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Popular science summary

Surfactants, named from surface active agents, are amphiphilic molecules, which
generally contain a hydrophilic head (that likes water) and a hydrophobic tail (that
dislikes water but likes oil) (Figure 1a). This means surfactants like both water and olil,
and such a unique property enables them to be extensively used in household detergents
and cosmetics. In these applications, surfactants work as bridges catching both water-
soluble and water-insoluble (oily) substances, and thereby easily removing the water-
insoluble dirt by rinsing. Due to their dual personality of loving both water and oil,
when the surfactant concentration reaches a critical point, called the critical micelle
concentration, they gather together to form micellar aggregates. In these aggregates,
their hydrophobic tails stay inside to avoid contact with water, while their hydrophilic
heads prefer to interact with the water molecules (Figure 1). There are massive different
kinds of surfactants, some of which have two hydrophilic heads and two hydrophobic
tails, named gemini surfactants (Figure 1b). Some of these surfactants play critical roles
in our body in numerous biological processes and applications, and are called biological
surfactants. The one that strikes our interest the most is bile salts (BSs). BS differs from
head-tail surfactants as they have a rigid hydrophobic region and a hydrophilic region
(Figure 1c).

: 000, '@ @ %% ° .
Hydrophilic head . .. ‘_’ q.‘. Hydrophobic region . .
L ]

(like water)
(like wate . . .. ..

O
® ® @ ° °
Hydrophobic tail .‘ . !lb : L ’ ° ¢ ([ ] -
(dislike water) Hydrophilic region @ @)
ée® OO o

Head-tail surfactant ~ Micellar aggregate Gemini surfactant Gemini micellar aggregate Bile salt  Bile salt micellar aggregates

Figure 1 (a) Head-tail, (b) gemini, and (c) bile salt surfactants and their micellar aggregates.

Through enterohepatic circulation, BSs help with food digestion and adsorption in the
intestines (Figure 2). They are synthesized from cholesterol and stored in the
gallbladder. When digesting and absorbing fat (food), they will go through the small
intestine and then the large intestine. Finally, 5% BSs will be lost and 95% will be
reabsorbed back to continue their mission in the enterohepatic circulation. However,
problems could occur during this reabsorption process, which would result in BS
malabsorption, and further cause BS-related diseases such as chronic diarrhea,
gallstones, and liver disease.
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Commercial drugs with polymeric sequestrants are usually used to treat chronic
diarrhea by binding with excess BS, forming complexes Enterohepatcicinculaion
and thereby decreasing the BS level in the intestines. Cholesterol

However, there are still side effects for patients, for Bile alt

example, severe constipation caused by the water-

insoluble complexes formed between excess BS and

polymeric sequestrants. Therefore, considering the allbladde

weakness of the present polymeric sequestrants and in the ~ *_-Small ftesir
secarch for new sequestrants, amphiphilic block ° Earge.lf[{e{fm; .
copolymers could be a potential candidate. In addition, | e (C L
decreasing BS level through binding with sequestrants can \ & A 36(?& g
also stimulate the transformation of cholesterol to BS, < oy

thereby lowering the level of cholesterol in the body. Ciculation |

Therefore, BS sequestrants can also be used to treat ) o
Figure 2 Enterohepatic circulation.

hypercholesterolemia.

Polymers, composed of a large number of repeating units ~ Amphiphilic diblock copolymer

. . Monomer
(monomers) that are linked together by chemical bonds, 0“
are larger molecules or macromolecules with a high =, " Hycrophilic
molecular weight. Polymers are used everywhere in our block ; block

daily life, e.g., plastic water bottles, food bags, wall paints,
glasses, and so on. Amphiphilic diblock copolymers
comprise two blocks linked by chemical bonds. Similar to
low molecular weight surfactants, amphiphilic block
copolymers also love both water and oil because they have
both hydrophobic and hydrophilic blocks (see Figure 3).

Therefore, they can also self-associate to form micellar MicelleF aggregate

aggregates in aqueous solutions as a result of this block  Figure 3 Amphiphilic diblock
copolymer and its micellar
aggregate.

incompatibility.
Mixing amphiphilic block copolymers and surfactants in aqueous solutions will enrich
the aggregation behaviors of the individual components especially when involving the
oppositely charged components. The idea of using oppositely charged block
copolymers as new BS sequestrants is therefore based on the physico-chemical
fundamentals of mixed solutions of amphiphilic block copolymers and biosurfactants,

i.e., BSs.

All in all, based on the background of the search for new BS sequestrants, this thesis
has investigated the amphiphilic block copolymer-BS aqueous systems systematically
from a physico-chemical perspective. For the sake of comparison, a system containing

16



the same copolymer and a conventional head-tail surfactant was also studied. In
addition, as biosurfactants, many reported studies on BSs have been aimed at applying
BS-related studies to biomedical applications. Thus, to further understand the BS
aqueous solution properties and explore their biological nature, i.e., their chirality,
chiral gemini surfactant-BS systems were also investigated in this thesis.
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1 Introduction

As biological surfactants, bile salts (BSs) play important roles in many biological
processes and applications. They circulate in the body, a process called enterohepatic
circulation, and serve as agents to help with fat digestion and fat-soluble vitamin
adsorption in the small intestine. However, BS malabsorption can occur if there is a
malfunction in this circulation, which will further cause BS-related diseases such as
chronic diarrhea, liver disease, and gallstones. Therefore, studies on BS aqueous mixed
solutions, especially those consisting of BSs and other amphiphiles, are crucial for our
health and for solving BS-related problems. In addition to BS, the other amphiphilic
molecules studied in this thesis were thermoresponsive cationic diblock copolymers, a
head-tail conventional surfactant, and chiral gemini surfactants.

The purpose for studying interactions from a physico-chemical perspective between BS
and oppositely charged polymers or gemini surfactants was to:

e Find potential block copolymers that could be employed as new BS
sequestrants to treat BS-related diseases and hypercholesterolemia.

e  Achieve supramolecular assemblies that can be used in biomedical applications
such as drug loading and delivery, especially when these assemblies possess
special properties like chirality and thermoresponsive property.

e Build supramolecular structures with hierarchical structural levels from the
bottom up by non-covalent interactions of molecular building blocks.

This thesis starts with a general introduction in Chapter 1 of BSs, thermoresponsive
cationic block copolymers, gemini surfactants, and interactions of surfactants with
oppositely charged copolymers or gemini surfactants and Chapter 2 presents the
experimental techniques utilized for the studies. Following these introductory chapters,
all studies included in this thesis are summarized and divided into three chapters. The
oppositely charged block copolymer-BS systems are summarized in Chapter 3. In
comparison, Chapter 4 discusses the interaction of the same block copolymer and a
head-tail conventional surfactant. Lastly, Chapter 5 summarizes the results of the
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investigation on gemini surfactant-BS aqueous mixtures, and at the end of the thesis,
highlights and conclusions are given as well as an outlook.

1.1 Bile salts

Bile salts are anionic biological surfactants (natural surfactants). As the end-product of
the cholesterol metabolism in the liver, they present predominantly in the gallbladder
of mammals." BSs are widely involved in various biological processes and applications,
but mainly help with fat digestion by acting as emulsifiers and absorption of fat-soluble
vitamins in the intestines, thereby facilitating intestinal uptake.” Because of their
steroidal backbone, BSs are significantly more rigid than conventional surfactants with
a head-tail structure (Figure 1.1), where the head and tail represent the hydrophilic and
hydrophobic moieties, respectively.” This rigidity together with a complex distribution
of hydrophobic and hydrophilic regions in the BS molecule imparts specific self-
assembly properties to them when in an aqueous solution.

