
responsivity was confirmed to be very sensitive to the chain length of the ionic chain block.

The effect of addition of PSSNa and PMAPTAC homopolymer on the temperature
responsiveness of the PSPP homopolymer was investigated by the transmittance. The
temperature responsiveness was found to be exhibited by addition of 0.1% and 1%.
Furthermore, 'H NMR measurement revealed that the sulfobetaine chain and the ionic chain
interacted with each other in a mixed system of homopolymers and a block copolymer. This
might be the origin of disappearance of responsivity.

These results suggested that the polysulfobetaine chain and ionic chain interacted with
each other, and PSSNa was more sensitive than PMAPTAC. This is because PSSNa is a strong
acid, and it has a stronger interaction with PSPP. It may be possible to develop a novel
temperature responsive polymeric material by adjusting the block ratio of sulfobetaine chain
and ionic chain.

Mixing the two block copolymer aqueous solutions results in PIC micelles with
sulfobetaine as the shell. This should serve as a basic for construction of temperature responsive,
entirely ionic PIC micelles. It is expected that micelles with corona expansion and contraction

in response to temperature changes can be formed.
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2.5 Appendix
2.5.1 Confirmation of the Synthesis of Homopolymers.
The synthesis could be confirmed by disappearance of the double bond peak of the

monomer in '"H NMR spectra.
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Figure 2-A1. Synthesis scheme of PSPP homopolymer (left) and '"H NMR spectra of SPP
monomer and PSPP homopolymer (right).
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Figure 2-A2. Synthesis scheme of PSSNa homopolymer (left) and 1H NMR spectra of
SSNa monomer and PSSNa homopolymer (right).

37



b
a I
HN 0 0 atb {‘
HN I l

CTA,ACVA
H,0,70°C,2h
BE ~i®
|®
S) S
Cl Cl ‘J =
MAPTAC PMAPTAC ° ' ¢ : : °

5 4 3
Chemical shift (ppm)

Figure 2-A3. Synthesis scheme of PMAPTAC homopolymer (left) and 1H NMR spectra of
MAPTAC monomer and PMAPTAC homopolymer (right).

2.5.2 Estimation of Polydispersity Index (Mw/M,) of PSSNa-b-PSPP and PMAPTAC-
b-PSPP Block Copolymers.

The author conducted GPC measurement using two kinds of eluents. An anionic eluent
(20 wt% CH3CH aq, 0.05 M NaNOs, 0.01 M Na,HPO4) was used for PSSNa-5-PSPP block
copolymer. PSSNa was used as the standard sample. The result is shown in Figure A2-4. Then,
a cationic eluent (0.5 M CH3COOH, 0.3 M Na>SO4) was used for PMAPTAC-b-PSPP. P2VP

was used as the standard sample. The result is shown in Figure A2-5.
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PSSNa-bH-PSPP

10 11 12 13 14 15 16 17 18 19

Figure 2-A4. GPC charts for PSSNa-b-PSPP with different block ratio.
SPPes1: My=17176 and My/My=1.13

SSNasze-b-SPPss: Mn=27103 and Myw/M, =1.12

SSNais-b-SPPs1: My=24250 and Myw/M, =1.12

SSNas-b-SPPe2: My=22638 and My/M, =1.06

SSNas-b-SPP1os: Mn=30578 and Myw/M, =1.14
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Figure 2-AS. GPC charts for PMAPTAC-b-PSPP with different block ratio.
SPPes1: My=17176 and My/My=1.13

MAPTAC 6-b-SPP¢1: My =19801 and Mw/M; =1.09

MAPTAC,1-b-SPP¢1: My, =19081 and Mw/M; =1.11

MAPTAC24-b-SPP¢1: My =20245 and Mw/M; =1.08

MAPTACs0-b-SPPg6: Mn =30163 and Mw/My =1.17

MAPTAC54-b-SPP2ss: My =112356 and Myw/M, =1.05
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Chapter 3

Formation of Sulfobetaine-Containing Entirely lonic PIC (Polyion

Complex) Micelles and Their Temperature Responsivity

Sulfobetaine, a type of zwitterionic polymer, is a highly biocompatible polymer with
temperature responsiveness of the upper critical solution temperature (UCST) type. The
objective of this research was to construct polyion complex (PIC) micelles in the shell of
sulfobetaine that had these properties. The author used poly(sulfopropyl dimethylammonium
propylacrylamide) (PSPP) as sulfobetaine, poly(sodium styrenesulfonate) (PSSNa) as the
anionic polymer and poly[3-(methacrylamido)propyl trimethylammonium chloride]
(PMAPTAC) as the cationic polymer. The fundamental properties of the sulfobetaine-
containing polymer and the complex were investigated in order to construct micelles in which
corona expands and contracts in response to temperature change. Changes in cloud point were
observed from transmittance for sulfobetaine homopolymers with different degrees of
polymerization and concentration and aqueous solution of temperature- responsive diblock
copolymers with different concentrations. The concentration and degree of polymerization
dependencies on temperature responsivity were determined. Then the author mixed two
diblock copolymer aqueous solutions which did not have temperature responsivity so that the
charge numbers of anions and cations became equal, and the temperature responsivity and the
formation of micelles were confirmed from '"H NMR, DLS and transmittance. This confirmed
the formation of PIC micelles with temperature responsivity. The diblock copolymer did not

have temperature responsivity due to the influence of block ratio by introduction of ionic chain.
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However, it is considered to have temperature responsivity because the ionic chain becomes
the core when PIC micelles are formed. Furthermore, the PIC micelles with temperature

responsivity also had a degree of polymerization and concentration dependencies.

3.1 Introduction

Betaine polymers have both anions and cations in the same molecule.!-* The structural
properties are highly biocompatible since the structure of the betaine polymer is similar to that
of phosphatidylcholine (PC) that make up the cells.** There is much research on biomaterials

and medical materials.®”

The betaine polymer is divided into carboxybetaine, sulfobetaine and

phosphobetaine,?? and they have characteristics pH response,'%!* temperature response of the

14-18 4,5,19

upper critical solution temperature (UCST) type, and high biocompatibility,

respectively.

Taking advantage of such characteristics, micelles were prepared using diblock
copolymers consisting of betaine polymers (carboxybetaine or sulfobetaine) that showed a
response to stimuli and a hydrophobic chain. In these micelles, the core part is a hydrophobic
chain, and the shell part is a betaine polymer chain. Micelles expand and contract part of the

shell in response to external stimuli,?%?!

and their responsiveness depends on the concentration
of the polymer solution, the molecular weight of the polymer, and the concentration of added
salt.!”2227 Much research has been done on betaine brushes, polyion complex (PIC) micelles

and biomaterials using the phosphobetaine polymer.?8-32

In this study, with the aim of constructing a micelle in which the corona is expanded

and contracted in response to temperature change, PIC micelles were prepared using an entirely
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ionic diblock copolymer consisting of a sulfobetaine with the UCST-type temperature response
and an ionic chain (anionic chain or cationic chain). Unlike ordinary micelles, which have a
hydrophobic core, PIC micelles have a hydrophilic core because they are polyion complex.
Furthermore, since the shell is sulfobetaine having temperature responsiveness, it is expected
to be applied as a temperature targeting type carrier that transfers a hydrophilic drug. In order
to clarify the fundamental properties of the sulfobetaine-containing polymer, the author
investigated the dependence of the polymer on the degree of polymerization (DP) and the
concentration dependence of the temperature response. First, in order to confirm the degree of
polymerization dependency and concentration dependency on the temperature response of
sulfobetaine homopolymers and entirely ionic diblock copolymer (PSSNa-b-PSPP and
PMAPTAC-b-PSPP), the change in transition temperature due to the temperature change was
examined by the transmittance. Then, the formation of PIC micelles consisting of sulfobetaine-
containing entirely ionic diblock copolymers and the degree of polymerization dependency and
concentration dependency on their temperature response were examined by 'H NMR, DLS,

and transmittance.

3.2 Experimental

3.2.1 Materials

Sulfobetaine (SPP) and 3-(methacrylamido)propyl trimethylammonium chloride
(MAPTAC) monomers were kindly donated by Osaka Organic Chemical Industry Ltd. (Osaka,
Japan). 4,4’-Azobis(4-cyanovaleric acid) (ACVA, 98%), p-styrenesulfonic acid sodium salt
(SSNa), sodium nitrate (NaNO3), and disodium hydrogenphosphate (Na;HPO4), were
purchased from Wako (Osaka, Japan). Sodium sulfate (NaxSO4) and acetonitrile (CH3CN,
99.5%) were purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).

Acetic acid (CH3COOH) was purchased from Nacalai Tesque (Kyoto, Japan). 4-
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Cyanopentanoic acid dithiobenzoate was used as a chain transfer agent (CTA), which was
synthesized as reported by Mitsukami et al.** Deuterium oxide (D20, 99.9%) was a product of
Cambridge Isotope Laboratory (CIL) (U.K.). The water used for synthesis, solution preparation
and dialysis were ultrapure water obtained using the Milli-Q system (18.2 MQcm). Dialysis
for PSPP homopolymers and PSSNa-b-PSPP, PMAPTAC-b-PSPP diblock copolymers
purification was carried out with a dialysis tube from Orange Scientific (MWCO: 3500 and

12000~16000).

3.2.2 Synthesis of Homopolymers and Diblock Copolymers.

The PSPP (poly(sulfopropyl dimethylammonium propylacrylamide)) homopolymers
were the synthesized by the reversible addition-fragmentation chain transfer (RAFT)
technique. The synthesis was carried out by mixing SPP monomer, CTA and initiator (ACVA)
in various molar ratios as reported previously.’* The degree of polymerization (DP) and
dispersity (D) of the obtained solid PSPP homopolymers were evaluated by GPC (Table 3-1).
Homopolymers thus obtained were confirmed by '"H NMR.

The PSPP homopolymer was used as macro-CTA, and diblock copolymers were
synthesized by adding SSNa (sodium styrenesulfonate) as the anionic monomer or MAPTAC
[3-(methacrylamido)propyl trimethylammonium chloride] as the cationic monomer and ACVA
in various molar ratios. The solid PSSNa-b-PSPP and PMAPTAC-b-PSPP were obtained in the
same way. The block ratio, synthesis result and PDI were determined by analyzing the "TH NMR

spectrum and GPC (Table 3-2).

3.2.3 'H Nuclear Magnetic Resonance (NMR)
"H NMR spectra for PSPP homopolymers and diblock copolymers composed of PSPP

and PSSNa (or PMAPTAC) were obtained with a JEOL INM-EX 400 spectrometer using as a
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solvent D>O (CIL, 99.99%). The concentration of polymer solutions was 10 mg/mL.

Table 3-1. Polymerization Conditions for the Synthesis and Characteristics of PSPP

Homopolymers (Polymerization Temperature and Time: 70 °C, 2 h).

RAFT
Monomer Initiator Water Yield My PDI DP
Polymer agent
(mmol) (mmol)” (mL) (%) (g/mol)* (Mw/Mn)° (n)
(mmol)*
PSPP-1 9.5 7.2x1072 7.2x1072 3 52 11200 1.15 39
PSPP-2 8.6 1.4x107! 7.2x1072 3 75 15000 1.08 53
PSPP-3 8.6 1.4x107! 7.2x1072 3 69 15600 1.09 55
PSPP-4 8.6 1.4x107! 7.2x1072 3 73 17200 1.13 61
PSPP-5 9.4 1.4x107! 7.2x1072 3 82 18500 1.09 66
PSPP-6 18.0 4.0x107! 2.0x107! 9 88 19100 1.06 68
PSPP-7 11.8 1.4x107! 7.2x1072 4 89 26600 1.12 95
PSPP-8 15.1 1.4x107! 7.2x1072 5 87 29600 1.09 106
PSPP-9 25.0 2.9x1072 1.4x1072 10 90 150300 1.08 540

4SPP, sulfobetaine. For the synthesis of homopolymers, the amount of the macro-RAFT
agent is in mmol. ’For the synthesis of homopolymers, 4,4'-azobis(4-cyanovaleic acid)
(ACVA) was used as the initiator. “Determined by GPC with a cationic eluent (P2VP

standard). PSPP was determined with a cationic eluent.
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Table 3-2. Polymerization Conditions for the Synthesis and Characteristics of Diblock
Copolymers (PSSNa-b-PSPP and PMAPTAC-b-PSPP; Polymerization Temperature and
Time: 70 °C, 24 h).

RAFT degree of
monomer Initiator Yield M PDI i
Polymer” agent polymerization
(mmol) (mmol) (%) (g/mol)  (Mw/Mn)
(mmol) b b
SSNam-b-P
1.2x107" 5.4x1073 5.4x1073 64 153200 1.16 14 540
SPP:-9
SSNam-b-P
3.9 7.9x1072 7.9x1072 81 26700 1.12 37 68
SPPs-6
SSNam-b-P
1.4 3.8x1072 3.8x1072 92 33800 1.08 35 95
SPPy-7
MAPTACwm-
4.3x107! 3.9x1072 3.9x1072 41 18400 1.09 13 55
b-PSPP;-3
MAPTACwm-
3.9 7.9x1072 7.9x1072 79 30300 1.17 51 68
b-PSPPy-6
MAPTACwm-
1.4 3.8x1072 3.8x1072 75 37900 1.17 51 95
b-PSPP,-7

“SPP, sulfobetaine; SSNa, p-styrenesulfonic acid sodium salt; and MAPTAC, 3-(methacryl-
amido)propyl trimethylammonium chloride. ®m and n: degree of polymerization of ionic

and sulfobetaine blocks, respectively (m was determined by 'H NMR).
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3.2.4 Gel Permeation Chromatography (GPC)

The degree of polymerization and its dispersity were determined by a JASCO GPC
system (Tokyo, Japan) composed of a 830-RI RI detector, UV-2075 Plus UV detector, CO-
2065 Plus column oven, PU-2080 Plus HPLC pump, DG-2080-53 3-line degasser and Shodex
SB-804 HQ column. The pH 3 buffer solution (0.3 M Na»SO4, 0.5 M CH3COOH) was used as
the cationic eluent and the mixed solution (20 wt% CH3CN aq, 0.05 M NaNOs, 0.01 M
NaxHPOy4) as the anionic eluent. Poly(2-vinylpyridine) (P2VP) (Scientific Polymer Product,
Inc.) and poly(p-styrenesulfonic acid sodium salt) (PSSNa) (Sigma-Aldrich) samples were

used as cationic and anionic standards, respectively.

3.2.5 UV-Vis Measurement

The temperature responsiveness and cloud point of polymer aqueous solutions
composed of PSPP were determined with a UV-vis spectrometer U-3310 (Hitachi) for various
concentrations of solution. The turbidity of the sulfobetaine-containing polymers and PIC
micelles was measured for 5-10 minutes after the temperature change. The author designated
the cloud point as the temperature at which the transmittance of the solution is 50% or less of

the maximum value at a wavelength of 400 nm.

3.2.6 Dynamic Light Scattering (DLS)

The hydrodynamic radius (Rn) of PIC micelles in water was estimated using a Photal
SLS-7000DL (Otsuka electronics Co., LTD, Osaka, Japan) equipped with a GC-1000 photon
correlator and a 15-mW He-Ne laser (wavelength 632.8 nm). DLS measurements were made
at various concentrations and temperatures. The measurement was carried out for about 10
minutes after the temperature change. The time correlation function of the scattered field was

measured at four scattering angles (60°, 75°, 90°, and 105°) with an accumulation time of 30
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min. The double exponential method was used to analyze the time correlation function to
estimate the decay rate /. The translational diffusion coefficient (D) was calculated from the
plot of relaxation rate, I, against value of scattering wave vector, g>. Then, from the obtained
D value, the hydrodynamic radius (Rn) was calculated using the Stoke-Einstein equation, where

n, ks, and T are the solvent viscosity, Boltzmann constant, and absolute temperature,

respectively.

I = Dg? (1)
_ kgT

R = @

CTA

n m CTA
n m
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Figure 3-1. Chemical structures of (left) PSSNa-b-PSPP and (right) PMAPTAC-b-PSPP.

3.3 Results and Discussion
3.3.1 Characterization of Homopolymers and Block Copolymers

PSPP homopolymers with various degrees of polymerization (DP) could be
synthesized. The degrees of polymerization and narrow dispersity (1.15 or less) confirmed
from GPC are listed in Table 3-1. Using the obtained PSPP homopolymers as macro-CTA,

PSSNa-b-PSPP and PMAPTAC-b-PSPP were synthesized under the conditions shown in Table
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2. The block ratio of the diblock copolymers was calculated as reported previously.*
Information on diblock copolymers is summarized in Table 3-2, and the dispersity (P) of the
diblock copolymers was estimated by GPC (See the Supporting Information for details). The

chemical structures of PSSNa-b-PSPP and PMAPTAC-b-PSPP are shown in Figure 3-1.
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Figure 3-2. DP dependence on the temperature responsivity of PSPP homopolymers in
aqueous solutions: (a) change of temperature-transmittance curve and (b) cloud point

change due to DP change.