It has been shown that BSs self-assemble into micelles through a stepwise micellization
process: a primary step and a second step. The pre-micelles are formed at the critical
micelle concentration (CMC) in the primary step (CMC,:) and this process can be
attributed to the hydrophobic interaction between BS monomers. The secondary step
is related to the formation of stable micelles at the CMC, which is ascribed to the
combination of hydrophobic interaction and the hydrogen bond effect. Consequently,
BSs do not have specific CMC values as classical ionic surfactants; instead their CMC
values reported in the literature cover a quite wide range of concentrations.” Depending
on the type of BSs, the concentration, the pH, and the ionic strength of the solution,
BSs can form micelles or aggregates with specific structural arrangements, e.g., globular,

rod-like, or tubular morphologies®*°

as well as hexagonal liquid crystalline phase
under certain conditions.!! Due to their molecular architecture, BSs are also used as
substrates for the synthesis of an expanded family of rigid amphiphiles with uncommon

>12 and dispersing abilities."

aggregation behaviors
BSs can be classified into three groups according to their conjugation with amino acids
and their degree of hydroxylation, namely dihydroxy conjugates (such as
glycodeoxycholate and taurodeoxycholate), trihydroxy conjugates (such as glycocholate
and taurocholate), and unconjugated forms (such as deoxycholate and cholate)."
Approximately 60% of BSs in human bile are dihydroxy."” By properly choosing BSs
from the above categories with regard to their hydrophobicity or hydrophilicity, it is
possible to predict, design, tune, and achieve special aggregate structures with specific
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properties and functionalities in a study system. Sodium deoxycholate (NaDC) was
chosen in the studies (Papers I-III and V) presented in this thesis. As a comparison to
these studies, the conventional head-tail surfactant sodium dodecyl sulfate (SDS) was
selected as a model surfactant in Paper IV. The molecular structures of NaDC and SDS
are shown in Figure 1.1.

Hydrophobic region Hydrophobic Hydrophilic
tail head

Hydrophilic region
NaDC sDS

Figure 1.1 Molecular structures of sodium deoxycholate (NaDC) and sodium dodecyl sulfate (SDS). The rigid structure
of the BS and the head-tail structure of SDS are exemplified.

As mentioned before, BSs play a key role in the food digestion-absorption process of
the small intestine. They function through enterohepatic circulation via reabsorption
of BSs (about 95% in a healthy adult) back to the liver. However, different pathologies
are associated with disorders in the BS metabolism, such as chronic diarrhea, liver
disease, and gallstones, which are caused by the malabsorption of BSs.'¢ Diarrhea can
be treated by using commercial drugs consisting of cationic polymers, so-called BS
sequestrants, aimed at binding the excess BS and thereby decreasing its level in the
intestine."” However, there are still problems with the current BS sequestrants, e.g., a
rather low efficacy, poor compliance, and aggravation of severe constipation caused by
the insoluble complexes formed between the sequestrants and BSs. Conversely,
stimulating the transformation of the cholesterol to BSs through the binding of excess
BSs is favorable in the treatment of hypercholesterolemia disease. Consequently, Papers
I-IIT presents the study of the interactions, supramolecular structures, and
thermoresponsive properties of oppositely charged block copolymer-BS mixtures to
determine whether it would be possible to use cationic amphiphilic block copolymers
as new BS sequestrants in the treatment of BS-related diseases. In addition, the mixed
complexes formed in these mixtures could be applied in biomedical applications as

nanocarriers.

1.2 Thermoresponsive cationic block copolymers
Block copolymers comprise two or more blocks of different polymerized monomers

linked by covalent bonds."® They have many different architectures including linear,
branched (graft and star), and cyclic molecular architectures,"” among which, diblock
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copolymers comprising two distinct blocks have been vastly studied.*® Due to the
diversity of the molecular architectures and availability of monomers, the solution
behavior of block copolymers can be tuned based on different blocks and the quality of
solvents, giving them unique self-assembly properties. When there exists a difference in
the hydrophobicity level of the blocks, the block copolymers will be able to self-
associate to form micellar aggregates in aqueous solutions as a result of their
amphiphilicity. This is similar to the self-assembly behavior of classical low molecular
weight surfactants. Diverse morphologies have been obtained from the self-assembly of
amphiphilic block copolymers in solution, for example, spherical micelles, rods,
bicontinuous structures, lamellae, vesicles, tubules, “onions”, and so on.?' These
aggregates can be widely used in a variety of applications, for instance, in
nanotechnology,” as nanocarriers, bioactive agents or nanoreactors in drug delivery and

gene therapy, etc.”>™

Cationic diblock copolymer

Monomeréﬁﬂwo

Non-charged block Charged block
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Figure 1.2 Schematic illustration of the cationic diblock copolymer (top). Chemical structures (bottom) of cationic diblock
copolymers PNIPAMm-b-PAMPTMA(+), (m = 120, n = 30; m = 48 or 65, n = 20) and MPEGas-b-PAMPTMA(+)21, nonionic
hompolymer PNIPAMy, (m = 97 or 71), and cationic homopolymer PAMPTMA(+)130.

The family of block copolymers also includes charged copolymers that have a nonionic
(either hydrophilic, hydrophobic, or amphiphilic) and an ionic block. Introduction of
a charged block enables the block copolymer to interact electrostatically as polyions
(Figure 1.2). Therefore, their self-assembly can be tuned or induced through
electrostatic interaction, especially when they are involved in mixtures with oppositely

charged species, such as other polymers, surfactants, proteins or nanoparticles.”*

The block copolymers involved in this thesis were poly((3-acrylamidopropyl)trimethyl-
ammonium chloride) PAMPTMA(+)-based diblock copolymers, where the nonionic
block was composed of either the amphiphilic poly(/N-isopropylacrylamide)
(PNIPAM) or the hydrophilic methoxy poly(ethylene glycol) (MPEG) polymer. These
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copolymers are denoted PNIPAM,,-6-PAMPTMA(+),, (m = 120, n = 30; m = 48 or 65,
n = 20) and MPEG4s-6-PAMPTMA(+),1. As a reference, the homopolymer
PAMPTMA(+)130 and PNIPAM,, (m = 97 or 71) were also studied. The chemical

structures of these polymers are shown in Figure 1.2.

The presence of PNIPAM in the block copolymers imparts thermoresponsive
properties to the studied systems, which is very attractive especially in drug delivery
applications.”” PNIPAM is known as a thermoresponsive amphiphilic polymer, and the
thermoresponsive behavior and aggregation are directly related to its aqueous solubility
which depends on the lower critical solution temperature (LCST). The LCST for the
PNIPAM polymer is usually stated to be ~ 32 °C.**° Below the LCST, the PNIPAM
is soluble in water because of a favorable hydrogen bond interaction between its amide
groups and water molecules. However, upon heating, the fraction of the hydrogen-
bonded water molecules covering the polymer chain®* decreases and the intramolecular
amide-amide hydrogen bonds formed within the polymer chain, i.e., dehydration of
the polymer chain in dilute solution occurs. Consequently, water becomes a poor
solvent for PNIPAM, causing the coil-to-globule transition of the PNIPAM polymer.”
This temperature-induced transition is associated with phase separation or a demixing
phenomenon, i.e., the dilute solution becomes turbid at temperatures above its cloud
point temperature (T¢p).”

The phase transition temperature is related to the molecular weight, polydispersity and
concentration® of the PNIPAM polymers, the copolymerization of PNIPAM with
other polymers, and the choice of functional monomers in the copolymerization.
Attaching a block (e.g., charged) to the PNIPAM polymer is an effective way to tune
the transition temperature as well as the novel characteristics, thereby enabling the
PNIPAM-based copolymers to be optimal for the desired applications. For example,
biomedical applications like drug delivery’” can benefit from the fact that the transition
temperatures of the PNIPAM-based block copolymers can be modulated to be close to
body temperature.

In this thesis, the cationic PAMPTMA(+) block was introduced to the PNIPAM
polymer. The formation of copolymer-BS mixed complexes with supramolecular
structures and thermoresponsive properties could be promising for the aforementioned
applications as BS sequestrants.
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1.3 Gemini surfactants

Gemini surfactants generally contain two hydrophilic heads, two hydrophobic tails and
a spacer that binds the two head groups together by covalent bonds (Figure 1.3). The
head groups can be positively and/or negatively charged or nonionic. The spacers can
be of different nature, e.g., flexible chains of methylene groups, rigid, polar, and
nonpolar groups.” This kind of surfactant was firstly reported by Bunton et al.,”” but
was later named “Gemini” by Menger and Littau in 1991.% It has been reported that
these surfactants could be several orders of magnitude more surface-active than the
corresponding counterpart single-chain surfactants.”’ Thereby, gemini surfactants
possess a higher surface activity, lower CMC values, lower Kraff points, a stronger
interaction with oppositely charged surfactants, diverse aggregation behaviors and
unique rheological properties.“*** In addition, their interfacial activity and molecular
aggregation property can be finely tuned by adjusting the three structural elements: i.e.,

844 (0 obtain

two hydrophilic head groups, two hydrophobic chains, and one spacer,
desired physico-chemical properties for specific applications. Based on these superior
performances, gemini surfactants can be applied in gene transfection,” oil recovery,*

drug delivery,”” antimicrobial materials,” and so on.*®

Two hydrophilic heads OH OH OH

N - -
\ﬁ/\/\/N \ﬁ/\H\/N \ﬁ/\'/k/N
- 1 ~ ~
OH OH OH
28Br 2Br 28Br
Spacer

Two hydrophobic tails  (2S,3S)-12-4(OH),-12  (£)-12-4(OH),-12 (2R,3R)-12-4(0OH),-12

Figure 1.3 Schematic illustration of the gemini surfactant and chemical structures of three gemini surfactants: (2S,3S)-
12-4(OH)2-12, (£)-12-4(0OH)2-12, and (2R,3R)-12-4(OH)2-12.

Chirality is one of the most fascinating phenomena found in nature, and most life
processes are directly governed by chiral interactions between biomolecules.”
Therefore, introducing a chiral center to gemini surfactants enable them to be more
appealing in biomedical applications. This can be attributed to the fact that chiral
gemini surfactants possess superior properties from both conventional gemini
surfactants and chiral molecules. Chiral gemini surfactants can self-assemble into a rich
variety of assemblies, e.g., micelles,”™" bilayers,” vesicles,”® LB films,”* tubules,” and
so on. Since chirality has a structure-directing power to promote the self-assembly of
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monomers into aggregates, the stability and growth of aggregates formed by chiral
gemini surfactants can then be intimately associated with their chirality.*

The chiral gemini surfactants studied in this thesis were 1,4-bis(dodecyl-/V,/V-
dimethylammonjum  bromide)-2,3-butanediol (12-4(OH),-12) including two
enantiomers denoted (2R,3R)-12-4(OH),-12 and (25,35)-12-4(OH),-12, and the
racemate denoted (£)-12-4(OH),-12. The racemate was a mixture of two enantiomers
with a 1:1 mixing ratio (Figure 1.3). These gemini surfactants have two positive charges
on their head groups, allowing them to interact with oppositely charged biosurfactants,
here BS, through electrostatic interactions. In addition, as BSs are also chiral molecules,
chiral effects are therefore expected to appear in the gemini surfactant-BS system. The
mixed aggregates of the gemini surfactant-BS systems exhibiting chiral properties can
hopefully be applied in chiral recognition, drug delivery, and other applications.

1.4 Polymer-surfactant interactions

Due to the richness in structural features of both surfactants and charged polymers
(polyelectrolytes), it is evident that their mixtures will result in a variety of structurally
different co-assemblies.”® The polyelectrolyte and surfactant complexes (PESCs)
formed in these mixtures have been applied in numerous industrial areas such as
pharmaceutical formulations, home and personal care, detergents, paints, food

products, and other industrial areas.”’

The interaction of polyelectrolytes with oppositely charged surfactants in aqueous
solutions and the formation of PESCs have been a topic in colloid research for more
than 40 years.’®’ The topic has mainly focused on binding mechanisms, assembled
structures of the PESCs, phase behaviors, rheology properties, and applications.”” All
these aspects are intimately related to the intermolecular interaction between the
oppositely charged components in aqueous solutions, which is based on electrostatic
and hydrophobic interactions, and mainly driven by the entropic gain due to the release
of small counterions and water molecules.””***2 However, other interactions such as
hydrogen bonding and van der Waals forces can also have an impact on the interaction

processes.”’

As mentioned before, the association behavior and co-assembly in oppositely charged
polymer-surfactant systems provide a versatile platform for the formation of a variety
of colloidal aggregates soluble in water with unique structures, functionality and
biocompatibility. Soluble mixed complexes, sometimes with highly ordered internal

57,63

structures,””* e.g., cubic,* hexagonal,65’66 can be obtained by tuning the intermolecular
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interactions.” This can be achieved by varying the molecular weight, charge density
and functional groups of the polyelectrolytes,” the architecture of the surfactant (head-
tail or steroidal) and mixture composition,”® or via the addition of non-ionic
surfactants.®**’ The internal ordered structures can provide a large surface area, which
enables the particles to solubilize high concentrations of hydrophobic molecules,
proteins, drugs, or peptides, thereby making them useful in a wide range of medical
applications, such as drug loading, delivery and release, gene therapy, and so on.

In order to employ polyelectrolyte-surfactant colloidal complexes for these medical
applications, it is important that the oppositely charged species are biocompatible and
a controllable self-assembly in dilute aqueous conditions is also particularly desirable.”
Therefore, the water-soluble charged block copolymer-BS mixed complexes obtained
in this thesis, with highly ordered internal structures are expected to be used in
biomedical related applications as biocompatible nanocarriers.

1.5 Surfactant-surfactant interactions

As mentioned in Chapter 1.1, BSs are important biosurfactants possessing superior
aggregation behaviors in aqueous solutions under certain conditions due to their special
steroidal molecular structures. However, they form small micelles in dilute solutions in
the CMC of 5-20 mM with a relatively small aggregation number of 2—12, resulting
in small hydrophobic domains.” This limits the usage of BSs in drug delivery when

71,72

considering the loading ability.”"”* Nevertheless, mixing BSs with oppositely charged
surfactants can be one effective way to improve their performances in biomedical

applications.

With many appealing properties, the cationic gemini surfactants (Chapter 1.3) are
good candidates to help BSs improve their performances in dilute aqueous solutions.
There are several studies on gemini surfactant-BS systems reported in the literature.”"”*
77 The combination of BSs and gemini surfactants provides a useful model to explore
the relationship between the aggregate morphology and the component structure, as
both BS and gemini surfactant are unconventional surfactants rich in structural options

through synthesis or post-modification.”

In general, mixed surfactants with oppositely charged species, often called catanionic
surfactant mixtures, have been extensively studied due to their diverse phase behaviors,
interesting assemblies, and synergistic physico-chemical properties. This brings about
their widespread technological and biomedical applications.”*®" Strong synergistic
effects observed for their bulk and surface properties originate mainly from strong
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electrostatic attractions between oppositely charged head groups of surfactant
molecules, while other factors such as the molecular packing geometry, hydrophobic
interaction, and hydrogen bonding can also have an impact.

A large number of aggregate structures such as rod-like micelles, vesicles, lamellar
phases, and nanodiscs can be prepared by controlling these interactions between
oppositely charged surfactants. However, phase separation is often observed in these
mixtures over certain concentration ranges or molar charge ratios. Particularly,
precipitation (liquid-solid associative phase separation) usually occurs when opposite
charges reach the equimolar point, which sometimes limits the use of the systems in
practical applications.® Conversely, the coacervation, i.e., liquid-liquid associative
phase separation, in catanionic mixtures, can be appreciated due to its widespread
applications in water treatment,*” cosmetic and food formulation,* protein

purification,* and pharmaceutical microencapsulation.®>*

Dilute liquid phase
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Figure 1.4 Schematic illustration of coacervation or liquid-liquid associative phase separation.

Coacervation is defined as a process during which a homogenous colloidal solution
separates into two immiscible liquid phases (Figure 1.4), i.., a liquid-liquid phase
separation, giving rise to a dense phase, which is relatively concentrated in colloidal
components, called the coacervate, in equilibrium with a dilute liquid phase containing
less colloidal components.*”*® The coacervate phase can be present as spherical or
amorphous droplets in a turbid solution,*” or they can coalesce and finally separate
macroscopically into a top or bottom liquid phase depending on its density” (see Figure

1.4).

Coacervation is usually divided into simple coacervation and complex coacervation.
Simple coacervation involves a system of one kind of macromolecule or surfactant that
undergoes phase separation. Complex coacervation, on the other hand, consists of at
least two oppositely charged colloidal species and is primarily driven by electrostatic
attraction. Particularly, it takes place close to the charge neutralization. Coacervation is
a subtle balance among electrostatic attractions, hydrophobic interactions, hydrogen
bonds, van der Waals forces, and other weak interactions. It can be suppressed when
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these interactions are reduced, however, precipitation often happens when these
interactions are enhanced.” It is therefore critical to study the fundamental interaction,
aggregate structure, and phase behavior in catanionic surfactant mixtures, especially
when these mixtures involve biocompatible species because of their potential in
biomedical applications, to gain a deep understanding of the coacervation mechanism.