3.3.2 DP and Concentration Dependence on Temperature Responsivity of the
Sulfobetaine Homopolymers

In order to investigate the degree of polymerization (DP) and the concentration
dependencies of temperature responsiveness of the PSPP homopolymer, transmittance was
measured. First, when the transmittance was measured for PSPP aqueous solution (10 mg/mL)
with different degrees of polymerization (DP: 39~106), as shown in Figure 3-2a, the
temperature-transmittance curve shifted to the higher temperature side and the cloud point

increased with the increase in DP. In the case of low DP (39-66) of PSPP, electrostatic
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interaction of the zwitterionic sulfobetaine group forms an intra- and intermolecular pair, and
a drastic phase transition occurs. On the other hand, high DP (95 and 106) of PSPP, solubility
declines with an increase in the overall hydrophobicity due to an increase in DP. So, it exhibits
a slow phase transition.>%-% As shown in Figure 3-2b, the degree of polymerization increased
by about 2 times (DP: from 53 to 106), and the transition temperature also increased by about
24 °C (from 13 to 37 °C). The temperature responsivity of PSPP homopolymer depended on
the degree of polymerization of the polymer. This is considered to be due to the increased
overall hydrophobicity of the PSPP as the degree of polymerization increases.!®!7?2 Then, an
aqueous solution of SPPs3 different concentration (2.5~40 mg/mL) were prepared and the
change of these cloud point was observed by the transmittance. As shown in Figure 3-3, the
cloud point increased with increasing concentration, and the transition temperature became
constant above a certain concentration. The transition temperature increased by 10 °C (from 5
to 15 °C) at the concentration from 2.5 to 15 mg/mL, and it became constant at the
concentration of 15 mg/mL or more. Detailed information on shift of temperature-transmittance
curve due to concentration change can be confirmed from Figure 3-A2. This showed that the
transition temperature can be controlled by adjusting the degree of polymerization of the

sulfobetaine homopolymer and the concentration of the polymer aqueous solution.

3.3.3 Concentration Dependence on Temperature Responsivity of Diblock
Copolymers

From the influence of the block ratio of sulfobetaine chain and ionic chain which was
clarified by our previous study,** diblock copolymers SSNajs-b-SPPssy and MAPTAC 3-b-
SPPss having temperature responsivity were synthesized by RAFT polymerization. First, an
aqueous solution of SSNai4-b-SPPs49 was prepared at different concentrations (2.5~40

mg/mL), and changes in cloud point were observed by transmittance. As a result, as shown in
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Figure 3-4a, the cloud point increased with increasing concentration, and it turned out that it
became constant above a certain concentration. The transition temperature increased by 12 °C
(from 21 to 33 °C) at the concentration from 2.5 to 10 mg/mL, and it became constant at the
concentration of 10 mg/mL or more. This behavior was the same as the concentration
dependence on temperature responsiveness of PSPP homopolymer. Likewise, in MAPTAC3-
b-SPPss (Concentration: 15~40 mg/mL), as a result of observing the concentration dependence
on the temperature responsiveness, as shown in Figure 3-4b, the cloud point increased with
increasing concentration. In this concentration range, the transition temperature rose by 16 °C
(from 5 to 21 °C), but it did not become constant. Detailed information on shift of temperature-
transmittance curve of diblock copolymers due to concentration change is shown in Figure 3-

A3a and 3-A3b.
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Figure 3-3. Change in the cloud point by concentration change of SPPs3 aqueous solution.
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Figure 3-4. Concentration dependence of temperature-responsive diblock copolymers: (a)

SSNai4-b-SPPs40 and (b) MAPTAC 3-b-SPPss.

3.3.4 Formation of Temperature-Responsive PIC Micelles

PIC (polyion complex) micelles were prepared using SSNaz7-b-SPPgs and
MAPTAC:s1-b-SPPgg with a block ratio of sulfobetaine chain to ionic chain of 50:50. These two
block copolymers did not have temperature responsivity or concentration dependence due to
the block ratio effect.* Detailed information is shown in Figure 3-A4a and 3-A4b. In the case
of block copolymers, the temperature responsiveness disappears due to the influence of the
block ratio by introduction of ionic chains, but when PIC micelles are formed, the ionic chains
become the core and do not behave as ionic chains. This demonstrates the presence of
temperature responsiveness PIC micelles were prepared by mixing two diblock copolymer
aqueous solution so that the charge of the anion and cation are equal. Unless the mixing ratio
is 1:1, the ionic chains and the sulfobetaine chains interact, and proper micelles cannot be

formed. Then, it becomes difficult to express temperature responsivity. The concentration of
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the overall PIC micelles in aqueous solution was adjusted to be 10 mg/mL. The formation of
temperature-responsive PIC micelles was confirmed by 'H NMR, DLS (dynamic light
scattering) and transmittance. As shown in Figure 3-5, when the PIC micelles can be formed,
the peak of the PSSNa (i + j) of SSNas;-b-SPP¢s and the peak of PMAPTAC (m) of
MAPTAC:s1-b-SPPsg  disappear. Furthermore, the 1, n, o peaks of the PMAPTAC had
disappeared. This showed that micelles with the ionic chain as a core and sulfobetaine chain as

the shell was formed.

SPP, D,0

SSNa,,-b-SPP,,

-
(i L
%
MAPTACSl'b'SPP68 a+l+n

PIC micelle LAe
- o (DI,
3 2 1 0 N

r T ) T T T T
8 N7 6 5 4
Chemical shift (ppm)

d+o

PIC micelle

Figure 3-5. Confirmation of formation of PIC micelles by '"H NMR spectra.

The DLS measurement confirmed that the micelles had a hydrodynamic radius (Rp) of
72 nm at 60 °C. PIC micelles were considered to have formed since they formed a large
aggregate as compared with the extended chain length of each block copolymers being 26.7
nm (SSNaj37-b-SPPsg) and 30.2 nm (MAPTAC:s1-b-SPPsg). Detailed DLS information is shown
in Figure 3-AS. Furthermore, the temperature responsivity confirmed from the transmittance,
as shown in Figure 3-6, revealed that the diblock copolymer that did not have temperature

responsivity formed PIC micelles and thereby exhibited temperature responsivity. Since
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micelles were formed in the PIC micelle aqueous solution at 10 mg/mL, it was blue at a
temperature above the transition temperature and turned white and turbid at temperatures below

the transition temperature.
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Figure 3-6. Formation of PIC micelles and confirmation of temperature responsivity.

3.3.5 Concentration Dependence on Temperature Responsiveness of PIC Micelles
Figure 3-7a shows the temperature-transmittance curve due to temperature change in
PIC micelles aqueous solution at different concentrations (1~10 mg/mL). At 1 mg/mL, the PIC
micelles aqueous solution did not have temperature responsivity. However, the temperature
response began to appear from the concentration of 2.5 mg/mL, and the transition temperature
shifted to the higher temperature side as the concentration increased (from 11 to 37 °C).
Temperature responsiveness was also investigated using PIC micelles at 15 and 20 mg/mL, but
it was instable and formed large aggregates of micelles and precipitated immediately even at
95 °C. The details are shown in Figure 3-A6. These results showed stable PIC micelles having

temperature responsiveness are formed in aqueous solutions at concentrations from 1 to 10
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mg/mL. The hysteresis (cooling-heating cycles) of the temperature response of PIC micelles
due to changes in concentration can be confirmed by Figure 3-A7. The stable PIC micelles
were maintained for several weeks to several months in the concentrations range (1~10 mg/mL)

where precipitation did not occur.

100 & s00 ®
-1 mg/mL
90 r ,§450 - ——2.5 mg/mL
80 400 -5 mg/mL
~ ~
NN » -+—10 mg/mL
<70 - 5350
) ;a' Below the critical
Q 60 <300 - temperature
g : (Low Temp.) ‘
E 50 r E 250 & ®
E 40 2200 F Critical
=S > Temp. Ab itical
£30 ¢ -=1mgmL | B150 r temperature
= 20 ~25mg/mL| S0 | (igh Temp.)
-5 mg/mL E
10 ——10 mg/mL 50 -
0 1 L L L L 0 1 1 1 | 1 1 1 1 1 1 | |

0 5 10 15 20 25 30 35 40 45 50 55 60
Temperature (°C)

0 5 10 15 20 25 30 35 40 45 50 55 60
Temperature (°C)

Figure 3-7. Concentration dependence of PIC micelle aqueous solutions: (a) change of the
temperature-transmittance curve and (b) change of the hydrodynamic radius (Rn) with

different concentrations.

Figure 3-7b is the cause of the shift in the transition temperature due to the
concentration change of the PIC micelles aqueous solution. Changes in hydrodynamic radius
(Rn) due to temperature changes of PIC micelles at different concentrations were observed by
DLS. The micelle radius decreased with temperature increase in temperature-responsive PIC
micelles. This is because the shell part is a sulfobetaine having the UCST-type temperature
responsivity. Therefore, it is considered to exist in single micelles at high temperatures, the
sulfobetaine chain begins to shrink near the transition temperature, and aggregates of micelles

are formed below the transition temperature. Furthermore, PIC micelles at all concentrations
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exhibiting temperature responsiveness began to form aggregates of micelles near the transition
temperature, and at the higher concentrations they formed larger aggregates. At high
concentrations, the sulfobetaine chains tend to aggregate and form large aggregates.!'>??

Therefore, it is considered that the transition temperature of PIC micelles shifts to the higher

temperature side as the concentration increases.
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Figure 3-8. DP and concentration dependence on temperature responsivity of PIC micelles:
PIC micelles (SSNa37-b-SPPsg + MAPTACs1-b-SPPgs, solid lines) and (SSNazs-b-SPPos +
MAPTAC:51-b-SPPys, broken lines).

3.3.6 Degree of Polymerization Dependence on Temperature Responsivity of PIC
Micelles

By fixing the ionic chain as the core, the change in the transition temperature was
investigated by adjusting the length of only the sulfobetaine chains as the shell (from SPPgs to
SPPos). The author obtained the SSNa3zs-b-SPP9s and MAPTACs1-b-SPPos on this basis. Figure
3-8 compares the temperature responsiveness of PIC micelles prepared using these findings

and the temperature responsiveness of PIC micelles with the SPPeg shell. The solid line has a
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shell of sulfobetaine with a DP of 68 and the broken line is 95. At the concentration from 1 to
5 mg/mL, the cloud point where the sulfobetaine chain was longer shifted to the higher
temperature side. Especially at 5 mg/mL, the cloud point shifted around 50 °C (from 27 to
77 °C). In addition, the PIC micelle with the SPPos shell precipitated immediately because it is
unstable at a concentration of 10 mg/mL at 95 °C. Compared to the micelle with the SPPsg shell,
it formed unstable micelles at a low concentration. The temperature responsiveness of PIC
micelles revealed the degree of polymerization and concentration dependencies. Large

aggregates were easily formed as the concentration and degree of polymerization is increased.

3.4 Conclusions

PSPP homopolymers of various degrees of polymerization and sulfobetaine-containing diblock
copolymers (PSSNa-6-PSPP and PMAPTAC-b-PSPP) were synthesized by the RAFT
technique. The degree of polymerization and the concentration dependencies on the
temperature responsiveness of the sulfobetaine homopolymer aqueous solution were
investigated. The transition temperature shifted to the higher temperature side due to the
increase in the degree of polymerization (DP: 39 to 106). The degree of polymerization
increased by about 2 times (DP: from 53 to 106), and the transition temperature also increased
by about 24 °C (from 13 to 37 °C). Then, in the aqueous solution of SPPs3, the cloud point
increased by 10 °C (from 5 to 15 °C) as the concentration increased from 2.5 to 15 mg/mL, and
became constant at concentrations above 15 mg/mL. Also, the sulfobetaine-containing diblock
copolymers having temperature responsivity exhibited the same tendency depending on the
concentration change. The transition temperature of an aqueous solution of SSNai4-b-SPPs40
increased by 12 °C (from 21 to 33 °C) as the concentration increased from 2.5 to 10 mg/mL,
and it became constant at a concentration above 10 mg/mL. Whereas, in an aqueous solution
of MAPTAC3-b-SPPss, the cloud point increased by 16 °C (from 5 to 21 °C) as the

concentration increased from 15 to 40 mg/mL, but it did not become constant.
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PIC micelles were prepared using two diblock copolymers (block ratio is roughly
50:50) that did not have temperature responsiveness. To form a proper PIC micelle, the length
of the ionic chains forming the core must be 10 or more. The block copolymers which did not
exhibit temperature responsiveness due to the effect of block ratio by introduction of an ionic
chain (anionic chain or cationic chain) showed temperature responsiveness by forming PIC
micelles. Then, if the mixing ratio is not 1:1, the ionic chain and the sulfobetaine chain interact,
and it becomes difficult to form PIC micelles and exhibit temperature responsiveness. The
temperature responsiveness was observed with PIC micelles in which the core is an ionic chain
and the shell is a sulfobetaine chain. Formation of micelles in which corona expands and
contracts in response to temperature change was confirmed by DLS. The sulfobetaine chain
began to shrink near the transition temperature, and aggregates of micelles were formed below
the transition temperature. Furthermore, the temperature responsiveness in PIC micelles
revealed the degree of polymerization and concentration dependencies. When the concentration
of the PIC micelles aqueous solution was 5 mg/mL, the cloud point was shifted by about 50 °C
(from 27 to 77 °C) by changing the DP of PSPP from 68 to 95. Then, PIC micelles consisting
of PSSNa3z7-b-SPPss and MAPTACs1-b-SPPsg exhibited a critical temperature of 11 to 37 °C in
the concentration range of 2.5~10 mg/mL.

These results suggested that the transition temperature can be controlled by adjusting
the concentration of PIC micelle aqueous solution and degree of polymerization of sulfobetaine
chain which serves as a shell. These PIC micelles are expected to be applicable to drug delivery

systems carrying hydrophilic medicine because the core is the polyion complex.
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3.5 Appendix
3.5.1 Estimation of Polydispersity Index (Mw/M,) of PSSNa-b-PSPP and PMAPTAC-
b-PSPP Block Copolymers.

The author conducted GPC measurements using two kinds of eluents. An anionic
eluent (20 wt% CH3CH aq, 0.05 M NaNQOs3, 0.01 M Na,HPO4) was used for the PSSNa-b-PSPP
block copolymer. PSSNa was used as the standard sample. Then, a cationic eluent (0.5 M
CH3COOH, 0.3 M NaxSO4) was used for PMAPTAC-b-PSPP. P2VP was used as the standard

sample. The result is shown in Figure 3-Al.

SPP,,
SSNa, ,-b-SPPs,,
MAPTAC 5-b-SPPs;

MAPTAC;,-b-SPP
SSNa,s-b-SPPo,
MAPTACs,-b-SPPy,

Figure 3-A1. GPC charts for PSSNa-b-PSPP and PMAPTAC-b-PSPP block copolymers.