Studies on gemini surfactant-BS catanionic mixtures involving interactions, mixed

aggregate formation, phase transition have been reported in previous studies,””>77"!

7391 Seudies on

however, a few coacervation phenomena were observed in these studies.
biosurfactant-based coacervation and the coacervates with chiral properties formed in
mixtures of BSs and chiral gemini surfactants have so far not been reported in the
literature, which motivated the investigation described in Paper V. In this study, the
interactions, diverse phase behaviors including coacervation, co-assembled structures,
and chiral performances were explored in mixtures of NaDC and three oppositely
charged gemini surfactants with different chirality. This study was also a fundament on

exploring more potential applications of gemini surfactant-BS systems.
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2 Experimental methods

This chapter presents the main techniques used in this thesis as a general overview. The
significance of these different techniques and their important features are explained and
emphasized in varying depths. Static and dynamic light scattering (SLS/DLS), and
turbidimetric titration were used to investigate the aqueous phase behaviors of the
studied systems. Cryogenic transmission electron microscopy (cryo-TEM), cryogenic
electron tomography (cryo-ET), and small angle X-ray scattering (SAXS) were utilized
to explore the morphology and structure of the aggregates. It should be emphasized
that by means of the cryo-ET technique, aggregate structures can be imaged from three
dimensions (3D), and the 3D morphology can be reconstructed later.

Two calorimetric techniques were employed to study the systems from a
thermodynamic point of view. One was high-sensitivity differential scanning
calorimetry (DSC), which was used to determine the phase transition temperature and
the enthalpy changes during the transition process. The other was isotherm titration
calorimetry (ITC), from which the thermodynamic interaction information was
acquired and which is a helpful technique for understanding the mixed complex
formation in polymer-surfactant or gemini surfactant-BS systems. To obtain
information on the chirality and to confirm the chiral properties of the studied systems,
circular dichroism (CD) was employed. As a complementary method, electrophoretic
mobility measurements were carried out to gain information on the chemical
compositions of the mixed aggregates. In addition, optical microscopy (OM) was a
useful method to confirm the formation of coacervate droplets in the gemini surfactant-
BS system.

2.1 Scattering techniques

Scattering techniques such as light and X-ray scattering, have become leading
techniques for the characterization of structures, interactions, and dynamics in soft
matter systems containing colloids, polymers, surfactants, and biological
macromolecules. Due to several advantages, e.g., a relatively strong signal and rapid
acquisition of statistically relevant data, the experiments give a representative overview

39



of the existing structure, and so on.”” As a result of the interaction between the
electromagnetic radiation and the matter, the scattering methods can be divided into
different categories depending on the radiation sources. The radiation can be visible
light obtained from lasers giving plane-polarized light in the wavelength (1) range of
250-700 nm, X-rays with 4 around 0.05 to 1 nm, or neutrons with A range from 0.1
to 1 nm.” Each source interacts with different parts of the atom, light and X-rays
interact with the electrons through the difference in polarizability or electron density,
respectively, between object and solvent, which gives rise to contrast in each case.
Neutrons, on the other hand, interact with the nuclei of atoms and they are therefore
sensitive to different isotopes.”” Based on the length scale of the colloidal particle
(ranging from nanometers up to several micrometers), scattering techniques with
suitable radiation sources can be chosen to obtain information about the particles such
as the size, morphology, structure, and interaction.

Sample

Incident beam k; |% ° ‘ Transmitted beam

Beam

source . ‘
® . )9 Scattering vector
':? = ks - ki

Figure 2.1 Schematic illustration of a scattering experiment and definition of the scattering vector q. 6 is the scattering
angle.

When a beam of an incident electromagnetic radiation impinges a solution of colloidal
particles, part of it can interact with the particles in two ways, and the remainder of the
radiation will pass through the solution without interacting with the particles
(transmitted beam),” as depicted in Figure 2.1. The incident radiation can either be
absorbed as a result of the excitation of the atoms in the particles, which is the basis of
spectroscopic techniques, or be scattered by the particles through interaction with them
either elastically or inelastically. Elastic scattering means that there is no energy loss
during the scattering process and the scattered radiation thus has the same wavelength
as the incident one. This is valid for the light scattering methods (DLS and SLS) as well
as SAXS used in this thesis.

In a typical scattering process, the electric field of the incident radiation, which is a
plane wave at position 7 and time t can be expressed as:*

E;(#,t) = Eqexpli(k; - 7 — wt] 2.1)
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5
where E| is the electric vector, k; is the propagation vector of the incident light and w
is the angular frequency.

It will be scattered by the point scatterer which results in a spherical scattered wave with

IR
a wave vector of k.

The scattered radiation is collected by a detector at a specific scattering angle 6, the
relative position of which can be experimentally varied as depicted in Figure 2.1.

The difference between l_c)i and l_c)s defines the scattering vector § = I_c)s - l_c)i.

Since |i€z| = |7€s| =k = 2n/\, for an elastic scattering process, the magnitude of G
can be derived from the scattering geometry (Figure 2.1):

4 7]
IGl=q = Tnsin (E) (2.2)

In a real scattering experiment, the incident radiation is scattered by numerous particles.
The radiation scattered from single point scatterers with varying spatial positions in the
sample or from diverse scattering centers within larger particles will have a different
distance to travel to the detector, thereby resulting in a constructive or destructive
interference between the scattered waves. The extent of the interference is reflected by

the fact that the amplitude of the electric field of the scattered radiation E (ﬁ, t) will

> —
depend on the scattering angle 6, i.c., the scattering vector q . ES(R, t) from N
particles in the scattering volume V with the centers of mass at time t, to a point

detector at position R in the far field is given by:™*

expli(kR — wt)]
R

N
Z b;(q,t) exp[—ig - ﬁj(t)] (2.3)

j=1

E¢(R t) = —E,

where ﬁj(t) is the position vector of the particle j at time t and bj(c_]), t) is the
scattering length of particle j defined as:*

bi(q,t) = f Ap(7,t) exp(—ig - 7)d>r; (2.4)

Vj

where Ap (7}, t) can be regarded as a measure of the local density of scattering material,
which is the contrast term in each of the different scattering methods mentioned before.

Unfortunately, the amplitude of the scattered electric field is not an accessible
parameter in real experiments. Instead, the scattering intensity is measured directly by
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the scattering instruments. The relationship between scattering intensity and the
electric field is given by:**

I,(4,t) = |Es(§,0)| (2.5)

Combining Equations (2.3) and (2.5), the scattering intensity can be expressed as:™*

Ep\2 &
I,(4,t) = (;")

N
2 bi(@ (@0 expl-ig - [Ry(0) - Be®]) 26)
j=1k=1

This is the instantaneous scattering intensity, for size and structural information of
colloidal particles in a solution. The time-averaged scattering intensity (I5(g)) (here
also denoted I5(q)) is required when assuming the colloid particles to be spatially

isotropic on average, and is written:**

Eo\’ RO\ L
1@ =(2) O b@b@ex|-id-F-R)) @7

j=1k=1

In the following subchapters, the approximation, data analysis, and settings for each
scattering technique used in this thesis is explained in detail.

2.1.1 Static light scattering

In static light scattering, the radiation source is a laser beam of monochromatic plane-
polarized light with a wavelength in the visible light range; in this thesis, the wavelength
of the laser beam was 632.8 nm. By measuring the angular dependence of the scattering
intensity as a spatial and time average, we can determine the molar mass M, radius of
gyration Ry of the objects under investigation and their mutual interaction (in terms
of the second virial coefficient A;). Theoretical limitations of the scattering angle are
0° < 8 < 180°, intensity from 6 = 0° corresponds to the unscattered (transmitted) light,
while from 6 = 180° the light is scattered directly back into the laser. However, in
practice, it is almost impossible to reach the angles closest to 0° or 180°, the
measurements are thus usually carried out at 15° < 8 < 145°, depending on the
geometry of each specific instrument.

In SLS experiments, the measured scattering intensity can be normalized against a

reference (usually toluene) and expressed as the excess Rayleigh ratio ARgy:"?

_L(q) —1(q) Re,, ( n )2 (2.8)

ARy =
Itol (CI) Ntot
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where I5(q), Io(q), and I;5;(q) are the time-averaged scattering intensities of the
solution, the solvent, and toluene at a specific g, respectively. Ry, is the Rayleigh ratio
of toluene, n and nyy; are the refractive indices of the solution and solvent, respectively,
and are here used to correct the difference in scattering volume between the solution
and the reference.

The size, molecular weight, and interaction of the particles are all associated with the

excess Rayleigh ratio, which can thus also be expressed as:?+?

ARy = KMCP(q)S(q) (2.9)

where K is the optical constant that is related to the instrumental setup and the sample

. . dn . . .
(it contains the contrast factor - mentioned earlier), C is the solute mass

(qRg)* . .
— Tg + --+)” is the form factor, which expresses the

concentration, P(q) (= 1
intraparticle interference effects, and is related to the size and shape of the particles,
S(q) is the structure factor representing the contribution of the interparticle
interference to the scattering intensity: S(q) = 1/(1 + 24, MC + --+),”” where A, is
the second virial coefficient. The value of A, is a measure of the nonideality of the
solution or of the interaction forces between particles in a solution. When A4, is positive
the solute-solvent interactions are more favorable than the solute-solute interactions
and the interparticle interaction is repulsive, otherwise, when negative, the reverse is
true and the interparticle interaction is attractive.

For very dilute solutions (no interparticle interaction, i.e., S(q) = 1) of small particles
(size smaller than 4/20), the scattered intensity is independent of the scattering angle
and depends only on M of the particle. Moreover, it is proportional to the total number
of scattering particles. The molar mass can be determined at @ = 0°,and C = 0 . This
can be achieved by measuring the scattering intensity at different angles, extrapolating
to zero scattering angle for each sample and thereafter performing an extrapolation to
infinite dilution. In this case, the scattering is said to be isotropic and the particles that
scatter the light are termed isotropic scatterers.

However, for dilute solutions of non-interacting large particles, the scattered intensity
is no longer independent of the scattering angle due to intraparticle interference
(P(q) # 1 but still S(q) = 1). The angular dependence increases with increasing
particle size, and in this case, the size and shape of the particles are reflected in the form
factor P(q) from which information on the radius of gyration of the particle can be
obtained (see Equation (2.9)).
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For both cases cited above, interparticle interference effects cannot be ignored at finite
particle concentrations (i.e., S(q) # 1) and therefore, information of the type of
interparticle interaction can be acquired from determining A, as mentioned in
Equation (2.9).

Due to the complexity in size, shape and internal structure of the different aggregates
studied in this thesis, the aforementioned standard theoretical approaches to the
analysis of SLS data cannot be easily applied. Hence, the total scattering intensity
(without subtracting the solvent scattering) was used to follow the overall phase
behaviors, e.g., the phase transition upon increasing temperature, relative changes in
aggregate size at different compositions, and so on.

2.1.2 Turbidimetric titration

Turbidity is the cloudiness of a particle solution, determined by the amount of light
that passes through the solution and caused by the light scattering from the suspended
non-absorbing particles, which therefore gives the solution a cloudy appearance.
Turbidity assessments are based on the measurements of the transmittance (T), which
is defined as the ratio of transmitted light intensity (I;) to incident light intensity (I5):*®
L Iy =1

== 5 (2.10)

T =
Iy Iy

where I is the intensity of scattered light (see Equation 2.6). The turbidity values are
usually expressed as (1 —T) x 100% or 100 — %T .
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Figure 2.2 Turbidity (100 — %T') as a function of NaDC concentration (Cnanc) of the gemini surfactant-BS solution when
titrating a concentrated NaDC solution into a gemini surfactant solution.

Studying solution behavior by turbidimetric titration is a very useful and convenient

way to monitor a phase transition process, such as the occurrence of coacervation
(liquid-liquid phase separation) or precipitation (liquid-solid phase separation), in a
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colloidal mixed solution. In Paper V, the turbidity was measured by turbidimetric
titration to study the phase transition and coacervation in gemini surfactant-BS
mixtures (see Figure 2.2).

2.1.3 Small angle X-ray scattering

The small angle X-ray scattering technique can generally access the structural
information of the particles in smaller length scales compared to static light scattering.
This is because X-ray sources having much smaller wavelengths (typically 0.1-0.2 nm)
than light sources, which results in larger g ranges, and since g has dimensions of the
inverse of length, ¢~ can be interpreted as a rough measure of the probed length scales.
In SAXS experiments, the obtained result is the scattering intensity as a function of q
as described in Equation (2.11):

1(q) = NpV,28p?P(q)S(q) (2.11)

where N, is the number of particles per volume, V, is the volume of a particle, Ap is
the difference in scattering length density (SLD) between the particle and the solvent,
and P(q) and S(q) are the form factor and structure factor as described before.

Dissimilar to the contrast used in SLS experiments, where differences in refractive
indices are employed, SLD is utilized as the contrast in SAXS experiments and

expressed as Ap in Equation (2.11) according to:**

R 7,
2p(Ft) = 7; z Zj — z ZyL (2.12)
Ji k

where 1, = 2.81794 x 1075 A is the electron radius, and Zj and Zy ;, are the numbers
of electrons in the atoms of the particle and the solvent, respectively.

The analysis of SAXS data can be done in numerous ways, and different methods give
various levels of detail, but it also requires many levels of prior knowledge. As
mentioned before, ¢~ can give the length scale information of a measurement, and
the dimension of the scattering particles can be estimated from 27t/q. This indicates
that larger structural information of the scattering particles can be obtained at low q
values, while information about internal or small structures can be acquired at higher

q values.

At low enough q values so that R, < 1, the Guinier approximation™ is valid and can
be used to estimate the Ry of the particles. For non-interacting particles (S (@) =1),
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the scattering intensity 1(q) depends only on the zero angle scattering intensity I(0)
and the Ry, which is given by:”
_qué
() =1(0)e™ 3 (219
By using the Guinier plog, i.e., plotting In[/(g)] as a function of q?, the Ry can be

obtained in a linear function where the slope of this function is proportional to R3.

In the intermediate q regions, where the Guinier regions may not be seen due to the
larger size of the particles. This means that the overall size of the particles cannot be
determined. Nevertheless, the q dependence of the scattering curve in this region can
give information about the shape of the particles. For example, a slope of g1
corresponds to a cylindrical shape of the particle, while a slope of q~2 reveals the
lamellar structure of the particles.

At the higher q regions, the scattering intensity is related to the surface scattering and

a slope of g~* can be seen for smooth interfaces. This is known as the Porod region
described in the Porod law.'”

The above-mentioned information of the scattering particles can be directly revealed
from the characteristics of the scattering curves. In order to gain more information
about the particles, a model-free or model-dependent analysis is generally required. In
the model-free analysis, no prior information is needed to fit the data. This type of data
analysis is based on the inverse Fourier transformation (IFT) of the scattering intensity,
which results in the pair distance distribution function (PDDF) or p(r) describing the
geometry of the scattering particles in the real space.'”" For a locally cylindrical particle,
the IFT yields the cross-section pair distance distribution function p.s(r), which
provides important information on the cross-section structure of the aggregates such as
the maximum dimension. This kind of information was obtained in Papers I-IV
(under the assumption that the structure factor S(q) was 1).

For the model-dependent analysis, there are numerous form factor models available in
many software such as SasView'*” and SASfit.'” Through fitting of the experimental
data to a selected model, e.g., a sphere, cylinder or disc, information of the size and
shape of the particles can be obtained. However, prior knowledge about the studied
systems is sometimes needed in order to find the best P(q) model to use. This can be
achieved by combining SAXS with other techniques that can give an indication of the
morphological information about the particles, for example, cryo-TEM. In the studied
systems, all the above-mentioned data analysis methods were employed at different
levels or to various extents.
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Bragg diffraction

Colloidal particles with a highly ordered arrangement or internal structure such as the
lamellar, cubic or hexagonal phases are often called dispersed liquid crystalline phases.
The X-ray scattering intensity from such ordered structures will result in a diffraction
pattern with well-defined peaks due to the constructive interference (Figure 2.3); these

104

peaks are known as Bragg peaks and this type of scattering obeys Bragg’s law:

6
nA = 2d sin (E) (2.14)

Here, n is an integer (diffraction order), d is the distance between the lattice planes and
0 is the scattering angle.