SPP68: Mn:19076 and Mw/Mn:1 .06
SSNaj4-b-SPPs4g: My=139636 and My/M,=1.16
MAPTAC13-b-SPP55I Mn=21709 and Mw/Mn:1.09

SSNa37-b-SPP¢s: My=27107 and Mw/M,=1.12
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MAPTAC51-b-SPP6gZ Mn=30163 and Mw/Mn=1.17
SSNass-b-SPPoys: My=37997 and My/My=1.08

MAPTACSs1-b-SPPos: M=33645 and Myw/My=1.17

SPP.;,
920
7~
é 80
3 70
= 60 - | 7.5 mg/mL
E 50 —=—10 mg/mL
g 40 ——15 mg/mL
g —e—20 mg/mL
« 30 —+—25 mg/mL
B 20 ——30 mg/mL
—<—35 mg/mL
10 —=—40 mg/mL
0 p— = ! !
0 5 10 15 20 25
Temperature (°C)

Figure 3-A2. Shift of temperature-transmittance curve by concentration change of SPPs3

aqueous solution.
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Figure 3-A3. Shift of temperature-transmittance curve by concentration change of block

copolymer aqueous solutions: (a)SSNai4-b-SPPs40, (D) MAPTAC13-b-SPPS55.
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Figure 3-A4. Confirmation of concentration dependency of block copolymers without

temperature responsivity: (a)SSNaz7-b-SPPss and (b)MAPTACs1-b-SPPes.
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Figure 3-AS. DLS autocorrelation functions for different concentrations of PIC micelles
obtained at four angles (60°, 75°, 90°, and 105°): 10 mg/mL PIC micelles at (a)60, (b) 49,
(c) 45, (d)35, ()30, ()25 °C, 5 mg/mL PIC micelles at (g)60, (h)30, (i)25, (j)17 °C, 2.5
mg/mL PIC micelles at (k)60, (1)20, (m)10 °C and 1 mg/mL PIC micelles at (n) 60, (0)
10 °C.
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Figure 3-A6. PIC micelles were prepared at concentration of 15 and 20 mg/mL.
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Figure 3-A7. Hysteresis of temperature response due to the concentration change of PIC
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Chapter 4

Collapse Behavior of Polyion Complex (PIC) Micelles upon Salt
Addition and Reforming Behavior by Dialysis and Its Temperature

Responsivity

Temperature responsive polyion complex (PIC) micelles were prepared using two
diblock copolymers composed of a sulfobetaine chain (poly(sulfopropyl dimethylammonium
propylacrylamide) ; PSPP) and ionic chains (poly(sodium styrenesulfonate) ; PSSNa or poly[3-
(methacrylamido)propyl trimethylammonium chloride] ; PMAPTAC). Because the core is PIC
and the shell is sulfobetaine with UCST-type temperature response, the corona expands and
contracts in response to temperature. To control the size and uniformity of the PIC micelles,
the collapse of PIC micelles by salt addition and the reforming behavior by dialysis were
investigated by transmittance, DLS, TEM, AFM, and 'H NMR measurements. Investigation of
the ionic species dependence of the added salt in the collapse behavior of PIC micelles revealed
that it was dependent on the anionic species, although no dependence on the cationic species
was observed. Its effectiveness was in the order of [>Br>CI>F-, which is in agreement with
the order of ionic species with strong structural destruction in the Hofmeister series.
Heterogeneous and large PIC micelles were formed by the simple mixing method. They
collapsed by salt addition and were reformed by the dialysis method to form uniform and
smaller PIC micelles. This is considered to be because a uniform and smaller micelle is formed
to reform in equilibrium state by dialysis. The temperature response of PIC micelles formed by
the simple mixing method and PIC micelles reformed by dialysis, showed nearly the same
temperature-transmittance curves. These results indicate that the temperature response of PIC

micelles is affected by the concentration rather than the hydrodynamic radius. Furthermore, the
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stability of PIC micelles was found to be affected by the concentration temperature (the

temperature at the time of concentration).

4.1 Introduction

A zwitterionic polymer having both a negative charge and a positive charge in one
repeating unit is similar in structure to lipids that constitute the cell and has high
biocompatibility,'-* so that it is applied to various biomedical materials.!”” Furthermore, it is

8-12

well known that this zwitterionic polymer has temperature responsivity,3!? pH-responsivity,'3-

15 jonic species dependence of added salt,'s-'® and dependence of salt concentration.'!6:1°
Therefore, it has been studied in various fields such as brushes,*7!131? gels, 182021 mjcelles,>*!7

322 and surfactants?3-? based on their properties.

vesicles,

For application to a drug delivery system (DDS), research on micelles and vesicles
with stimuli responsivity has been actively conducted.*?6-3* In the case of core-shell-type
stimuli-responsive micelles and vesicles formed by diblock copolymers consisting of
hydrophilic and hydrophobic blocks, the corona expands and contracts or shape transitions
occur in response to external stimuli.?*?6-3° Therefore, they may be applicable as carriers that
can carry hydrophilic or hydrophobic drugs.?**° Furthermore, polyion complex (PIC) micelles
and PIC vesicles, which are prepared in aqueous media by electrostatic self-assembly of the
oppositely charged block- and ionic homopolymer or two diblock copolymers composed of
hydrophilic or hydrophobic and ionic (anionic or cationic) blocks.”3!-* PIC micelles are
expected to transport hydrophilic drugs because the core is a polyion complex.®3!-32

Typically, the size and uniformity of micelles and vesicles can be controlled by

adjusting the block ratio,>*-¥7 mixing ratio,*®?*°and concentration®** of the polymer or

37,40 9,41,42

surfactant, solvent mixture, and temperature and so on. However, the PIC micelles

systems tend to form inter- or intramolecular pairs, making it difficult to regulate morphology.
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In addition, the concentration of polymer solution and the degree of polymerization of the block
including thermoresponsiveness have a significant effect on the stability of the aggregate,
causing precipitation and heterogeneous association.®® Thus, the system is worth studying
because our knowledge of the micellization of block copolymers with thermo-responsive
blocks by polyionic interaction is quite limited.

In this study, to control the size and uniformity of temperature responsive PIC micelles,
the author investigated the collapse behavior of PIC micelles by salt addition and the reforming
behavior by dialysis. PIC micelles were prepared by mixing two diblock copolymers consisting
of sulfobetaine chain (PSPP) and ionic chains (PSSNa or PMAPTAC) in water so that the anion
and cation charge numbers would be equal.®*!-** PIC micelles with a core of PIC and a shell of
sulfobetaine are formed.” Sulfobetaine is a kind of zwitterionic polymer and exhibits upper

critical solution temperature (UCST)-type temperature response.®!?

The ionic species
dependence on the added salt in the collapse behavior of PIC micelles was investigated by
measuring transmittance, and the shape change by a method of forming the PIC micelles was
investigated by measuring transmittance, dynamic light scattering (DLS), with a transmission
electron microscopy (TEM), atomic force microscopy (AFM), and '"H NMR. Finally, the author
compared the temperature response of PIC micelles prepared by the simple mixing method and

PIC micelles reformed by the dialysis method. Furthermore, the relationship between the

concentration temperature and transition temperature of PIC micelles was investigated.

4.2 Experimental
4.2.1 Materials

3-(Methacrylamido)propyltrimethylammonium chloride (MAPTAC) and sulfopropyl
dimethylammonium propylacrylamide (SPP) were kindly donated by Osaka Organic Chemical
Industry Ltd. (Osaka, Japan). 4,4-Azobis(4-cyanovaleric acid) (ACVA, 98%), p-

styrenesulfonic acid sodium salt (SSNa), potassium chloride (KCI), lithium chloride (LiCl),
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calcium chloride (CaCl,), sodium chloride (NaCl), sodium bromide (NaBr), and sodium iodide
(Nal) were purchased from Wako (Osaka, Japan). Sodium fluoride (NaF) and guanidinium
chloride (GdmCIl) were purchased from Nacalai Tesque (Kyoto, Japan). Deuterium oxide (D-O,
99.9 %) was a product of Cambridge Isotope Laboratory (CIL) (U.K.). The pure water used for
solution preparation and dialysis was ultrapure water obtained by Milli-Q system (18.2
MQcm). Dialysis for PIC micelles reforming performed with a dialysis tube from Orange

Scientific (MWCO: 12000~16000).

4.2.2 'H Nuclear Magnetic Resonance (NMR)

"H NMR spectra for confirmation of collapse and reformation behavior of PIC micelles
were obtained with a JEOL JNM-EX 400 spectrometer using as a solvent D>O (CIL, 99.99%)).
Dialysis was performed by using pure water to reform PIC micelles. The PIC micelle aqueous
solution which overall concentration was diluted by dialysis was concentrated to 1 wt% by
natural drying for about 2 weeks. When observing reformed PIC micelles by dialysis, 0.5 mL
of 1 wt% PIC micelle aqueous solution was mixed with 0.5 mL of D,O before 'H NMR was

performed. The concentration of samples was 0.5~1 wt%.

4.2.3 Electrophoretic Light Scattering (ELS)

The zeta potential of 1 wt% SPPesg, SSNa37-b-SPPss, MAPTACs1-b-SPPsg, and PIC
micelles was measured at room temperature and 50 °C by using an ELSZ-2000 (Otsuka
Electronics Co., Ltd, Osaka, Japan). The average value of the values obtained by repeating
three times was designated as the zeta potential. The zeta potential was calculated from the

obtained electrophoretic mobility via Smoluchowski’s equation*’ as follows:
4nnU
(=" 6]

&

where U, 7, and ¢ are the electrophoretic mobility, the viscosity of solvent and the dielectric
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constant of the solvent, respectively.

4.2.4 Turbidity

The collapse behavior of PIC micelles upon salt addition and the change in transition
temperature by a method of forming the PIC micelles were determined using a UV-vis
spectrometer U-3310 (Hitachi). The collapse behavior of PIC micelles upon salt addition was
observed values at a wavelength of 400 nm and 25 °C. The change in transition temperature by
a method of forming the PIC micelles was observed at a wavelength of 400 nm and various

temperature ranges.

4.2.5 Dynamic Light Scattering (DLS)

The change in hydrodynamic radius (Ry) due to the method of forming PIC micelles
was estimated by using a Photal SLS-7000DL (Otsuka Electronics Co., LTD) (Osaka, Japan)
equipped with a 15 mW He-Ne laser (wavelength 632.8 nm) and GC-1000 photon correlator.
DLS measurements were made at various temperatures and concentrations. The time
correlation function of the scattered field was measured at four scattering angles (60°, 75°, 90°,
and 105°) with an accumulation time of 30 min. The hydrodynamic radius (Ry) was calculated

via the well-known Stokes-Einstein equation.*+4>

4.2.6 Transmission Electron Microscopy (TEM)

The shape changes by a method of forming the PIC micelles was confirmed by using
a JEOL JEM-2100 (Tokyo, Japan) with an accelerating voltage of 200 kV. Samples for TEM
were prepared by placing one drop of the aqueous solution on a copper grid coated with thin
films of carbon and Formvar. The excess water was blotted with filter paper. The samples were

stained by sodium phosphotungstate and dried under vacuum for 1 day.
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4.2.7 Atomic Force Microscopy (AFM)

Images of shape change by a method of forming the PIC micelles were confirmed by
using a Seiko SPI3800 probe station and a SPA300 unit system of the SPI13900 series scanning
probe microscope (Tokyo, Japan). The microcantilever with an OMCL-AC240TS-C3 (Olymp-
us Corp.) (Tokyo, Japan) and a spring constant of 1.7 N/m and the resonant frequency of 70
kHz was used. The measurement mode was a dynamic force mode (non-contact mode).
Samples for AFM were prepared by placing one drop of the aqueous solution onto a 1.0 mm

glass microscope slide. The samples were dried for 5-10 min in 100 °C ovens.

Table 4-1. Characteristics of Diblock Copolymers (PSSNa-b-PSPP and PMAPTAC-b-
PSPP).

Polymer My (g/mol) PDI (Mw/Mn) m:n
PSSNa-b-PSPP1 25900 1.12 36:66
PSSNa-b-PSPP2 26700 1.12 37:68

PMAPTAC-b-PSPP1 29500 1.17 50:66
PMAPTAC-b-PSPP2 30300 1.17 51:68

4.3 Results and Discussion
4.3.1 Characterization of Block Copolymers

The four diblock copolymers used in this study are shown in Table 4-1. Diblock
copolymers consisting of a sulfobetaine chain and an ionic chain (PSSNa or PMAPTAC)

having a block ratio of about 50:50 was used. These were synthesized as reported previously.®?
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4.3.2 Confirmation of PIC Micelles

As previously reported,” the author confirmed the disappearance of the peaks of the
ionic chains to become a core and the size of the PIC micelles by 'H NMR and DLS,
respectively. Then, the presence and responsiveness of the PIC micelles were confirmed by the
turbidity, and the morphology was observed by AFM and TEM.

The zeta potential of the negative value (-30.17 mV) of SSNa37-b-SPPes and the
positive value (36.05 mV) of MAPTAC:s1-b-SPPsg became neutral value (0.10 mV) by forming
aggregate. The zeta potential of the aggregate was almost the same value as SPPesg (1.05 mV).
This showed that micelles with the ionic chain as the core and sulfobetaine chain as the shell

were formed. Detailed information is shown in Figure 4-A1.
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Figure 4-1. Ionic species dependence of the added salt in the collapse behavior of PIC

micelles: the salt of (a) cationic species and (b) anionic species.
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4.3.3 lonic Species Dependence of the Added Salt in the Collapse Behavior of PIC
Micelles

As shown in Figure 4-1a, KCI, NaCl, LiCl, CaCl,, and GdmCI (salt of cationic species)
were added to 0.1 wt% PIC micelles prepared from SSNazs-b-SPPss and MAPTACs0-b-SPPes,
and the micelles collapsed after addition of 0.1 M or more. However, cationic species
dependence was not observed. Even, the same behavior was exhibited using guanidinium
chloride (GdmCl), which is the most structurally destructive of the Hofmeister series.**’ On
the other hand, as shown in Figure 4-1b, in order to confirm the anionic species dependence,
Nal, NaBr, NaCl, and NaF (salt of anionic species) were added in the same way, the 0.1 wt%
PIC micelles prepared from SSNaz7-b-SPPss and MAPTACs1-b-SPPgs collapsed by the
addition of 0.025 M, 0.05 M, 0.1 M, 0.5 M, respectively. The PIC micelles collapsed in the
order of [>Br>CI>F". This is consistent with the order of ionic species with strong structural
destruction in the Hofmeister series.*®4” Herein, the reason why the transmittance decreases
with the addition of 0.7 M or more NaF is that the solubility of NaF decreases. For detailed
information see Figure 4-A2. These results showed that the collapse behavior of PIC micelles
upon the addition of salt was more affected by anionic species than cationic species. The
sulfobetaine chain is N* (quaternary ammonium cation) in the middle and SO (sulfurous acid)
on the outside. The fully hydrated SO3™ of the sulfobetaine chain dissolves well and is induced
with a negative charge. However, it forms intra- or intermolecular salts when not fully hydrated.
Therefore, the degree of hydration of SO3" is an important factor. The author believe that the
anionic species plays the role. Various studies have shown that it is the effect of anionic species
to break the intra- or intermolecular salt and to increase the hydration of sulfobetaine increases
from kosmotropic to chaotropic anion.!®!8 The sulfobetaine chain that is the shell is assumed
to be hydrated and stretched by anionic species, so that the salt reaches the core and the PIC

micelles collapsed.
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4.3.4 Shape Change by a Method of Forming the PIC Micelles

The author confirmed from the transmittance how much salt was added to collapse 0.1
wt% PIC micelles prepared from SSNaze-b-SPPss and MAPTACs0-b-SPPss. As shown in
Figure 4-2, when a small amount of salt is initially added, it interacts only with the shell
sulfobetaine, shielding the sulfobetaine charge and making it relatively hydrophobic.*34°
Therefore, the attractive force of sulfobetaine increased to form a large aggregate, and the
transmittance decreased to almost 0 %. Herein, when salt was added little by little, salt entered
the core and the micelles began to collapse. At 0.5 M, the micelles were almost collapsed. The
amount of salt required until collapse differs depending on the overall concentration of the PIC
micelle in aqueous solution. Detailed information is shown in Figure 4-A3. Therefore, in this

study, the experiment was conducted using 1 M NaCl.
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Figure 4-2. Confirmation of the collapse behavior of 0.1 wt% PIC micelles with the concent-

ration of added salt form the transmittance.

The collapse behavior of PIC micelles upon salt addition and the reforming behavior
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by dialysis were observed by DLS and TEM measurement. PIC micelles prepared by the simple
mixing method were turbid as shown in Figure 4-3 with a hydrodynamic radius (Rn) of 85 nm,
and as shown in Figure 4-4a, formed a large and heterogeneous aggregate. When 1 M NaCl
was added, the micelles collapsed, and the PIC micelle aqueous solution became transparent.
The Ry was 29 nm, and the micelles collapsed as shown in Figure 4-4b. When reformed by
dialysis, the hydrodynamic radius was 39 nm, and uniform and small PIC micelles as shown in
Figure 4-4c were constructed. Since a small aggregate was formed, the solution appeared blue
at this time. During simple mixing, the two block copolymers rapidly interacted to form a large
and heterogeneous aggregate, but the PIC micelles collapsed after salt addition. In addition, it
is thought that PIC micelles were reformed in an equilibrium state by dialysis, resulting in more

uniform and smaller PIC micelles.

o
=]

A U N X
[ — N —

Reformed

(]
(=]
T

Collapsed by dialysis
| Simple mixing (29 nm) (39 nm)
(85 nm)

Hydrodynamic radius (nm)
[
(—]

i
(—}

=]

0M 1M after dialysis
Salt Concentration (M)

Figure 4-3. Change in hydrodynamic radius by a method of forming the PIC micelles.
The same trend was observed with the AFM measurement. The 1 wt% PIC micelles

using SSNa37-b-SPPsg and MAPTACs1-b-SPPss prepared by simple mixing formed large and

heterogeneous aggregates as shown in Figure 4-5a. On the other hand, the PIC micelles
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reformed by dialysis formed more uniform and smaller aggregates. These results show that the

size and uniformity can be controlled by the method of forming PIC micelles.

Figure 4-4. TEM image of collapse and reforming behaviors of PIC micelles: (a) PIC
micelles formed by simple mixing, (b) PIC micelles add with 1 M NacCl, (c) PIC micelles
reformed by dialysis.

Height image Phase image Bird’s-eye view
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/ &=a )

(b) Reformed
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Figure 4-5. AFM image of shape change by a method of forming the PIC micelles: (a)

simple mixing, (b) reforming by dialysis.
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Furthermore, using '"H NMR the author confirmed the collapse behavior of PIC
micelles by salt addition and the reforming behavior by dialysis. As shown in Figure 4-6, the
ionic chain peaks (i+j peaks of PSSNa which is an anionic chain and m peak of PMAPTAC
which is a cationic chain) of each block copolymer that disappeared from the formation of PIC
micelles could be observed again due to the collapse of PIC micelles caused by salt addition.’
In addition, when PIC micelles were reformed by dialysis, the ionic chain became the core and

the peaks disappeared again. Thus, PIC micelles collapsed and reformed.
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Figure 4-6. Confirmation of collapse and reformation behavior of PIC micelles by 'H NMR.
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4.3.5 Change in Transition Temperature by a Method of Forming the PIC Micelles
The author compared the temperature response of PIC micelles formed by the simple
mixing method and PIC micelles reformed by the dialysis method. A 1 wt% PIC micelle
aqueous solution was prepared from SSNa37-b-SPPsg and MAPTACs1-b-SPPsg and showed an
upper critical solution temperature (UCST)-type temperature response as shown by the black
line in Figure 4-7. At room temperature, the turbid PIC micelle aqueous solution turned blue at
60 °C and the hydrodynamic radius was 72 nm. After the addition of 3 M NaCl, the PIC
micelles collapsed, and as shown by the red line, the transmittance increased to 90 % or more
with the disappearance of temperature response. Then the hydrodynamic radius was 12 nm at
room temperature. In addition, when PIC micelles were reformed by dialysis for 4 days, the
concentration of PIC micelle aqueous solution diluted due to dialysis, and the temperature-
transmittance curves shifted to the lower temperature as shown by the blue line. The clear
solution turned blue at room temperature and the hydrodynamic radius was 35 nm. Therefore,
it was concentrated by natural drying for about 2 weeks to adjust the concentration. The
temperature-transmittance curves returned to the initial state. At room temperature, the turbid
PIC micelle aqueous solution became blue at 60 °C and the hydrodynamic radius was 45 nm.
Furthermore, small micelles were constructed even when the PIC micelle aqueous solution
reformed by dialysis was concentrated. Previously,’ the author reported that the hydrodynamic
radius of single micelles formed was roughly consistent with the concentration in the high
temperature region when the PIC micelles were mixed at equal charge number of anions and
cations. So, it is considered the hydrodynamic radius is the roughly consistent because the site
that forms the core has been decided. However, the size of the aggregate of micelles formed in
the lower temperature region depended on the concentration. It is considered that the formation
behavior of micelle aggregates below the critical temperature where the temperature response

can be expressed is may not be greatly influenced by the hydrodynamic radius of the single
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micelle, but more affected by the concentration of the micelle aqueous solution. Therefore, it
is considered that the temperature-transmittance curves are roughly consistent because the
concentration is the same even if the PIC micelles formed by the simple mixing method and
the PIC micelles reformed by the dialysis method have a different hydrodynamic radius. Images

of PIC micelles prepared by the simple mixing method and PIC micelles reformed by

thedialysis method at 60 °C can be confirmed by Figure 4-A4.
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Figure 4-7. Change in transition temperature by a method of forming the PIC micelles: all

sample images are at room temperature.
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Figure 4-8. Change in transition temperature of PIC micelles with concentration

temperature.

4.3.5 Relationship between Concentration Temperature and Transition Temperature of
PIC Micelles

The effect of concentration temperature (the temperature at the time of concentration)
on the transition temperature of PIC micelles was determined by measuring transmittance. As
shown in Figure 4-8, PIC micelles concentrated by natural drying at room temperature showed
UCST-type temperature responsivity which almost coincided with the temperature-
transmittance curves of PIC micelles prepared by simple mixing. However, the temperature-
transmittance curves of PIC micelles concentrated in an oven at 50 °C for 35 hours shifted
toward the lower temperature. The transition temperature decreased by 8 °C (from 37 °C to
29 °C). Furthermore, the temperature response of PIC micelles concentrated in an oven at 60 °C
for 20 hours disappeared. This is thought to be because the ionic chain, which is the core,

collapsed with the increase in the kinetic energy of the molecular chain, forming an unstable
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aggregate.’>3* The hysteresis of temperature response of PIC micelles can be confirmed in
Figure 4-AS.

Height image Phase image Bird’s-eye view
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Figure 4-9. AFM image of shape change with concentration temperature: (a) after dialysis,

(b) concentrated at 50 °C, (c) concentrated at 60 °C.

The dependence of the shape change of PIC micelles on the concentration temperature
was confirmed by AFM measurement. As shown in Figure 4-9, small and uniform spherical
aggregates were observed in the PIC micelles reformed by the dialysis method. However, the
number of micelles present within the same measurement scale rapidly decreased by increasing
the concentration temperature. A small number of micelles could be observed in the sample
concentrated at 50 °C, but none were observed in the sample concentrated at 60 °C. As the
concentration temperature increased, the kinetic energy of the polymer chain increased, and

the electrostatic attraction of the polyion complex, which is the core weakened, resulting in
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unstable micelles. Finally, the PIC micelles are collapsed. This is considered to be the cause of
the disappearance of temperature responsiveness due to the increase in concentration
temperature. These findings showed that the stability of PIC micelles is affected by the

concentration temperature.3*3

4.4 Conclusions

Herein, the author demonstrated that the size and uniformity of PIC micelles can be
controlled by the reformation method by dialysis. There was no dependence of the added salt
on the cationic species in the collapse behavior of PIC micelles. On the other hand, anionic
species showed dependence, and the PIC micelles collapsed in the order of [>Br>CI>F". This
is consistent with the order of ionic species with strong structural destruction in the Hofmeister
series. The important factor is the degree of hydration of SO3™ on the outside of the sulfobetaine
chain, and the author believe that the salt of the anionic species plays a role.

Heterogeneous and large PIC micelles formed by the simple mixing method, collapsed
after salt addition and reformed by dialysis to form uniform and smaller PIC micelles. Thus,
uniform and smaller micelles can be reformed in the equilibrium state by dialysis.

The temperature response of PIC micelles formed by the simple mixing method and
PIC micelles reformed by dialysis, showed similar temperature-transmittance curves. The
hydrodynamic radius of the PIC micelle differed with the formation method, but at the same
overall concentration, the temperature-transmittance curves were roughly consistent, indicating
that the effect of concentration on PIC micelles was greater than that of the hydrodynamic
radius.

The stability of PIC micelles is affected by the concentration temperature. This is
thought to be because the ionic chain, which is the core, collapsed with the increase in the

kinetic energy of the molecular chain, forming an unstable aggregate.
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4.5 Appendix

(2) SPPs (1 Wt%, 25 °C)

Run 1
Electrophoretic
Run Zeta-potential (mV)
mobility (cm?/Vs)
2 1 3.40 2.650e-005
a
2 2 -0.39 -3.077¢-006
Run3 3 0.14 1.118¢-006
‘ mean 1.05 8.180e-006
Zeta—potentlal (mV)
(b) SSNas7-b-SPPes (1 wt%, 25 °C)
Run 1
Electrophoretic
Run Zeta-potential (mV)
N mobility (cm?/Vs)
) 1 -31.11 -2.426e-004
=
Q
= 2 -29.67 -2.314e-004
Run 3 3 -29.73 -2.319¢-004
‘ mean -30.17 -2.353e-004
Zeta-potentlal (mV)
(c) MAPTAC:5:-b- SPP58 (1 wt %, 25 °C)
Run 1
Electrophoretic
Run Zeta-potential (mV)
mobility (cm?/Vs)
g Rz 1 36.62 2.856¢-004
S|
Q
= ‘ 2 41.74 3.255e-004
3 29.80 2.324¢-004
‘ mean 36.05 2.812e-004

Zeta—potentlal (mV)
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(d) PIC micelle (1 wt%, 25 °C)

Run 1 |
Electrophoretic
Run | Zeta-potential (mV)

I e ) mobility (cm?/Vs)
gy R ' 1 0.20 2.274e-006
a
(0]
k= ‘ 2 -0.07 -8.153e-007

Run 3 .3 0.16 1.823¢-006

‘ mean 0.10 1.094e-006

Zeta-ﬁbtential (mV)

Figure 4-A1l. Estimation of the zeta-potential by ELS: (a) SPPes, (b) SSNaz7-b-SPPss, (c)
MAPTAC:s1-b-SPPsg, and (d) PIC micelles.
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Figure 4-A2. Solubility of NaF in water.
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Figure 4-A3. The amount of salt required until collapse differs depending on the overall

concentration of the PIC micelle aqueous solution.
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(c) d)

(b)
Figure 4-A4. Images of PIC micelle aqueous solution with different formation method:

Images of PIC micelles were prepared by simple mixing method at (a) room temperature,

(b) 60 °C, and PIC micelles reformed by dialysis at (c) room temperature, (d) 60 °C.

90



100

—e— 0M NaCl-cooling
90 |~©--OM NaCl-heating
—a—naturally dried-cooling
g0 |--&--naturally dried-heating
- —a—oven(50)-cooling
70 | --=--oven(50)-heating
<
Se0
8
850 ¢
o
B |
5
30 r
=
20 -
10
0 1 1 1 1 -~ = 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45 50 55 60
Temperature (°C)

Figure 4-AS. The hysteresis of temperature response of PIC micelles: The solid line is

cooling process and the broken line is heating process.

(a) 0.1 wt% PIC micelles (b) 0.1 wt% PIC micelles in 1 M NaCl aq.
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(c) After dialysis of 1 M NaCl aq. (d) 1 wt% PIC micelles
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(e) 1 wt% PIC micelles in 3 M NaCl aq. (f) After dialysis of 3 M NaCl aq.
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(g) PIC micelles concentrated by natural drying
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Figure 4-A6. DLS autocorrelation functions with shape change of PIC micelles obtained at
four angles (60°, 75°, 90°, and 105° ): 0.1 wt% PIC micelles prepared by SSNa3s-b-SPPgs
and MAPTACs:s:1-b-SPPe¢s (a) in water, (b) in 1 M NaCl aq., (c) after dialysis of 1 M NaCl at
25 °C, and 1 wt% PIC micelles prepared by SSNaz7;-b-SPPss and MAPTACs1-b-SPPes (d)
at 60 °C, (e) in 3 M NaCl aq. at 25 °C, (f) after dialysis of 3 M NaCl aq. at 25 °C,, (g)
concentrated by natural drying at 60 °C.
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Chapter 5

The Behavior of Micelle Formation and Functional Expression in
Sulfobetaine-Containing Entirely lonic Block Copolymer / lonic

Homopolymer System

The author investigated the behavior of micelle formation in the sulfobetaine-
containing entirely ionic block copolymer/ionic homopolymer system and its functional
expression. Poly(sulfopropyl dimethylammonium propylacrylamide) (PSPP) was used as the
sulfobetaine, poly[3-(methacrylamido)propyl trimethylammonium chloride] (PMAPTAC) was
used as the cationic polymer, and poly(sodium styrenesulfonate) (PSSNa) was used as the
anionic polymer. The changes in transition temperature with the concentration and the behavior
of micelle formation in the block-/cationic homopolymer and block-/anionic homopolymer
system were compared and examined by transmittance, DLS, AFM, and '"H NMR. Only block-
/cationic homopolymer systems with a core-shell (polyion complex-sulfobetaine) structure
showed temperature responsivity of upper critical solution temperature (UCST) type, and the
responsiveness was dependent on the concentration. On the other hand, the block-/anionic
homopolymer system had a core-shell structure at a concentration of 0.05 wt%, but temperature
responsiveness was not observed at this concentration. At higher concentrations, electrostatic
attraction caused the anionic homopolymer and block copolymer to interact as a whole,
resulting in loss of responsiveness. When the ionic homopolymer had a higher degree of
polymerization (DP) than the sulfobetaine, it could not form a core-shell structure by
interacting with the sulfobetaine and ionic polymer moieties of the block copolymer; thus,
resulting in the loss of responsiveness. The block-/ionic homopolymer system prepared by the

reforming method through dialysis formed uniform and small micelles, but lost responsiveness
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due to morphological stability and electrostatic interaction between the block copolymer and

ionic homopolymer.

5.1 Introduction

Zwitterionic betaine polymers having both anions and cations in one repeating unit
have high moisturizing properties due to their structural specificity and have been used in
cosmetics and the like for a long time.'"> Recently, these polymers have been found to have
high biocompatibility because they have a structure similar to that of the lipids that make up
the cells,>®7 and are applied to biomedical materials®® and biosensors.'®!! Furthermore,

research is being conducted on energy materials to stabilize the interface.!>"'*

Betaine polymers are neutral in an aqueous solution, and the solubility changes
depending on the concentration of salt and the ionic species of the added salt.>*¢ The typical

15,16

ionic polymer of anionic and cationic polymers shrinks with the addition of salts,">>'® whereas

the zwitterionic betaine chains exhibit the exact opposite behavior of stretching.!”

Betaine polymers are divided into carboxybetaine (CB), phosphobetaine (PB), and
sulfobetaine (SB) according to functional groups.®* Among them, only sulfobetaine shows
upper critical solution temperature (UCST) behavior in which the solubility increases rapidly
when a certain temperature is exceeded.>*¢ The expression mechanism predicts that anions and
cations form an intra- or intermolecular pair below the transition temperature, and that the intra-
or intermolecular pair is relaxed and dissolved by an increase in the kinetic energy of the
molecular chain above the transition temperature.>*® The carboxybetaine is pH-responsive

3,6,18

depending on the functional group. Phosphobetaine has high biocompatibility and

solubility due to its structural properties.'®?° These have been studied in various fields such as
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17,21,22 23,24 12-14 25-27

brushes, micelles, organic-inorganic hybrid solar cells, surfactants, and

gels 26,28,29

Zwitterionic polyion complex (PIC) micelles form a novel self-assembling complex
with a polyion complex of polyanions and polycations as the core and zwitterionic polybetaines
as the corona (shell).?*>* In ordinary amphiphilic block copolymers, the core is formed by the
association of hydrophobic chains to form polymeric micelles,**>! but in PIC micelles, the
driving force is the electrostatic attraction between polyanions and polycations and the
increased entropy according to counterions released by the association.’? Therefore, the
stability as micelles and the response to added salt is significantly different. In most cases, the
shell of normal PIC micelles is water-soluble and nonionic polyethylene glycol (PEG).32-34
Recently, research on PIC micelles of the diblock/diblock system whose shell is betaine is in

progress.?324

In this study, the author investigated the behavior of micelle formation and functional
expression of PIC micelles in the sulfobetaine-containing diblock copolymer/ionic
homopolymer system. The transmittance revealed a change in responsiveness in the block-
/ionic homopolymer system according to the charge (anion or cation). Changes in transition
temperature and shape of aggregate due to changes in concentration of polymer aqueous
solution and interaction between block copolymers and ionic homopolymers were confirmed
by DLS, AFM, '"H NMR, and transmittance. The effect of the degree of polymerization of the
ionic homopolymers on the block-/ionic homopolymer system was investigated. Furthermore,
the temperature responsivity and the behavior of micelle formation of PIC micelles prepared

by simple mixing and PIC micelles reformed by dialysis were compared.
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5.2 Experimental

5.2.1 Materials

p-Styrenesulfonic acid sodium salt (SSNa), 4,4'-azobis(4-cyanovaleric acid) (ACVA,
98%), sodium nitrate (NaNO3), and disodium hydrogenphosphate (Na;HPO4), were purchased
from Wako (Osaka, Japan). Sulfobetaine (SPP) and 3-(methacrylamido)propyl
trimethylammonium chloride (MAPTAC) monomers were kindly donated by Osaka Organic
Chemical Industry Ltd. (Osaka, Japan). Acetic acid (CH;COOH) was purchased from Nacalai
Tesque (Kyoto, Japan). Sodium sulfate (NaxSO4) and acetonitrile (CH3CN, 99.5%) were
purchased from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). 4-
Cyanopentanoic acid dithiobenzoate was used as a chain transfer agent (CTA), which was
synthesized as reported by Mitsukami et al.*>> Deuterium oxide (D20, 99.9%) was a product of
Cambridge Isotope Laboratory (CIL) (U.K.). The ultrapure water used for synthesis, solution
preparation, and dialysis was obtained using the Milli-Q system (18.2 MQcm). Homopolymers
(PSPP, PMAPTAC and PSSNa) and PMAPTAC-b-PSPP, PSSNa-bH-PSPP diblock copolymers

were purified using a dialysis tube from Orange Scientific (MWCO: 3500 and 12000~16000).