A crystal can be described by its unit cell, the smallest repeating unit in the crystal, and
the miller indices (h, k, [) denoting how many lattice planes that intersect each unit
axis of the cell. For a given structure, e.g., 2D-hexagonal, the distance (dpy, [ = 0)
between the lattice planes can be related to the miller indices. The relation is given

by:IOS

V3a

- (2.15)
2./ (h? + k% + hk)

dhk

By combining Equations (2.2) and (2.14), the characteristic distance of the inter-plane
can be calculated through d = 2m/q,, and the size of the unit cell a, for a 2D-
hexagonal phase, can be calculated according to:

_ 41
\/§CI1

where q, is the q value of the first Bragg peak in the X-ray scattering curve.

a (2.16)

In practice, the liquid crystalline structures can be determined by the ratios between
different Bragg peaks of the particles. For example, in the case of the hexagonal phase,
the Bragg peaks in the X-ray scattering curve show the position order of

V1,v3,V4,V7, ... which is relative to the position of the first Bragg peak at q;.”
Studies on the ordered structures showing Bragg diffraction peaks of the investigated
systems can be found in Papers II, IV and V.
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Figure 2.3 Schematic illustration of Bragg diffraction. Two incident beams with identical wavelength and phase reach
the crystalline or liquid crystalline phase and are scattered from the lattice planes. The lower beam traverses an extra
length of 2d sin (g) (marked with red). Constructive interference occurs when this length is equal to an integer multiple

of the wavelength of the radiation, i.e., n1 = 2d sin (g)

2.1.4 Dynamic light scattering

In dynamic light scattering experiments, the time-dependence of the scattered intensity
is measured at different scattering angles. DLS is known as quasi-elastic light scattering
but it is still based on an elastic scattering process as in SLS and SAXS, i.e., the
wavelength of the scattered light is the same as the incident light. In a DLS experiment,
the scattered intensity from a solution of particles shows a time-dependent fluctuation
due to the Brownian motion of particles causing concentration fluctuations. Therefore,
by studying these intensity fluctuations (Figure 2.4), information on the collective
diffusion and hydrodynamic size of the particles can be obtained.

Scattering intensity fluctuation Time correlation function
(lZ(q} 0)) ......... <

Intensity
9@t -1

(@)Y LT
Time Decay time?”  Delay time Log(t)

Figure 2.4 Schematic illustration of the scattering intensity fluctuation and a time correlation function of the scattering
intensity.

The scattered intensity is collected by using a detector (photomultiplier or avalanche
photodiode) and a time correlation function (TCF) is constructed by a digital correlator

(Figure 2.4). The normalized TCF of the scattering intensity g (q, t) is defined as:**
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(1(q,0)I(q,t))
(I(q))?

where 1(q,0) and I(q, t) are the scattering intensity at time 0 and a delay time t,

g(Z) (q,t) = (2.17)

respectively, while (I(q)) is the time-averaged scattering intensity.

The TCEF has a characteristic decay time called the relaxation time 7, which describes
the mobility feature of the particles (Figure 2.4). Longer 7 indicates a slower fluctuation
in scattering intensity, thus suggesting a slower motion from larger particles in solution
according to Brownian motion theory. Conversely, a shorter 7 indicates a faster
diffusion of the smaller particles. From this, we can correlate the particle size with the
scattering intensity fluctuation.

9@ (q,t) is related to the normalized electric field autocorrelation function g(¥ (g, t)
through the Siegert relation:'*

9D(q,) =1+ Blg® (D] (2.18)

where f (£ 1) is an instrumental parameter that takes into account the deviation from
ideal correlation and the experimental geometry.

For monodispersed spherical particles, g (g, t) can be fitted to a single exponential
function as:

f“mi)ze”%t=e41=e%f (2.19)

where D is the collective diffusion coefficient of particles, which involves particle
interactions at finite solute concentrations and 7/ is the decay rate which is the

reciprocal of the decay time 7.

The self-diffusion coefficient Dy, sometimes called the “free particle” diffusion
constant, can be obtained by extrapolating the D measured at different solute
concentrations to zero using its concentration dependence: D = Dy(1 + kpC +
) ,'7 where C and kp are the concentration and concentration coefficient,

respectively.

The hydrodynamic radius Ry of a particle can be obtained from D by using the Stock-
Einstein equation:
kgT
R, =
™ 6nnD,

(2.20)
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where kp is the Boltzmann constant, 77 is the viscosity of the solvent and T is the
absolute temperature.

An apparent hydrodynamic radius Ry gpp is obtained if the value of D is used in
Equation (2.20) instead of Dy. Ry gpp is thus affected by both hydrodynamic and
thermodynamic interactions.

In a solution that contains polydispersed particles, g™V (g, t) is a multiexponential
function and can be expressed as a continuous distribution of relaxation times in a
Laplace transform:

o] [ee)

gP(q,0) = f A(r)e‘gdrz f TA(T)e_%dlnT (2.21)

0 —00

where A(7) is the relaxation time distribution, which can be extracted by an inverse
Laplace transformation (ILT).

There are two general types of DLS data analysis: mean size analysis and size
distribution analysis. The mean size of the particles can be obtained by the Cumulants
method'”® which gives a z-average particle size and also an estimation of the width of
the distribution (polydispersity index, PDI). The Cumulants method is suitable for
systems where the size polydispersity of the particles is small. The size distribution
analysis is usually employed for polydisperse systems and there are various analysis
methods based on the inverse Laplace transformation of either the electric field or the
intensity correlation function.'” The best-known packages are CONTIN, a type of
Tikhonov regularization originally encoded in FORTRAN by Provencher,'* NNLS
(non-negative least squares, General purpose in Malvern instrument), and REPES'"!
(Regularized Positive Exponential Sum), a constrained nonlinear regularization
algorithm.

For the purpose of this thesis, the Cumulants method, NNLS, and CONTIN were
used to analyze the DLS data in different studies, and which method was chosen was
based on the specific feature of each system. Details about the DLS data analysis can be
found in the corresponding papers.
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2.2 Microscopy techniques

2.2.1 Cryogenic transmission electron microscopy

Cryo-TEM has attracted much attention in recent years and has been widely used for
studying the self-assembly behavior of amphiphilic molecules in solution due to its
impressive development.''>'"? In 2017, Jacques Dubochet, Joachim Frank and Richard
Henderson were awarded the Nobel Prize in Chemistry for their work in developing
the cryo-electron microscopy technique that helps researchers image biomolecules.'*
Transmission electron microscopy is most frequently used for the evaluation of the
ultrastructure in colloidal and material science.!'”> However, in most of the colloidal
systems, self-assembled structures of amphiphiles, such as surfactants and amphiphilic
block copolymers, are only stable in their native solution state under certain conditions
such as concentration, temperature, and pH. Direct imaging of such liquid systems is
not possible in a high-vacuum TEM chamber because of the vapor pressure of solvents
and molecular diffusion. While it is possible to image samples by completely removing
the solvent from the solution, this often results in the deformation or destruction of the
assembled structure.'” Nevertheless, thanks to the successful development of the
cryogenic freeze technique in the electron microscopy field, cryo-TEM extends the
capabilities of TEM by allowing for in-situ imaging of the delicate self-assembled
structures of soft matter in liquid systems, providing unique information that cannot
be accessed by other techniques. Cryo-TEM measurements can directly provide
structural and morphological information of samples in a wide range of length scales,
ranging from a few nanometers to several micrometers.
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Figure 2.5 Schematic illustration of the cryo-TEM sample preparation process including application, blotting, and plunge
freezing to obtain the vitrified sample.

Sample preparation for cryo-TEM is critical for acquiring high-quality images and is a

rather sensitive process requiring strict control of the sample environment over the
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whole time of preparation, transfer, and electron microscopic investigation. Automatic
vitrification systems with controlled humidity and temperature are often required to
ensure a reproducible sample preparation procedure.

In the papers of this thesis, the specimens were prepared using an automatic plunge
freezer system (Leica Em GP) with the environmental chamber operated at room
temperature and 90% relative humidity. As shown in Figure 2.5, during the plunge-
freezing process, a droplet of sample solution (approximately 2—5 UL, here 4 pUL) was
deposited on the carbon-coated grid with a pipette. The excess solution was removed
by quick blotting with a filter paper, leaving a thin spanned film in the holes of the
grid. The grid was then immediately plunged into liquid ethane (around -183 °C) to
ensure rapid vitrification of the sample (i.e., transform it into a glassy state) in its native
state and to avoid the formation of crystalline ice.'' Thereafter, the specimens were
transferred intermediately into liquid nitrogen (around -196 °C) and placed in the cold
cryo-holder using pre-cooled tools. Subsequently, the cooled holder was quickly
inserted into the electron microscope for the image acquisition process. To ensure
electron transparency, the vitrified films were usually prepared with typical thicknesses
in the order of 100 nm.""”