5.2.2 Synthesis of Homopolymers and Diblock Copolymers.

The homopolymers (PSPP, PMAPTAC, and PSSNa) were synthesized by the reversible
addition-fragmentation chain transfer (RAFT) polymerization. The synthesis was carried out
by mixing each monomer, CTA and initiator (ACVA) in various molar ratios as reported
previously.?® The degree of polymerization (DP) and dispersity (P) of the obtained solid
homopolymers (PSPP, PMAPTAC, and PSSNa) were evaluated by GPC. Homopolymers thus
obtained were confirmed by 'H NMR.

The PSPP homopolymer was used as macro-CTA, and diblock copolymers were
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synthesized by adding MAPTAC (or SSNa) monomer and ACVA at 1: 50: 1 (PSPP-macro
CTA: ionic monomer: initiator). The solid PMAPTAC-b-PSPP and PSSNa-b-PSPP were
obtained in the same way. The block ratio and D were determined by analyzing the 'H NMR

spectrum and GPC, respectively.

5.2.3 'H Nuclear Magnetic Resonance (NMR)

'"H NMR spectra for homopolymers (PSPP, PMAPTAC, and PSSNa), diblock
copolymers composed of PSPP and PSSNa (or PMAPTAC), and the PIC micelles in the block-
/ionic homopolymer system were obtained with a JEOL JNM-AL 400 spectrometer using as a

solvent D>O (CIL, 99.99%). The concentration of polymer solution was 0.05~1 wt%.

5.2.4 Gel Permeation Chromatography (GPC)

The degree of polymerization (DP) and its dispersity (P) were determined by a JASCO
GPC system (Tokyo, Japan) composed of a 830-RI RI detector, UV-2075 Plus UV detector,
CO-2065 Plus column oven, PU-2080 Plus HPLC pump, DG-2080-53 3-line degasser and
Shodex SB-804 HQ column. The pH 3 buffer solution (0.3 M Na»SO4, 0.5 M CH3;COOH) was
used as the cationic eluent and the mixed solution (20 wt% CH3CN aq, 0.05 M NaNOQOs3, 0.01
M Na,HPO4) as the anionic eluent. Poly(2-vinylpyridine) (P2VP) (Scientific Polymer Product,
Inc.) and poly(p-styrenesulfonic acid sodium salt) (PSSNa) (Sigma-Aldrich) samples were

used as cationic and anionic standards, respectively.

5.2.5 Turbidity
The temperature responsivity and cloud point of the block-/ionic homopolymer system
PIC micelles were determined with a UV-vis spectrometer U-3310 (Hitachi) for various

concentrations of solution (0.05~2 wt%). The author designated the cloud point as the
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temperature at which the turbidity suddenly changed at a wavelength of 400 nm.

5.2.6 Atomic Force Microscopy (AFM)

Images of the PIC micelles in the block-/ionic homopolymer system at various
concentrations and images of shape change by a method of forming the PIC micelles were
confirmed by using Seiko SPI3800 probe station and a SPA300 unit system of the SPI3900
series scanning probe microscopy (Tokyo, Japan). The microcantilever with OMCL-
AC240TS-C3 (Olympus Corp.) (Tokyo, Japan) and a spring constant of 1.7 N/m, and the
resonant frequency of 70 kHz was used. Samples for AFM were prepared by placing 1~2 drops
of the polymer aqueous solution onto a 1.0 mm microscope slide glass. The samples were dried

for 2~3 days at room temperature.

5.2.7 Dynamic Light Scattering (DLS)

The hydrodynamic radius (Rn) of block-/ionic homopolymer system PIC micelles was
estimated using a Photal SLS-7000DL (Otsuka Electronics Co., LTD, Osaka, Japan) equipped
with a GC-1000 photon correlator and a 15-mW He-Ne laser (wavelength 632.8 nm). DLS
measurements were carried out at various concentrations and temperatures. The time
correlation function of the scattered field was measured at four scattering angles (60°, 75°, 90°,
and 105°) with an accumulation time of 10~30 min. The hydrodynamic radius (Rn) was

calculated using the well-known Stokes-Einstein equation.*¢
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Table 5-1. Characteristics of Homopolymers (PSPP, PSSNa, and PMAPTAC) and Diblock
Copolymers (PSSNa-b»-PSPP and PMAPTAC-b-PSPP).

Degree of polymerization

Polymer” Yield (%) M, (g/mol)® D (Muw/M,)’
m¢ n¢
SPP»-1 88 19100 1.06 - 68
SSNan-1 73 11000 1.19 - 52
SSNan-2 54 15600 1.13 - 74
MAPTAC:-1 25 13200 1.17 - 59
MAPTAC:-2 54 19000 1.11 - 85
SSNam-b-SPP
81 26700 1.12 37 68
n-1
MAPTACm-b-
79 30300 1.17 51 68
SPP»-1

2SPP, sulfobetaine; SSNa, p-styrene sulfonic acid sodium salt; and MAPTAC, 3-(methacryl-
amido)propyl trimethylammonium chloride. *Determined by GPC with an anionic eluent
(PSSNa standard) or a cationic eluent (P2VP standard). PSSNa, PSPP and PSSNa-b»-PSPP
were determined by an anionic eluent (20 wt% CH3CN(aq), 0.05 M NaNOs, 0.01 M
Na;HPO4), and PMAPTAC and PMAPTAC-b-PSPP were used as a cationic eluent (0.5 M
CH3COOH, 0.3 M NaxSO4). “m, n: Degree of polymerization of ionic and sulfobetaine
blocks, respectively. (m was determined by |H NMR).
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5.3 Results and Discussion
5.3.1 Characterization of Homopolymers and Block Copolymers

PSPP, PMAPTAC, and PSSNa homopolymers with various degrees of polymerization
(DP) could be synthesized. The DP and narrow dispersity (1.19 or less) confirmed by GPC are
listed in Table 5-1. Detailed information is shown in Figure 5-A1. Using the obtained SPPss as
the macro-CTA, MAPTAC:s1-b-SPPss and SSNa37-b-SPPeg were synthesized. The & was 1.12
and 1.17, respectively. The chemical structures of the ionic homopolymers and the block

copolymers are shown in Figure 5-1.

(@) (b)
n mC 1A A ~CTA ©
o o)
HN HN STy \%\
soe,e ®
® Na ® _
—N— N
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Figure 5-1. Chemical structures of (a) PSSNa-b-PSPP, (b) PMAPTAC-b-PSPP, (c) PSSNa,
and (d) PMAPTAC.

5.3.2 Preparation and Confirmation of PIC micelles

Polyion complex (PIC) micelles were prepared using block copolymers (MAPTACs;-
b-SPPss and SSNas7-b-SPP¢g) and ionic homopolymers with various DP (MAPTACso,
MAPTACss, SSNas>, and SSNaz4). PIC micelles are prepared by mixing the block copolymer

aqueous solution and an aqueous solution of ionic homopolymer that is charged opposite to the
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PSSNa or PMAPTAC portion of the block copolymers so that the anion and cation are equal
in charge.”

As previously reported,? the author confirmed the formation of PIC micelles from the
disappearance of the peaks of the ionic chains to become a core and the size of the PIC micelles
by 'H NMR and DLS, respectively. Then, the presence of aggregate and the temperature

responsivity of the PIC micelles were confirmed by the turbidity. The morphology was

observed by AFM.
a b
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Figure 5-2. Effects of concentration on temperature responsivity of PIC micelles: (a) block

copolymer/MAPTACs9 and (b) block copolymer/SSNas,.

5.3.3 Effects of Concentration on Temperature Responsivity of PIC Micelles
Block-/ionic homopolymer system PIC micelles were prepared using SSNaz7-b-SPPsg
and MAPTAC:51-b-SPPes as the block copolymer, MAPTACso as a cationic homopolymer, and
SSNasz as an anionic homopolymer. Sulfobetaine exhibits temperature responsivity of upper
critical solution temperature (UCST) type. However, two block copolymers did not have

temperature responsivity due to the influence of the block ratio.’” The temperature
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responsiveness of the PIC micelles in the block-/cationic homopolymer system was
investigated by the transmittance. Different concentrations (0.5~2 wt%) of PIC micelles were
prepared using SSNaz7-b-SPPggs and MAPTACs9. As shown in Figure 5-2a, the PIC micelle
aqueous solution did not show temperature responsivity at a concentration of 0.5 wt%.
However, the temperature response began to appear from the concentration of 1 wt%, and the
transition temperature shifted to the higher temperature side as the concentration increased
(from 5 to 59 °C). This tendency resembled that of the system consisting of sulfobetaine-
containing entirely ionic diblock copolymers, due to the increased sulfobetaine content at
increasing concentrations.?? Increasing the content of sulfobetaine not only facilitates the
formation of intra- or intermolecular salts of sulfobetaine chain but also increases the overall
hydrophobicity of polymer solution and shifts the transition temperature to the higher
temperature side.’®* At 2 wt%, precipitation occurred at room temperature, but stable PIC
micelles were formed in the high-temperature region. The higher the concentration, the larger
the aggregate is formed in the region below the transition temperature, and the stability of the
PIC micelles diminishes. The hysteresis (cooling-heating cycles) of the temperature response
of PIC micelles in the block-/cationic homopolymer system due to changes in concentration
and the images of 2 wt% samples at different temperatures are shown in Figure 5-A2.

At a concentration of 0.05~0.5 wt%, the PIC micelles in the block-/anionic
homopolymer system (MAPTACs1-b-SPPss/SSNasz) observed by the transmittance, did not
show temperature responsivity (Figure 5-2b). At concentration of 0.05 and 0.1 wt% the
micelles appeared opaque without precipitating, and at 60 °C, the transmittance was 7 and 0.5
%, respectively. However, at 0.3 and 0.5 wt%, the micelles precipitated immediately even at

90 °C. The details are shown in Figure 5-A3.
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Figure 5-3. PIC micelles in the block-’/MAPTACs¢ system: (a) the height AFM image of
the PIC micelles with scale bar 100 nm and (b) schematic illustration of PIC micelles
response to temperature changes. (¢) Confirmation of formation of PIC micelles by 'H NMR

spectra.

5.3.4 Interaction between the Block Copolymer and lonic Homopolymer Depending on
the Concentration

Block-/cationic homopolymer system (SSNas7-b-SPPss/MAPTACs9) micelles at a
concentration of 0.5~2 wt% had almost the same size (44~49 nm) at 77~78 °C. Since the
extended chain lengths of the block copolymers and the cationic homopolymer were 26.67 nm
and 14.99 nm, respectively, they had formed micelles. Then, spherical micelles were formed
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as shown in the AFM image (Figure 5-3a). The corona (shell) expended and contracted in
response to the change of temperature (Figure 5-3b). Furthermore, as shown in Figure 5-3c, it
was confirmed from 'H NMR that the PSSNa peaks (h, i, and j) of the block copolymer and
PMAPTAC peaks (k, 1, m, n, and o) disappeared by forming PIC micelles. This result suggests
the formation of micelles with PSSNa and PMAPTAC as the core and PSPP as the shell. The
block copolymer, which did not show temperature responsivity due to the introduction of the
ionic chain, forms a polyion complex (PIC) by interacting with the cationic homopolymer, and
the influence of the ionic chain on sulfobetaine was weakened and responsiveness could be
expressed.?37

The micelles in the 0.05 and 0.1 wt% block-/anionic homopolymer system
(MAPTACs1-b-SPPgg /SSNas;) had a hydrodynamic radius (Rn) of 122 nm and 145 nm
respectively, at room temperature. The extended chain length of the block copolymer and that
of the anionic homopolymer were 30.23 nm and 13.21 nm, respectively. The aggregate was
slightly larger than the micelles. For this system, the shape of the aggregates changed with the
increase in the concentration of the micelles. As shown in Figure 5-4a, the rod-like aggregate
at a concentration of 0.05 wt% became a spherical aggregate when the concentration was 0.1
wt%. In the 0.05 wt% block-/SSNas system, the PMAPTAC peaks (k, 1, m, n, and o) of the
block copolymer and the peaks of PSSNa (i and j) disappeared, indicating that PMAPTAC and
PSSNa formed the core and PSPP became the shell (Figure 5-4b). PIC micelles having a
sulfobetaine as the shell could be formed, but the concentration was too low to express
temperature responsivity.?> On the other hand, at 0.1 wt%, the PMAPTAC peaks (k, 1, m, n,
and o) of the block copolymer disappeared, but the peaks of the PSSNa homopolymer (h, i, and
j) and a broadened the PSPP peak (d) could be confirmed at the same time (Figure 5-4b). This
result suggests that the PSSNa homopolymer interacts not only with the PMAPTAC but also

with the PSPP. Therefore, the aggregate changed from rod-shaped to spherical due to the
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change in concentration. At higher concentrations, the PSSNa homopolymer and block
copolymer interacted more strongly to form large aggregates, resulting in precipitation.

It was revealed that only the block-/cationic homopolymer system forms temperature-
responsive micelles. The interaction behavior between the ionic homopolymer and the block

copolymer was the key point of functional expression.
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Figure 5-4. PIC micelles in the block-/SSNas> system: (a) the height AFM images of

changes in the shape of PIC micelles according to change of concentration with scale bar

100 nm. (b) confirmation of formation of PIC micelles by 'H NMR spectra.
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5.3.5 The Effect of DP of lonic Homopolymers on Formation Behavior and

Temperature Responsiveness of PIC Micelles.

The effect of the degree of polymerization (DP) of ionic homopolymers (PMAPTAC

or PSSNa) in the block-/ionic homopolymer system was investigated. Unlike the block-

/MAPTACs9 system, which formed PIC micelles with temperature responsivity in the 1 to 2

wt% concentration range, as shown in Figure 5-5a, the temperature responsiveness disappeared

in all concentration ranges when the DP was changed by MAPTACss. This may be because

MAPTACss could not form a core-shell (PIC-sulfobetaine) structure by electrostatically

interacting with both PSSNa and PSPP moieties of the block copolymer (SSNa37-b-SPPes).
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Figure 5-5. The effect of the degree of polymerization of the ionic homopolymers on the

temperature responsiveness on the block-/ionic homopolymer system: (a) block-

/MAPTAC3s and (b) block-/SSNaz.

Figure 5-5b shows that the micelles in the block-/anionic homopolymer system

prepared by changing the DP of PSSNa homopolymer from SSNas; to SSNazs, showed no

responsiveness in the concentration range of 0.05~0.5 wt%. This seems to be due to the
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interaction between SSNa74 and the block copolymer. The micelles in the block-/SSNaz4 system
did not precipitate at a concentration of 0.3 and 0.5 wt% over extended periods of time; with
the transmittance being of 0.2 and 0.1 % at 60 °C, respectively. Then, at a concentration of 0.05
wt%, the transmittance was about 15 %, which was higher than that of the micelles in the block-
/SSNas> system. The PSSNa homopolymer interacts with PSPP after interacting with the
PMAPTAC of the block copolymer (MAPTACs1-b-SPPgg). The PSSNa homopolymer with a
low DP can enter easily and interact with the quaternary ammonium cation in the middle of the
sulfobetaine chain.’” Therefore, SSNa7s had a weaker interaction strength and higher
transmittance than SSNas>, and did not precipitate at a higher concentration.

Figures 5-6a to 5-6d compare the shapes of micelles according to the degree of
polymerization of PMAPTAC from AFM. The samples were prepared by naturally drying at a
concentration of 1 wt%. A uniform and small spherical aggregate was formed with MAPTACso,
but when the DP was increased MAPTACss, a non-uniform and large aggregate was formed.
The Ry of the block-'MAPTACs¢ and block-’'MAPTACss at 77 °C was 49 nm and 110 nm,
respectively. As shown in Figure 5-6e, the particle size in block-’/MAPTACs¢ was small and
uniform, while the block-/MAPTACss showed a large particle size consisting of multiple sizes.
Here, the significant decrease in the value of the autocorrelation function that is due to the
electrostatic interaction was screened by the increase in counterions due to increased DP of
PMAPTAC.*° Furthermore, the interaction between the block copolymer and the cationic
homopolymer due to the change in DP from 'H NMR was compared (Figure 5-6f). Unlike the
block-/MAPTACs9 system, which formed PIC micelles with a core-shell structure, peaks of
PMAPTAC (k, 1, m, n, and o) were observed in the block-’/MAPTACgs system. Consistent with
the peaks of PMAPTAC-bh-PSPP, MAPTACss was suggested to interact with both the PSSNa
and PSPP moieties of the block copolymer. This was the cause of the loss of temperature

responsivity at the higher DP. Then, MAPTACs3s interacted with the negative charge (SO3°)
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outside the sulfobetaine chain to form a large aggregate. From these results, in order to prepare
a block-/cationic homopolymer system with PIC micelles having temperature responsiveness,
it is necessary to use a cationic homopolymer having a DP lower than that of the sulfobetaine

chain which becomes the shell.
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Figure 5-6. Effect of DP on the block-/cationic homopolymer system: the (a) phase and (b)
bird’s eye view AFM images of block-/MAPTAC:5s9, and the (¢) phase and (d) bird’s eye view
AFM images of block-/MAPTACss with scale bar 100 nm. Comparison of (e) results of DLS
at 90 °C and (f) 1H NMR spectra.
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Figure 5-7. Effect of DP on the block-/anionic homopolymer system: the (a) phase and (b)
bird’s eye view AFM images of block-/SSNas», and the (c) phase and (d) bird’s eye view
AFM images of block-/SSNay4 with scale bar 100 nm. (¢) Comparison of 1H NMR spectra.

Figures 5-7a to 5-7d compare the shapes of micelles according to the DP of PSSNa
from AFM. The samples were prepared by naturally drying at a concentration of 0.05 wt%. In
contrast to the block-/SSNas> system, which has a core-shell (PIC-Sulfobetaine) structure and
rod-like shape, the block-/SSNaz4 system was spherical. The cause was considered to be the
interaction between SSNaz and block copolymer, and '"H NMR measurement was performed.
As shown in Figure 5-7¢, the PMAPTAC peaks disappeared in the block-/SSNa74 system, but
the PSSNa peaks (h, i, and j) and broadened PSPP peaks (a, ¢, d, e, and g) were observed. It
was the same as the peaks of PSSNa-b-PSPP. This suggested that SSNa74 interacted with both
the PMAPTAC and PSPP moieties of the block copolymer. From these results, it was clarified
that in the block-/ionic homopolymer system, temperature-responsive PIC micelles could not

be formed by using the anionic homopolymer.
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Figure 5-8. The behavior of micelle formation in block-/ionic homopolymer system when
prepared by reforming method by dialysis: (a) Images of changes according to the
reformation process (collapse of PIC micelles by salt addition— reformation by dialysis—
concentration by natural drying), and (b) DLS results of collapse due to the concentration of
added salt in 1.5 wt% block-/MAPTACso. (c) Images of changes and (d) results of DLS

according to the reformation process in 0.5 wt% block-/SSNasy.
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5.3.6 Formation Behavior by the Method of Preparing PIC Micelles

The formation behavior of PIC micelles prepared by the simple mixing method and
that of the PIC micelles prepared by the reformation method by dialysis were compared. In the
reformation method, the micelles collapse with the addition of salt to PIC micelles prepared by
the simple mixing method. Then, the micelles are reformed in an equilibrium state by dialysis
for 3 days. Figure 5-8a is an image of the process of the reformation of block-’/MAPTAC59
system micelles by dialysis. The opaque 1.5 wt% sample prepared by simple mixing became
transparent due to the collapse of PIC micelles by salt addition. The addition of 3M NaCl
collapsed micelles but formed aggregates with multiple size distributions (Figure 5-8b). This
is considered to be due to the re-entrant effect.*! On the other hand, when 1 M NaCl was added,
the PIC micelles collapsed into small particles with a single size distribution. Here, the
significant diminish in the value of the autocorrelation function that is due to the electrostatic
interaction was screened by the concentration of added salt increased.* When the salt-
collapsed samples were dialyzed for 3 days, precipitation occurred during the dialysis. This
was the same behavior as that of the temperature-responsive micelles or vesicles whose
morphological stability decreased over time, forming larger aggregates and precipitated. When
it was concentrated by natural drying to the initial concentration, the aggregate precipitated and
gave an almost transparent solution. The precipitate did not dissolve even at 95 °C. From these
results, it was clarified that only PIC micelles prepared by a simple mixing method form stable
micelles having temperature responsiveness.

Aggregates collapsed when 3 M NaCl was added to the block-/SSNas; system micelles
that precipitated immediately after preparation at a concentration of 0.5 wt% (Figure 5-8c).
Dialysis of the transparent sample for 3 days made it opaque by reformation of aggregates.
However, after subsequent natural drying to obtain the initial concentration, unlike the micelles

prepared by the simple mixing method, the micelles prepared by the reforming method by
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dialysis did not precipitate even when left for a long time. The hydrodynamic radius (Ry) of the
block-/SSNas, system collapsed by salt addition was 15 nm, and the Ry, was 353 nm after
reformation by dialysis. Then, the Ry changed at 102 nm due to natural drying. Figure 5-8d
shows that dialysis increases the R, of the aggregate and natural drying reduces it. This is
because the higher the concentration, the closer the distance between the aggregates and the
stronger the interaction, and the greater the influence of the PSSNa homopolymer.?” Here, the
significant decrease in the value of the autocorrelation function that is due to the electrostatic
interaction was screened by the change in sample concentration and concentration of added
salt.** The micelles reformed by dialysis and the micelles concentrated by natural drying were
spherical. However, micelles concentrated by natural drying were more uniform and smaller.
Detailed AFM information is shown in Figure 5-A4. As a result of observing the concentrated
sample from "H NMR, it was confirmed that SSNas; interacted with both PMAPTAC and PSPP
moieties of the block copolymer. This is the cause of the loss of temperature responsiveness.
Detailed information of "H NMR spectra is shown in Figure 5-A5. From these results, it was
clarified that the block-/anionic homopolymer system smaller micelles were prepared by the

reforming method.

5.4 Conclusions

In summary, the author demonstrated that in the block-/ionic homopolymer system
only the block-/cationic homopolymer system forms temperature-responsive PIC micelles. The
temperature responsiveness was obtained only when the DP of the cationic homopolymer was
lower than the sulfobetaine chain which became the shell.

The transition temperature of micelles in the block- (SSNa37-b-SPPgg) /MAPTACs9
system shifted to the higher temperature side (from 5 to 59 °C) as the concentration increased

(from 1 to 2 wt%). The shape of the micelle was spherical, and it was confirmed by 'H NMR
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that it had a core-shell (polyion complex-sulfobetaine) structure. On the other hand, in the
block-/MAPTACss system, MAPTACss interacted with both PSSNa and PSPP moieties of the
block copolymer, resulting in loss of responsiveness.

The block- (MAPTAC:s1-b-SPPsg) / SSNasz system had a core-shell structure at a
concentration of 0.05 wt%, but the concentration was too low to express temperature
responsivity. However, both PMAPTAC and PSPP moieties of the block copolymer began to
interact with SSNas> with the increase in concentration to 0.1 wt%, and resulted in precipitation
at a higher concentration (0.3 wt% or more). On the other hand, the block-/SSNa74 system was
unable to form a core-shell structure due to electrostatic interaction between the block
copolymer and SSNaz4 even at a concentration of 0.05 wt%.

In the block-/ionic homopolymer system, the micelles prepared by the reforming
method through dialysis, formed small and uniform micelles, but temperature responsiveness
was not expressed due to morphological stability and electrostatic interaction between block

copolymer and ionic homopolymers.
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5.5 Appendix
5.5.1 Estimation of the B (Mw/M,) of homopolymers (PSPP, PSSNa and PMAPTAC)
and block copolymers (PSSNa-b-PSPP and PMAPTAC-b-PSPP)

The author conducted GPC measurements using two kinds of eluents. An anionic
eluent (20 wt% CH3CH aq, 0.05 M NaNOs, 0.01 M Na,HPO4) was used for PSPP, PSSNa
homopolymers and PSSNa-b-PSPP block copolymer. PSSNa was used as the standard sample.
A cationic eluent (0.5 M CH3COOH, 0.3 Na>SO4) was used for PMAPTAC homopolymers and
PMAPTAC-b-PSPP block copolymer. P2VP was used as the standard sample. The results of
PSPP-containing polymers are shown in Figure 5-Ala, and the results of ionic homopolymers

(PSSNa and PMAPTAC) are shown in Figure 5-A1b.
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Figure 5-A1. GPC charts for (a) PSPP-containing polymers and (b) ionic homopolymers.

SPPgs: Mn=19100 and My/My=1.06

SSNa37-b-SPPes: My=27100 and My/Mp=1.12
MAPTAC51-b-SPP68: Mn=30200 and Mw/Mn=1 17

SSNasz: My=11000 and My/M,=1.19
SSNa7s: My=15600 and Myw/My=1.13
MAPTACs9: My=13200 and My/My=1.17
MAPTACss: My=19000 and My/My=1.11
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Figure 5-A2. Temperature responsivity of the block-/MAPTACs9 system with different

concentration of micelles: (a) hysteresis of temperature responsiveness and (b) images of

changes in transmittance according to temperature changes.
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Figure 5-A3. The block-/SSNas; systems were prepared at micelle concentration of 0.3

and 0.5 wt%.
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Figure 5-A4. Images of AFM (a) after dialysis and (b) after concentration in the 0.5 wt%
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Figure 5-A5. "H NMR spectra of concentrated 0.5 wt% block-/SSNas system.
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Figure 5-A6. The results of DLS according to concentration in block-/cationic
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Chapter 6

Complex Formation of Sulfobetaine Surfactant and lonic Polymers and

Their Stimuli Responsivity

The author investigated the kinds of complexes sulfobetaine surfactant and ionic
polymer formed using lauramidopropyl hydroxysultane (LAPHS) as a sulfobetaine surfactant,
poly (sodium styrenesulfonate) (PSSNa) as the anionic polymer and poly[3-(methacrylamid-
o)propyl trimethylammonium chloride] (PMAPTAC) as the cationic polymer. The fundamental
properties of LAPHS at various salt concentrations were estimated by various measurements,
and it was confirmed that the LAPHS micelles alone did not show temperature responsiveness.
The presence of large aggregates in addition to LAPHS micelles was confirmed in the
aggregates prepared by adding PSSNa to LAPHS at a charge ratio of 1:0.5, 1:1, and 1:2.
However, the aggregates could not be formed when the salt concentration was high or when a
monomer was added instead of the polymer. This revealed that the cation part of sulfobetaine,
which is the shell of LAPHS micelles, and the anion part of PSSNa electrostatically interacted
with each other to form a large aggregate. On the other hand, unlike the case of LAPHS micelles
alone and the aggregate consisting of LAPHS micelles and PSSNa, the aggregate of LAPHS
micelles and PMAPTAC showed an unprecedented phenomenon of “clear— opaque— clear”
with increasing concentration in the concentration range above CMC. The change in the
transition temperature due to the change of concentration was a factor. Additionally, the author
confirmed that the transition temperature was lowered when the concentration was higher than
CMC or the salt concentration was increased, and the transition temperature was increased
when the PMAPTAC with a high degree of polymerization was added. These results suggested

that the LAPHS micelles and the ionic polymer form an aggregate, and the temperature
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responsivity can be expressed by the interaction with the cationic polymer.

6.1 Introduction

Betaine polymer, which is a kind of zwitterionic polymer, has an equal number of
negatively charged functional group and positively charged functional group.'-* Due to its
structural characteristics, it has high biocompatibility with less protein adsorption*® and less
adherence to blood cells,’® and is therefore being applied to new medical materials.”!° The
effect of the added salt on the conformation of the polymer chain in the aqueous solution is
exactly opposite of that of the common ionic chain polymer: the ionic chain polymer is

contracted by the added salt,'"!? while the betaine chain polymer is extended.'*!* A betaine

polymer has temperature responsivity of upper critical solution temperature (UCST) type!>-17

and pH-responsiveness'®2? that vary greatly depending on the functional group of the ionic

2,3,18

part, and has a high solubility in water and is dependent on the added salt

2,18,22

concentration, regardless of the type of functional group. Utilizing its properties, it has

23,24 19,22

been widely studied for gels,?*?* micelles,?*? brushes,'*?¢ vesicles,'*?? surfactant,?’-?® monola-

yer,> !4 etc.

There are various types of polymeric micelles and vesicles, prepared by using

25,30

diblock!!?? or triblock copolymers?-° consisting of hydrophilic and hydrophobic chains, or

prepared by mixing two diblock copolymers composed of a non-ionic polymer or zwitterionic
polymer chain and an ionic polymer chains (anionic or cationic).!*3!-3 By controlling the
design of the polymer structures and the combination of polymer chains to be mixed, it is

possible to have responsiveness to stimuli such as temperature responsivity (LCST (lower

19,32

critical solution temperature)**-3¢ or UCST type®*36-37), pH-responsivity,'®*? photoresponsivit-

38,39 40,41

y,”*>” and enzyme responsivity.

A surfactant is a type of amphiphilic molecule possessing both a hydrophilic group and
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a lipophilic group in one molecule. It is adsorbed on the interface between polar and non-polar
substances to form micelles, vesicles, and lamellar structures, which reduce the surface tension
and mix evenly.**** Among them, betaine surfactants are mainly used in cosmetics, detergents,
disinfectants, anti-static agent, foaming agent, hydrophilic thickeners and the like.?7#>%
Betaine surfactant micelles having a sulfobetaine structure, unlike sulfobetaine polymers, are
difficult to exhibit temperature responsiveness by themselves. It is considered that this is due
to the difference between high molecular weight (polymer) and low molecular weight.

In this study, the author aim to exhibit temperature responsiveness by forming
aggregates of sulfobetaine surfactant micelles and ionic polymers by polyionic interaction. The
author investigated the kind of aggregate formed using LAPHS micelles, which are
sulfobetaine surfactant, and ionic polymers, and their stimuli responsivity. The fundamental
properties and stimuli responsivity of the LAPHS micelles were confirmed by surface tension,
fluorescence, dynamic light scattering (DLS), transmittance, and electrophoretic light
scattering (ELS). The author investigated the effect of charge ratio and degree of
polymerization (DP) of anionic polymers added to LAPHS micelles on the complex formation
behavior and their stimuli responsivity. Then, the effects of the charge ratio and DP of the
cationic polymer added to the LAPHS micelles on the complex formation behavior and
stimulus response were investigated. Furthermore, the effects of DP and the concentration of
added salt on the temperature responsiveness of LAPHS micelles alone and LAPHS micelles

+ PSSNa and LAPHS micelles + PMAPTAC were compared and examined.

6.2 Experimental
6.2.1 Materials
3-(Methacrylamido)propyl trimethylammonium chloride (MAPTAC) and lauramidop-

ropyl hydroxysultaine (LAPHS) were kindly donated by Osaka Organic Chemical Industry
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Ltd. (Osaka, Japan). 4,4'-Azobis(4-cyanovaleric acid) (ACVA, 98%), p-styrenesulfonic acid
sodium salt (SSNa), sodium chloride (NaCl), pyrene, cetylpyridinium chloride (CPC), acetone,
were purchased from Wako (Osaka, Japan). 4-Cyanopentanoic acid dithiobenzoate was used
as a chain transfer agent (CTA), which was synthesized as reported by Mitsukami et al.*’
Deuterium oxide (D>0, 99.9 %) was a product of Cambridge Isotope Laboratory (CIL) (U.K.).
Ultrapure water obtained by Milli-Q system (18.2 MQcm) was used for solution preparation
and dialysis. Dialysis for ionic homopolymers was carried out with a dialysis tube from Orange

Scientific MWCO: 3500).

6.2.2 Synthesis of Homopolymers

The PSSNa and PMAPTAC homopolymers were synthesized by the reversible
addition-fragmentation chain transfer (RAFT) polymerization. The synthesis was carried out
by mixing ionic monomer (SSNa or MAPTAC), CTA and initiator (ACVA) at various molar

ratios as reported previously. '3

6.2.3 '"H Nuclear Magnetic Resonance (NMR)
"H NMR spectra for confirmation of PSSNa and PMAPTAC homopolymers were
obtained with a JEOL JNM-EX 400 spectrometer using D>O (CIL, 99.99%) as a solvent. The

concentration of the polymer solution was 10 mg/mL.