In a habitual TEM measurement, the sample is illuminated by an electron beam created
from the electronic gun in the microscope column. When the electron beam is focused
on the sample by a system of electromagnetic lenses, the interaction occurs between the
electrons and atoms of the sample through the scattering of the electrons in three
dimensions by the various atoms of the sample. The scattering angles are related to the
density and thickness of the sample, which further results in the formation of the image
with different brightness and darkness, thereby presenting the structural information
of the samples.''® The transmitted electrons are then projected onto an image recording
system/detector and the images of the sample can be captured by a camera system (in

this thesis, a bottom-mounted TemCam-F416 camera (TVIPS) using SerialEM).

The contrast of a cryo-TEM image can be attributed to both mass-thickness contrast
and phase-contrast mechanisms.'"> The mass-thickness contrast is related to the
different abilities of the atoms to scatter electrons in a sample. For amphiphilic colloidal
systems, however, it is more difficult to obtain images with high resolutions since both
the self-assembled objects and solvents in solutions are mainly comprised of low-
atomic-number elements such as carbon, hydrogen, oxygen, and nitrogen.
Nevertheless, the dense packing of hydrophobic moieties and the presence of any
heavier atoms definitely contribute to the mass-thickness contrast. Phase contrast, on
the other hand, can be enhanced by under-focusing the objective lens, which induces a
phase shift of the scattered electrons, whereby the self-assembled objects with inner
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electron potentials different from the vitreous solvent become visible. Nevertheless, the
underfocus may cause optical artifacts and loss of spatial resolution during the imaging
process. The resolution of a cryo-TEM image depends on both sample contrast and the
electron dose used for capturing images. A slightly higher electron dose can give rise to

images with higher resolutions, however, it is important to be aware of the visible
117,119

electron beam damage in the vitrified films.

Figure 2.6 Examples of cryo-TEM images with artifacts like cryogen residues (marked with white arrows) and ice
contaminations (marked with yellow arrows).

Due to the complicated experimental process of cryo-TEM, which involves sample
vitrification, insertion of the sample into the holder, transfer of the holder into the
microscope, and image acquisition, various artifacts may occur in the cryo-TEM
images. These include cryogen residues (Figure 2.6), which can remain from the plunge
freezing process, and ice contaminations (Figure 2.6) from either the freezing process,
the phase transition of the vitrified ice into cubic or hexagonal ice, or evaporated water
in the column of the TEM.'" In addition, cryo-TEM images only visualize a small area
of a whole sample grid, wherefore a single image should not be overestimated and a
series of images that can be representative for the whole sample should be considered
for a thorough analysis of the sample.

Moreover, because of the small volume in the hole of the thinner sample film, larger
anisometric objects especially with elongated structures may immerse parts of their
structure inside the film and/or protrude other parts of their structure outside the film.
This would lead to the loss of overview information of the objects, e.g., their size, shape,
and internal structure. Hence, it is necessary to perform a series of images and the
obtention of structural information from three dimensions of such samples is advised
to gain a deep understanding. This could be achieved with the help of different angular
views by tilting the sample specimen several times, i.e., performing a tomography
measurement.
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2.2.2 Cryogenic electron tomography

As mentioned above, cryo-TEM is widely used to study the morphology and structure
of objects in colloidal and material science. However, the images obtained in
conventional cryo-TEM measurements are 2D projections of 3D objects, thus the true
3D structure of an object may be hidden in 2D images and the overlapped internal
structures could make the analysis of complicated nanostructures even more difficult.
Thankfully, the emergence of the powerful and versatile cryogenic electron tomography
has rendered it possible to visualize the nanostructures in three dimensions and has
opened a new window for the analysis of complicated nanostructures.

Generally, in a cryo-ET measurement, images of the object are acquired by tilting the
same specimen at different angles and then performing a reconstruction into 3D objects
(Figure 2.7), thereby revealing detailed information on the morphology, internal
structure, and 3D organization of nanostructures. For this purpose, the images must be
aligned with respect to a common origin and tilt axis to correct for relative shifts and
rotations between images and to minimize reconstruction artifacts. This can be done
with the help of the fiducial markers and usually 6—20 nm colloidal gold particles need
to be added to the sample solution prior to vitrification. Once the images are properly

aligned, numerical algorithms can be used for the 3D reconstructions.'*
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Figure 2.7 Schematic illustration of a typical cryo-ET experiment and image analysis process including the tilt series
acquisition and the 3D reconstruction to obtain the 3D structure of the objects from which also the cross-section can be
obtained.

In Paper II, a series of 2D cryo-TEM images of the same grid area were collected at tilt
angles from -60° to +60° at a nominal defocus between -1.5 and -3 pm using the
SerialEM software package, and a total of 61 images in 2° increments were recorded for
the later 3D reconstructions. To prevent the area of interest from beam damage during
total image acquisition, the electron dose per tilt image needed to be carefully
evaluated.”' The electron dose per tilt view was kept < 1.5 electrons/A2 i.e., the total
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electron dose per imaged area was kept < 120 electrons/A% After the alignment of all
images with the aid of 10 or 20 nm Au particles as fiducial markers, the tilt series process
and 3D reconstruction were then performed using the IMOD software package.'** The
tomographic reconstructions were carried out with a simultaneous iterative
reconstruction technique (SIRT) algorithm after 15 iterations. Data visualization was

performed using IMOD and UCSF Chimera.'”

Due to the complicated arrangement of the supramolecular assemblies in the block
copolymer-BS system studied in Paper II, it was very challenging to achieve a decent
3D structure of the object even though an isosurface 3D reconstruction was obtained
(see Movie S3 in Supporting information (SI) of Paper II). Nevertheless, cross-sectional
information was relatively easy to retrieve from the 3D reconstruction, and
consequently with the combination of the top view and cross section of the images, it
was possible to acquire the overall structural (including internal) and morphological
information of the objects. Accordingly, the 3D structures could also be visualized by
3D models sketched by hand (Figure 2.7) in addition to the reconstructed
3D structures (Movies S1-S6 in SI of Paper II).

2.2.3 Optical microscopy

Both cryo-TEM and cryo-ET have a powerful and versatile ability to detect the
morphological and structural information of the investigated objects at very high
resolution with a small length scale (several nanometers). However, it is more difficult
to observe the dynamics (motions) of the objects in the solution state with electron
microscopy techniques. Optical microscopy is a more suitable and easily accessible
technique for this kind of task. OM is also the oldest microscope design and the most
traditional technique for observing small colloidal objects.

In the OM technique, visible light is used as the radiation source, generally, one or a
series of lenses are employed to magnify the small objects. The lenses are placed between
the sample and the viewer’s eyes to magnify the image so that it can be examined in
greater detail. With the help of charge-couple device (CCD) cameras, the magnified
images can be projected onto a computer screen in real time, making it more convenient

to observe the sample with the digital microscopes.'**

As described in Paper V, OM was used to investigate the coacervation phenomenon in
gemini surfactant-BS systems, i.e., small coacervate droplets with a size around 1 um.
In addition, from OM experiments, liquid-liquid phase separation or liquid-solid phase
separation can be easily distinguished. OM was therefore a very suitable technique for
the study presented in Paper V.
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2.3 Calorimetry techniques

2.3.1 High-sensitivity differential scanning calorimetry

DSC is a very robust thermodynamic technique for investigating the phase and
conformational transitions in polymer-surfactant systems. The thermal parameters such
as the enthalpy (either exothermic or endothermic) and the temperature (onset or
maximum) of a phase transition can be determined directly from the DSC
measurements. These parameters are indispensable for studying the interaction and
thermoresponsive behavior in polymer-surfactant systems, in our case, the
thermoresponsive block copolymer-BS systems.