6.2.4 Gel Permeation Chromatography (GPC)

The degree of polymerization (DP) of ionic homopolymers (PSSNa or PMAPTAC)
and their polydispersity index were determined by a JASCO GPC system (Tokyo, Japan)
composed of an 830-RI detector, UV-2075 Plus UV detector, CO-2065 Plus column oven, PU-

2080 Plus HPLC pump, DG-2080-53 3-line degasser and Shodex SB-804 HQ column.
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6.2.5 Transmittance

The temperature responsiveness of LAPHS micelles, the complex formed by LAPHS
micelles and ionic polymers (PSSNa or PMAPTAC), and the effect of added salt concentration
were determined using UV-vis spectrometer U-3310 (Hitachi). Observations were made at
various salt concentrations and polymer aqueous solutions. The author designated the transition
temperature as the temperature at which the sample characteristics (turbidity) suddenly

changed at a wavelength of 400 nm and various temperature ranges.

6.2.6 Dynamic Light Scattering (DLS)

The change in hydrodynamic radius (Rn) according to the salt concentration and charge
ratio of LAPHS to ionic polymers (PSSNa or PMAPTAC) when forming complex was
estimated using a Photal SLS-7000DL (Otsuka Electronics Co., LTD) (Osaka, Japan) equipped
with a 15 mW He-Ne laser (wavelength 632.8 nm) and GC-1000 photon correlator. The
concentration of each sample was 10 mg/mL and DLS was observed at room temperature. The
time correlation function of the scattered field was measured at four scattering angles (60°, 75°,

90°, and 105°) with an accumulation time of 30 min. The hydrodynamic radius (Ry) was

calculated using the Stokes-Einstein equation*®*” as follows
_ KkgT
h = gund ey

where 7, kg, and T are the solvent viscosity, Boltzmann constant, and absolute temperature,

respectively.

6.2.7 Static Light Scattering (SLS)
The changes in critical micelle concentration (CMC) according to the salt

concentration and charge ratio of LAPHS to ionic polymers (PSSNa or PMAPTAC) when
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forming complex were estimated using a Photal SLS-7000DL, which is the same equipment as
used for measuring DLS. The samples were diluted with a saline solution, and the concentration
was adjusted and measured at 25 °C. When the obtained scattering intensity was a log-log
plotted against the polymer concentration, the slope of the scattering intensity changes with an
increase in concentration.®® The intensity due to the concentration of LAPHS or mixture
systems did not change up to a certain concentration, but beyond the CMC, it began to increase
rapidly because of aggregation of LAPHS or mixture systems. The author designated this

inflection point as CMC.

6.2.8 Surface Tension

The surface tension of various samples was measured by the wilhelmy plate method
using a FACE CBVP-Z Surface Tensiometer (Kyowa Interface Science Co., Ltd., Tokyo,
Japan) at 25 °C. The samples were prepared in a petri dish and allowed to stand in a dark place
for about 24 hours to equilibrate, and then measured. The inflection point at which surface

tension drastically changes with respect to concentration while diluted is determined as CMC.

6.2.9 Fluorescence Measurement

The CMC of each samples was determined using a F-2500 Fluorescence
Spectrophotometer (Hitachi). To the sample was added 4 pL of a solution (0.6 mM) of pyrene
dissolved in acetone, and the mixture was allowed to stand for about 24 hours, and the
measurement was performed after the solution reached an equilibrium state. The obtained
values of the ratio of the intensity of the first and third vibronic peaks (Ii/I3) exist in the polarity
around pyrene, and it is suggested that the higher value, the greater polarity. CMC can be found
from the change in the value.

In addition, the aggregation number (Nagg) of LAPHS micelles and complex composed
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of LAPHS micelles and ionic polymer was determined by fluorescence quenching method. As
a quencher for the fluorescent probe pyrene, a solution (1.65 mM) of 2.8 mg cetylpyridinium
chloride (CPC) in 5 mL acetone was used. To the sample was added 20 pL of solution in which
pyrene was dissolved in acetone, and then a quencher was added in increments of 50 pL for
measurement. The samples were measured at room temperature at a concentration of 2 mg/mL
that is above the CMC. The aggregation number was determined from the slope of the natural
logarithm plotted of the I1/I3 against the concentration of quencher using the equation*’ as

follows

I_(] _ [Q]Nagg
ln(l) " [csl-[eMC] (2)

where C; and [Q] are the concentrations of the LAPHS surfactant and quencher, respectively,

and I and Iy are the intensities of fluorescence with and without the quencher, respectively.

6.2.10 Electrophoretic Light Scattering (ELS)

The zeta potential of 10 mg/mL LAPHS and LAPHS micelles-ionic polymer complex
in 0.043 M NaCl (aq) was measured at room temperature using an ELSZ-2000 (Otsuka
Electronics Co., Ltd, Osaka, Japan). The charge ratio between LAPHS micelles and ionic
polymers was 1:1. The average value of the values obtained by repeating three times was
designated as the zeta potential. The zeta potential was calculated from the obtained

electrophoretic mobility using the Smoluchowski’s equation®® as follows

(=" (3)

&

where U, 7, and ¢ are the electrophoretic mobility, the viscosity of solvent and the dielectric

constant of the solvent, respectively.
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6.3 Results and Discussion
6.3.1 Characterization of lonic Homopolymers

PSSNa and PMAPTAC homopolymers with various degrees of polymerization (DP)
could be synthesized. The DP and narrow polydispersity (1.11 or less) confirmed from GPC
are listed in Table 6-1 (see the Appendix for details). The chemical structures of the ionic

homopolymers are shown in Figure 6-1.

Table 6-1. Characteristics of lonic Homopolymers (PSSNa and PMAPTAC).

Polymer® Yield (%) M, (g/mol)? PDI (Mw/M,) DP (n)
PSSNa-1 55 6900 1.10 32
PSSNa-2 69 13700 1.06 65
PSSNa-3 38 19500 1.11 95
PMAPTAC-1 85 14400 1.06 65
PMAPTAC-2 54 19000 1.11 85

“SSNa, SSNa, p-styrene sulfonic acid sodium salt; and MAPTAC, 3-(methacrylamid-

o)propyl trimethylammonium chloride. "PSSNa was determined with an anionic eluent (20

wt% CH,CN (aq), 0.05 M NaNO,, 0.01 M Na,HPO,, and PMAPTAC was used as a cationic
eluent (0.5 M CH,COOH, 0.3 M Na,SO,).
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Figure 6-1. Chemical structure of (a) PSSNa, (b) PMAPTAC, and (c) LAPHS.

6.3.2 Effect of Added Salt Concentration on Characteristics and Stimuli-Response of
LAPHS Micelles

Lauramidopropyl hydroxysultaine (LAPHS) was used as the sulfobetaine surfactant.
LAPHS having the structure shown in Figure 1c is dissolved in 0.043 M NaCl aqueous solution,
and the studies were conducted with diluted or adjusted salt concentration.

The critical micelle concentration (CMC) of LAPHS in 0.043 M NaCl aqueous
solution was determined by surface tension and fluorescence measurements. As shown in
Figure 6-2a, the inflection points according to surface tension coincided with the concentration
showing micelle formation in pyrene fluorescence measurement; and, this concentration was
designated as CMC (0.251 mg/mL). Furthermore, in order to investigate the change in CMC
with the salt concentration, the same observation was made by changing the concentration of
the aqueous solution from 0.023 M to 1.0 M NaCl (Figure 6-A2). As shown in Figure 6-2b,
CMC changed from 0.549 to 0.191 mg/mL. Here, the presence of salts is impurities and they
led to the minimum values of surface tension.’! CMC decreased with the increase in salt

concentration. Like an ionic surfactant, the decrease in the electrostatic repulsion between the
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head group by the addition of salt is considered to have lowered CMC.>? The changes in the
CMC of LAPHS, anionic surfactants, and cationic surfactants due to changes in salt
concentration were compared by the Corrin-Harkins equation.’® As shown in Figure 6-A3, the
effect of LAPHS on CMC by salts was insignificant as compared with anionic or cationic
surfactants. The overall charge of betaine is neutral, unlike common ionic surfactant having
only anions or cations, so electrostatic repulsion between the head group is weak, and the

influence of salt on CMC was low.
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Figure 6-2. Estimate of CMC at LAPHS in 0.043 M NaCl (aq) by (a) surface tension and
fluorescence measurements, and change in (b) CMC, (¢) Rp, and (d) temperature responsivity

depending on the concentration of added salt.
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The change in the hydrodynamic radius (Rn) of the LAPHS micelles changed with salt
concentration was observed. Each sample was prepared at 10 mg/mL, which is above the CMC
where LAPHS micelles were formed, and it was measured at room temperature with salt
concentration ranging from 0.1 M to 1.0 M. Figure 6-2¢ shows the R, of LAPHS micelles
increased with increasing salt concentration. It is because the hydrophilic part of LAPHS was
contracted due to the interaction between the ions, but the intra- and intermolecular ion pairs
were relaxed by the added salt, and the betaine chain was extended. Detailed information is
shown in Figure 6-A4.

The temperature responsivity of 10 mg/mL LAPHS saline solutions with different salt
concentrations (0.0012 M~0.043 M) was investigated by UV-vis spectrometry. As shown in
Figure 6-2d, none of them showed a temperature response. Even, no temperature response was
observed at 0.023 M NaCl, which is an equivalent to LAPHS, or at about 1/20 of the equivalent.

The effect of varying the concentration (0.043 M~0.5 M) of added salt on the
aggregation number (Nagg) of LAPHS micelles was investigated by the fluorescence quenching
method. The aggregation number in the 2 mg/mL LAPHS saline solution was almost the same
78 to 80, and the effect of the added salt concentration was not observed. Detailed information
is shown in Figure 6-AS.

Furthermore, it was confirmed by electrophoretic light scattering (ELS) that the zeta
potential was negatively charged (-19.97 mV) at 10 mg/mL LAPHS containing 0.043 M NaCl.
It is considered that the quaternary ammonium cations of the sulfobetaine chain and the
chlorine anions were bounded inside of the micelles, so they were negatively charged. Detailed

information is shown in Figure 6-A6.
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6.3.3 Effects of Charge Ratio and Added Salt Concentration on the Complex of LAPHS
Micelles and Anionic Polymer

The PSSNa as anionic polymer was mixed with LAPHS at a different charge ratio, and
the change of CMC was investigated by surface tension and static light scattering (SLS)
measurement. The salt concentrations of the samples were 0.043 M and 0.5 M, and the PSSNa
used had a DP of 32. SSNas; was added to LAPHS in 0.043 M NaCl aqueous solution at a
charge ratio of 1:0.5 and 1:1, and the CMC was 0.316 and 0.234 mg/mL, respectively, which
was not significantly different from that the CMC (0.251 mg/mL) of LAPHS alone (Figure 6-
A7a and Figure 6-3a). It was regarded as the effect of the addition of anionic polymer on
micelle formation is insignificant. However, as shown in Figure 6-3a, the addition of SSNas»
reduced the gradient of the surface tension in the concentration range below CMC, and reduced
the surface excess amount. This suggested that LAPHS and PSSNa could interact. Even if the
salt concentration of the samples was adjusted to 0.5 M, the change in CMC was slight.
However, the slope of the surface tension in the concentration range below CMC, was larger
than that when the salt concentration was 0.043 M, and was similar to that of LAPHS alone. It
is considered that the interaction between LAPHS and PSSNa in aqueous solution was
weakened at a high salt concentration. Furthermore, the change in CMC was slight even when
SSNa, which is a monomer, was used instead of PSSNa. Detailed information is shown in
Figure 6-A7.

The change in hydrodynamic radius (Rn) was investigated at a charge ratio of SSNasz»
to LAPHS of 1:0.5, 1:1, and 1:2 in 0.043 M NaCl aqueous solution, and the distributions of
multiple sizes was confirmed (Figure 6-3b). In Ry, (fast), the size was about the same as that of
LAPHS alone, regardless of the proportion of PSSNa. The Ry (fast) for all conditions was 2.4
nm. The standard deviation (SD) was 0, 0.18, and 0 nm, respectively. Since sulfobetaine, which

is the shell of LAPHS micelles, has a positive charge in the middle of the molecular chain, it is
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considered that PSSNa penetrates into the micelle and strongly interacts with it.!> By contrast,
in Ry (slow), the presence of large aggregates of 54, 80, and 82 nm was observed depending on
the ratio of SSNasz, added (Figure 6-AS). Large aggregates were probably formed by bridging
according to electrostatic interaction between positive charges of LAPHS micelles and negative
charges of PSSNa. An increase in size was seen from a charge ratio of 1:0.5 to 1:1 and bridging
was more advanced with the increasing amount of polymer. However, the size did not change
at 1:2. Because the aggregate formed by bridging at a charge ratio of 1:1 became
electrostatically stable, even if there was a larger amount of polymer, it did not lead to the
growth of the aggregate, and the polymer existed as a simple substance. Larger aggregates
formed by LAPHS micelles and PSSNa, which were confirmed at a low salt concentration
(0.043 M), were not observed at a high salt concentration (0.5 M) (Figure 6-3b). Here, the
significant decrease in the value of the autocorrelation function is due to the electrostatic
interaction was screened by the concentration of added salt increased.>* As described in Figure
6-3c, it is considered that electrostatic shielding when the salt concentration was high weakened
the electrostatic interaction between LAPHS micelles and PSSNa, which made it difficult to
form aggregates. Furthermore, the same way observation was performed using SSNa which is
a monomer, and a large aggregate couldn’t be confirmed. Detailed information is shown in
Figure 6-A8. These results showed that only an aggregate of polymer and LAPHS micelles at
a low salt concentration can form large aggregates.

The temperature responsiveness was investigated at various concentrations (0.005~10
mg/mL) where the charge ratio of LAPHS and SSNas> was 1:1, but none of the samples showed
temperature responsivity. The salt concentration was fixed at 0.043 M. Previously the author
found that the addition of PSSNa is very sensitive to the temperature response of sulfobetaine,
and that the addition of even a small amount of PSSNa causes the temperature response to

disappear.!® The disappearance of temperature responsivity is due to the interaction between
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PSS and the quaternary ammonium cation of sulfobetaine, which is the shell of LAPHS
micelles. Moreover, the transmittance was 88 % at 10 mg/mL, compared to almost 100 % in
other cases (Figure 6-3d), probably due to the presence of a large aggregate of LAPHS micelles
and PSSNa that was confirmed by DLS.

The zeta potential of the complex consisting of LAPHS micelles and SSNas, became
more negative than that of LAPHS micelles (changed from -19.97 to -39.02 mV). The positive
charge of LAPHS may be shielded by the intrusion of PSSNa into the positive part of LAPHS,
and the zeta potential changed significantly to a negative value. Detailed information is shown

in Figure 6-A9.
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Figure 6-4. Change of CMC by the DP of PSSNa added to LAPHS and the confirmation of
large aggregate: CMC at (a) SSNass, (b) SSNaos, and (c) results of DLS.

143



6.3.4 Effect of DP on the Complex of LAHPS Micelles and Anionic Polymer

SSNass and SSNaos, which had different of degrees of polymerization (DP), were
added to LAPHS in 0.043 M NaCl saline solution at the charge ratio of 1:1, and the change of
CMC according to the DP was observed by surface tension and SLS. CMC for SSNass and
SSNags was 0.316 and 0.275 mg/mL, respectively (Figure 6-4a, b). CMC was 0.234 mg/mL
for SSNas», and a negligible change in CMC was observed depending on the DP of PSSNa.

The hydrodynamic radius of SSNass and SSNags showed multiple sizes was as the case
for the mixture of LAPHS and SSNas; (Figure 6-4c). The results are summarized in Table 6-2.
Here, the significant decrease in the value of the autocorrelation function is due to the
electrostatic interaction was screened by the increasing the length of PSSNa.>* In Ry, (fast), the
particle size (Ry=2.4~2.8 nm) did not change with the change of DP. On the other hand, in Ry
(slow), the particle size (Rn= 80~107 nm) increased with the increase in DP of PSSNa. A larger

aggregate was formed with a higher DP because the bridging length also became longer.

Table 2. Change of Ry Depending on the DP of PSSNa Added to LAPHS in 0.043 M NaCl
(aq) (at a 1:1 Charge Ratio, the Concentration of the Samples was 10 mg/mL)

Sample Ry (fast, nm) Ru (slow, nm)
LAPHS+SSNas» 24 80
LAPHS+SSNags 2.5 92
LAPHS+SSNaos 2.8 107
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Furthermore, the effects of the DP of the anionic polymer and the concentration of the
aqueous solution on the temperature response were investigated. Studies were conducted in the
concentration range of 0.006 to 10 mg/mL. As a result, similar to SSNas», none of the samples
showed temperature responsivity, which indicated that DP and concentration had no effect
(Figure 6-A10). However, the low transmittance for both DP (SSNass and SSNaos) at 10 mg/mL

indicated the presence of large aggregates.

6.3.5 Effects of Charge Ratio and Added Salt Concentration on the Complex of LAPHS
Micelles and Cationic Polymer

PMAPTAC as cationic polymer was mixed with LAPHS at charge ratios of 1:0.5, 1:1,
and 1:2 and the change of CMC was investigated by surface tension, SLS, and fluorescence
measurement. The salt concentrations were 0.043 M and 0.5 M, and the PMAPTAC used had
a DP of 65. MAPTAC¢s was added to LAPHS in 0.043 M NaCl aqueous solution at a charge
ratio of 1:0.5, 1:1, and 1:2; and, the CMC was 0.357, 0.313, and 0.355 mg/mL, respectively,
which were not significantly different from that the CMC (0.251 mg/mL) of LAPHS alone.
The addition of cationic polymer had no significant effect on micelle formation. There was
little change in CMC, even when the salt concentration of the samples was adjusted to 0.5 M
or the monomer was used instead of polymer (Figure 6-A11).

The change in Ry of the samples prepared by adding MAPTACss to LAPHS in 0.043
M NacCl (aq) at a charge ratio of 1:0.5, 1:1, and 1:2 was investigated, and R, was 3.6, 4.5, and
4.5 nm, respectively (Figure 6-5a). The SD was 0.16, 0.07, and 0.15 nm, respectively.
Compared to the LAPHS micelles, the size doubled by the addition of MAPTACss. As shown
in Figure 6-5b, the negative charges on the outside of the LAPHS micelles interacted with the
positive charges of PMAPTAC and were adsorbed on the outside of the LAPHS micelles to

form a complex. On the other hand, when the salt concentration was increased by 0.5 M, the
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size of the aggregate consisting of LAPHS and PMAPTAC was similar to that of LAPHS
micelles alone. This is because the electrostatic shielding when the concentration was high
weakens the electrostatic interaction between LAPHS micelles and PMAPTAC. Furthermore,
when MAPTAC which is a monomer was used, large aggregates were not observed. Detailed
information is shown in Figure 6-A12. These results revealed that, as in the case of LAPHS
micelles + PSSNa, only a mixture of polymer and LAPHS micelles at a low salt concentration

can form aggregates.

(@)

-8-0.043 M
—+-05M
-e—monomer (in 0.043 M)

1:0 1:0.5 1:1 1:2
LAPHS:MAPTAC

Figure 6-5. (a) Change of R, and (b) mechanism of aggregate formation behavior depending
on the concentration of added salt at LAPHS+MAPTACss (1:1).
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The zeta potentials of the LAPHS micelles alone and the aggregates prepared by
adding MAPTACss to the LAPHS micelles at a charge ratio of 1:0.5, 1:1, and 1:2 were
compared. The zeta potentials of the aggregate consisting of LAPHS micelles and MAPTACss
were 4.20, 5.28, and 11.87 mV, respectively, in the order of charge ratio (Figure 6-A13). The
zeta potential changed greatly to a positive value compared with the zeta potential (-19.97 mV)
of the LAPHS micelles alone, the negative charge was considered to be shielded by the
electrostatic interaction between the anion outside the LAPHS micelles and the cation of
PMAPTAC, which was also suggested by the DLS. Moreover, the zeta potential changed to a
positive value greatly in proportion to the amount of PMAPTAC added, which also indicated
that PMAPTAC was adsorbed to the LAPHS micelles.

When MAPTACss with a charge ratio of 1:1 was added to LAPHA micelles in 0.043
M NacCl (aq), the aggregation number (Nag) Was 81, which was not different from that of
LAPHS alone (Nagg: 80) (Figure 6-A14). This result suggested that the addition of PMAPTAC
had no effect such as the collapse of LAPHS micelles or the change in the N,g.

The change in transmittance due to the change in concentration of the aggregate
prepared using LAPHS micelles and MAPTACs s at a charge ratio of 1:1 was observed. The
salt concentration was adjusted to 0.043 M in the concentration range of 0.014 to 20 mg/mL,
and the results of transmittance at 25 °C were combined with the results of surface tension
measurement (Figure 6-6a). Unlike the case of LAPHS micelles alone and the aggregate
consisting of LAPHS micelles and PSSNa, an unprecedented phenomenon of “clear—
opaque— clear” was observed with increasing concentration in the concentration range above
CMC. This may be because LAPHS micelles and PMAPTAC form an aggregate, which allows
the sulfobetaine moiety to form intra- or intermolecular pair. As the concentration of the
aggregate increases, the content of cationic polymer increases, which makes the surface of the

aggregate is the positive charge. It led to electrostatic repulsion between aggregates and
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becomes a clear state. It is similar to the re-entrant behavior induced by salt concentration in
the polyelectrolyte/electrolyte system.>> The transition temperature increased as the
concentration increased, and the transition temperature decreased at concentrations higher than
CMC (Figure 6-6b). It was a typical UCST-type temperature responsive feature of the
correlation between solution concentration and transition temperature.>® This is considered to
be the cause of the unprecedented phenomenon of “clear— opaque— clear” due to the change
in concentration. In addition, as shown in Figure 6-6¢, the hysteresis of the temperature
response of the aggregate of LAPHS micelles and MAPTACss was confirmed. Then, the
concentration was 10 mg/mL. Furthermore, the same behavior was observed in the aggregates
prepared with the charge ratios of 1:0.5 and 1:2, and the transition temperature decreased
because the influence of PMAPTAC increased with the increase in the ratio of PMAPTAC
(Figure 6-A15). The observation was performed using MAPTAC which is a monomer, the
temperature responsivity couldn’t be confirmed. These results indicated that only an aggregate
of cationic polymer and LAPHS micelles showed the temperature responsiveness.

The effect of added salt concentration on the temperature responsiveness of the
aggregate consisting of LAPHS micelles and MAPTACss was investigated. Then, the
concentration was 10 mg/mL. As a result, the transition temperature decreased with the increase
in salt concentration, and the temperature responsiveness disappeared at 0.1 M. It is considered
that the electrostatic shielding due to the addition of the salt weakened the electrostatic
attraction between the LAPHS micelles and PMAPTAC, which made it difficult to form an

aggregate (Figure 6-6d).
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Figure 6-6. Change of (a) transmittance and (b) transition temperature depending on
concentration of samples and (c) hysteresis of temperature responsivity of LAPHS +

MAPTACss (1:1) and (d) influence of added salt concentration.

6.3.6 Effect of DP on the Complex of LAHPS Micelles and Cationic Polymer

CMC of MAPTAC3s added to LAPHS micelles in 0.043 M NaCl (aq) at charge ratios
of 1:0.5 and 1:1, were 0.282 and 0.229 mg/mL, respectively, determined by surface tension,
SLS, and fluorescence measurement. CMC changed slightly with the change in the charge ratio
of the added MAPTACss. However, these values were lower than those obtained by addition
of MAPTACss, 0.313 and 0.357 mg/mL, respectively. The charge of sulfobetaine part outside
the LAPHS micelles became more shielded, and the micelles were considered to be formed

more easily at a high DP (Figure 6-A16).
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The Ry of the aggregate of the LAPHS micelles and MAPTACgs was 4.3 £ 0.11 and
4.6 = 0.15 nm, respectively, depending on the charge ratio of the added MAPTACss. The values
were 3.6 £ 0.16 and 4.5 = 0.07 nm, respectively, when MAPTACss was added at the same
charge ratio. The aggregate became larger because PMAPTAC with a high DP was adsorbed

on the LAPHS micelles (Figure 6-A16).

100 + ._.._..——I——-I-—.——.—_i
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—~ 80
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Figure 6-7. Effect of transition temperature on DP of the cationic polymer added to LAPHS.

Furthermore, the temperature responsivity of the aggregate consisting of LAPHS
micelles and MAPTACss, showed the same tendency as that of MAPTACss (Figure 6-A17).
However, as shown in Figure 6-7, the transition temperature increased with the increase in the
degree of polymerization (from 20 to 25 °C). The increase in the degree of polymerization of
the cationic polymer is considered to shield the charge of the sulfobetaine chain on the outside

of the LAPHS micelles and increase the overall hydrophobicity.>’
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6.4 Conclusions

When PSSNa was added to LAPHS at various charge ratios, formation of large
aggregates in addition to LAPHS micelles was confirmed by DLS. This aggregate could not be
confirmed when the high salt concentration or the monomer (SSNa). Then, addition of PSSNa
to LAPHS changed the zeta potential significantly to a negative value (from -19.97 to -39.02
mV). These results showed that the quaternary ammonium cation of sulfobetaine, which is the
shell of LAPHS micelles, interacted with the PSSNa acting as a bridge thus forming a large
aggregate.

The sample with a concentration of 10 mg/mL prepared by adding PMAPTAC to
LAPHS was opaque at room temperature, but it was transparent when the high salt
concentration or the monomer (MAPTAC). Addition of PMAPTAC to LAPHS significantly
changed the zeta potential to a positive value (from -19.97 to 5.28 mV), and the adsorption of
PMAPTAC to LAPHS micelles was confirmed by DLS. The sulfur trioxide anion of
sulfobetaine, which is the shell of LAPHS micelles, and the PMAPTAC interacted to form an
aggregate. Unlike the case of LAPHS micelles alone and the aggregate consisting of LAPHS
micelles and PSSNa, an unprecedented phenomenon of “clear— opaque— clear” was observed
with increasing concentration in the concentration range above CMC. This was considered to
be due to the change in transition temperature accompanying the change in concentration. As
the concentration of the aggregate increases, the content of cationic polymer increases, which
makes the surface of the aggregate is the positive charge. It led to electrostatic repulsion
between aggregates and becomes a clear state. It is similar to the re-entrant behavior induced
by salt concentration in the polyelectrolyte/electrolyte system. In this temperature responsivity,
the transition temperature was lower when the concentration was higher than CMC or the salt
concentration was increased, and the transition temperature increased with the addition of

PMAPTAC with a high degree of polymerization.
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These results revealed that 1) the LAPHS micelles and the ionic polymer form an
aggregate, 2) the temperature responsiveness can be expressed by the interaction with the
cationic polymer, and 3) the transition temperature can be controlled by adjusting the
concentration of samples and degree of polymerization of PMAPTAC. The aggregates
consisting of LAPHS micelles and PMAPTAC may be useful in the production of novel

temperature materials.
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6.5 Appendix
6.5.1 Confirmation and Estimation of Synthesis and Polydispersity Index (Mw/My) of
PSSNa and PMAPTAC Homopolymers.

The synthesis could be confirmed by "H NMR spectra. The author conducted GPC
measurements using two kinds of eluents. An anionic eluent (20 wt% CH3CH aq, 0.05 M
NaNOs, 0.01 M Na;HPO4) was used for PSSNa homopolymers. PSSNa was used as the
standard sample. The results are shown in Figure 6-Ala. A cationic eluent (0.5 M CH3COOH,
0.3 NaxSO4) was used for PMAPTAC homopolymers. P2VP was used as the standard sample.

The results are shown in Figure 6-A1b.

(@)

15 16 17 18 19 20
(b)

MAPTAC,;
MAPTAC,s

15 16 17 18 19 20

Figure 6-A1. 1H NMR spectra and GPC charts for (a) PSSNa and (b) PMAPTAC.

SSNasz: My=6900 and My/M,=1.10
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SSNasgs: My=13700 and Myw/Mx=1.06
SSNaos: My=19500 and Mw/My=1.11
MAPTAC¢s: My=14400 and M/M,=1.06
MAPTACos: My=19000 and My/My=1.11

(a) LAPHS in 0.023 M NaCl aq. (b) LAPHS in 0.1 M NaCl aq.
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Figure 6-A2. The results of surface tension and fluorescence measurement of LAPHS in (a)

0.023, (b) 0.1, (¢) 0.3, (d) 0.5, (¢) I M NaCl.
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Figure 6-A6. Estimation of the zeta potential of LAPHS in 0.043 M NaCl by ELS.
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Figure 6-A7. Change of CMC with charge ratio, added salt concentration and monomer: (a)
1:0.5, 0.043 M, (b) 1:0.5, 0.5 M, (¢) 1:1, 0.5 M of LAPHS+SSNas3», and (d) 1:0.5, (e) 1:1, (f)
1:2 of LAPHS+SSNa in 0.043 M NacCl.
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Figure 6-A8. Change in R, due to charge ratio, added salt concentration and monomer: (a)

1:0.5, 0.043 M, (b) 1:0.5, 0.5 M, (c¢) 1:1, 0.043 M, (d) 1:1, 0.5 M, (e) 1:2, 0.043 in
LAPHS+SSNas», and (f) 1:0.5, (g) 1:1, (h) 1:2 of LAPHS+SSNa in 0.043 M NaCl.
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Figure 6-A10. Effect of DP of added anionic polymer: Ry of (a) SSNaes, (b) SSNaos, transm-

ittance of (c) SSNags,

(d) SSNays.

158



80

70

60

50

40

Surface tension (mN/m)

30

20

=2 %®
S -1

N
S

Surface tension (mN/m)

w
e

w
e

Surface tension (mN/m)
g & & g 3 8

I~
S

7]
e

'S
)

1:0.5, 0.043 M

(@

# Surface tencion

ASLS
adta

1
0.357 mg/mL

s "

Log C (mg/mL)

(d) 1:05,05M

+ Surface tension
ASLS

coMe P

-

" 0.269 mg/mL

Log C (mg/mL)

(2) LAPHS+MAPTAC (1:1)

+ Surface tension
ASLS

‘l

ot
-

b
0.224 mg/mL

1 0 1 2
Log C (mg/mL)

2

-1 0 1 2

-1 0 1 2

wn = =2
- e e

Surface tension (mN/m)
-
=

20

Surface tension (mN/m)
w - wn -3 ~ o
— = ] = o =]

I~
S

30

(®)

1:1,0.043 M

# Surface tension
ASLS

A A

0.313 mg/mL

Log C (mg/mL)

1:1,0.5M

-1 0 1 2

+ Surface tansion
ASLS

CMC

0.223 mg/mL

-3

1 0 1
Log C (mg/mL)

-2

&
15D 3071
Surface tension (mN/m)

(©1/5D 301
Surface tension (mN/m)

=
S

Y
S

wn
S

&
S

20

=
S

=
e

&
S

w
=

~
=

30

wn
e

(c) 1:2,0.043 M
+ Surface tension
ASLS
L AA
A
LN
Y g
. .
’xi A coMc
i
AN
AAA .
* 0.355 mg/mL
-2 -1 0 1
Log C (mg/mL)
(f) 1:2,05 M
+ Surface tension
ASLS
< A
cme /
* A
*
\ >
NP
&
‘ 0.302 mg/mL
-3 -2 -1 0 1
Log C (mg/mL)

2.25

0.75

(°1/5D 301

8
(°15D 801

Figure 6-A11. Change of CMC with charge ratio, added salt concentration and monomer:
(a) 1:0.5, (b) 1:1, (¢) 1:2 in 0.043 M NacCl, (d) 1:0.5, (e) 1:1, (g) 1:2 in 0.5 M NaCl of
LAPHS+MAPTACss, and (h) 1:1 of LAPHS+MAPTAC in 0.043 M NacCl.
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Figure 6-A12. Change in R;, due to charge ratio, added salt concentration and monomer: (a)
1:0.5, (b) 1:1, (¢) 1:2 in 0.043 M NaCl and (d) 1:0.5, (e) 1:1, (f) 1:2 in 0.5 M NaCl in
LAPHS+MAPTACs s, and (f) 1:0.5, (g) 1:1, (h) 1:2 of LAPHS+MAPTAC in 0.043 M NaCl.
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Figure 6-A13. Estimation of the zeta potential of LAPHS+MAPTACss in 0.043 M NaCl by
ELS: charge ratio of (a) 1:0.5, (b) 1:1, and (c) 1:2.
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Figure 6-A14. Calculation of the aggregation number of LAPHS+MAPTACss (1:1) in 0.043

M NaCl.
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Figure 6-A15. Effect of charge ratio and concentration on temperature responsivity and of
LAPHS+MAPTACss: change in transmittance (a) 1:0.5 and (c) 1:2 of charge ratio at room

temperature in the concentration range above CMC, and change in transition temperature

due to (b) 1:0.5 and (d) 1:2 of charge ratio.
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Figure 6-A16. Change of CMC and Ry, due to charge ratio in LAPHS+MAPTACss: Change
of CMC at (a) 1:0.5 and (b) 1:1, and change of Ry at (c) 1:0.5 and (d) 1:1.
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Figure 6-A17. Effect of concentration on temperature responsivity of LAPHS+MAPTACss
in 0.043 M NaCl: (a) change of transmittance of in the concentration range above CMC at

room temperature, (b) change of transition temperature, (c) hysteresis of temperature

responsivity.
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