The calorimeter requires a high sensitivity in order to follow small energy changes
associated with the thermally induced phase transitions at low solute solution
concentrations. This high sensitivity is accomplished through the use of differential
power compensation between a reference and a sample cell, and a carefully designed
method to control temperature and scan rate during the thermal experiment.'” In a
DSC experiment (Figure 2.8a), a sample and a reference (the solvent, here water) with
the same volume are filled into the sample and reference cells, respectively. When
increasing or decreasing the temperature at a certain scan rate, the temperature sensor
located between these two cells determines whether there is a temperature difference
between the cells and if so, applies a compensating power through heaters to keep the
cells at more or less the same temperature.
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Figure 2.8 (a) Schematic representation of a typical DSC instrument. In scans where the temperature (T) is increased,
power is applied to the main heaters, which causes the temperature of the cells to increase at a constant rate. The
temperature difference (AT) between the sample and reference cells is measured by the instrument and compensated
for by the feedback heaters. (b) Data output from a DSC measurement showing the normalized apparent molar heat
capacity C,, qpp a@s a function of T. Here, T, and T,,,4, are the transition temperatures as indicated and the transition
enthalpy ( AH,,) is obtained from the area of the transition peak.
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The power compensation signal is recorded as the output data and is reported as the
heat capacity C, against the temperature (T), generating thermal transition peaks in
DSC curves. With concentration, cell volume, and scan rate, the Cp is normalized and
expressed as the apparent molar heat capacity Cp, 41, (kcal/mole/°C). The transition
enthalpy AH;, can be obtained by the integration of the peak area in the DSC curve
(Figure 2.8b) as:'*

Tena
AHy, = f Cpapp AT (2.22)

Tonset

where Typser and Tepg are the temperatures at which the transition (peaks) begins and
ends, respectively. Typser is defined as the intersection point of two lines as shown in
Figure 2.8b. The temperature corresponding to the peak maximum is denoted Ty gy
In DSC curves, a sharper or narrower transition peak gives the signal of the higher
cooperativity in the intermolecular interactions during the phase transition event.

With the thermal parameters, Typnser » Tmax and AHy obtained from DSC
measurements, the intermolecular interactions and the temperature-induced phase
transitions in block copolymer-NaDC and block copolymer-SDS systems were studied
at different temperatures up to 60 °C as described in Papers III and IV, respectively.

2.3.2 Isothermal titration calorimetry

As described above, the DSC technique detects the enthalpy change of the phase
transition process induced by the temperature changes in thermoresponsive systems.
Similar to the DSC technique, the ITC technique also detects the observed enthalpy
changes but, in this case, induced by changes in concentration at constant temperatures.
ITC is a powerful and widely used technique to study molecular interaction in self-
assembly or association processes in colloidal mixtures. By simply measuring the heat
absorbed (endothermic) or released (exothermic) during interactions in liquid
solutions, the complete and accurate thermodynamic parameters can be directly
determined, such as the observed enthalpy change AH, s, the binding constant K, the
reaction stoichiometry 1, the free energy change AG, and the entropy change AS."”

A typically isothermal titration calorimeter (power compensation) is composed of two
identical cells (reference and sample) which are located within an adiabatic jacket'*®
(Figure 2.9a). The reference cell usually contains the solvent while the sample cell
contains the solution which will be titrated by another solution. Constant power is
applied to the reference cell to maintain a set temperature. Titration (injection) of a
high concentration solution through a stirring syringe into the sample cell results in an

57



exothermic or endothermic interaction in the mixed solution in the sample cell, which
causes a temperature difference (AT) between the two cells. The AT is measured by a
circuit which then provides the feedback power to maintain the isothermal condition
either by increasing or decreasing the sample cell temperature to reach that of the
reference sample. The raw signal from ITC measurements is the power (P, Lical/s)
(Figure 2.9b) and the power consumed at each injection is then integrated with time

(t) to give AH,ps of the interaction process in the sample cell (Figure 2.9¢) using
Equation (2.23):'*

AH,ps = f Pdt (2.23)

In colloidal systems like the polymer-surfactant and gemini surfactant-BS systems
studied in Papers II, IV and V, the ITC method is used to determine the CMC, the
critical aggregation concentration (CAC), the charged neutral concentration, and the
saturation concentration (C,). Through these parameters, the surfactant micellization,
surfactant binding or association to polymer chains, thermodynamic interaction during
mixed complex formation, and composition-controlled nanostructural changes of
mixed complexes can be deeply understood, especially with the combination of other
techniques such as cryo-TEM, DLS and SAXS.
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Figure 2.9 (a) Schematic representation of the power compensation in an ITC instrument. Constant power is applied to
the reference cell, activating a feedback circuit, which applies a variable power to the sample cell. This maintains a very
small and monitored temperature difference (AT) between the cells. The feedback power is the baseline in the ITC
experiment. Exothermic reactions generate heat, thus triggering a decrease in the feedback power, whereas
endothermic reactions increase the feedback power. (b) Raw heat flow as a function of time from an ITC experiment for
titrating concentrated NaDC solution into water. (c) Observed enthalpy changes (AH,,s) as a function of NaDC
concentration from the integration of the peaks in the heat flow curve (b), CMC and CMCr of NaDC are determined at
the intersection points of the two lines.

58



2.4 Electrophoretic mobility

In aqueous mixtures of oppositely charged amphiphiles, most of the colloidal assemblies
carry surface charges. Knowledge of the charge information is very helpful when further
investigating the chemical composition, interaction, and aggregate structure of colloidal
systems. It is therefore important to estimate the surface charges of colloidal particles,
and for this electrophoretic mobility measurement is a widely used and powerful
method.
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Figure 2.10 Schematic illustration of the distribution of counterions, which defines the electric double layer, around a
negatively charged colloidal particle (here surfactant micelle) in an aqueous medium.

A colloidal particle with a net charge at its surface affects the distribution of counterions
in its surrounding interfacial region, thereby resulting in an electric double layer (EDL)
around each particle. The EDL consists of two layers (Figure 2.10), an inner one (Stern
layer) where the counterions are strongly bound onto the particle surface, and an outer
one (diffuse layer) where the ions are less firmly associated. Within the diffuse layer,
there is a boundary called the slipping plane, inside of which, the particle and its
counterions form a stable entity. When a particle moves due to gravity, thermal motion,
or enteral forces (for example when an electrical field is applied), the ions within the
slipping plane also move along with the particle, whereas those beyond the boundary
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stay with the bulk dispersant. The potential at the slipping plane is known as the zeta
potential ¢, and the magnitude of § gives an indication of the stability of a colloidal
system. If a solution containing colloidal particles has a large negative or positive &
value, the particles can be stabilized by the repulsive electrostatic force.

Usually, the surface charge property of the colloidal particles can be expressed as
electrophoretic mobility (). The p is the experimentally measured value from which

the ¢ can be estimated through the Henry equation:"**"!

2&r&9¢f (xa)
p=—""

37 (2.24)

where &, is the dielectric constant of the medium, & is the permittivity of the vacuum,
and 77 denotes the viscosity at the experimental temperature. Moreover, f(ka) is the
Henry function, & is the Debye length (x~! is often taken as a measure of the
“thickness” of the EDL) and a is the radius of the particle.

For large spherical particles, i.e., when the radius of the particles is much larger than
the Debye length (xa > 100) and the diffuse layer, the value of f(xa) is taken as 1.5
in the Henry function. For small particles, on the other hand, the radius is much smaller
than the thickness of EDL (ka « 1), and the value of f(xa) is taken as 1 in Equation
(2.24).1%*

The electrophoretic mobility can be measured by using the laser Doppler
electrophoresis technique. In such an experiment, a laser light illuminates colloidal
particles in solution with an applied electric field (E), the charged particles then move
towards the oppositely charged electrode with a velocity (v), during which the Doppler
frequency shift of scattered light caused by the moving particles is monitored and
measured as the electrophoretic mobility. The p (m* s V™) is defined as the velocity of
the particle per unit applied electric field in the equation:

In this thesis, a Malvern Zetasizer Nano-ZS$ instrument equipped with a 632.8 nm 4
mW He-Ne laser was utilized to determine the electrophoretic mobility of the different
self-assembled aggregates. Measurements were performed at a fixed scattering angle of
13° at certain temperatures by combining the laser Doppler electrophoresis technique
and a phase analysis light scattering method.'’*
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2.5 Circular dichroism

CD is an excellent method for studying chiral species in solution. It is widely used to
determine the secondary structure of proteins and also to investigate chiral properties
of self-assembled aggregates either from chiral molecules or in an asymmetric
arrangement.

“\_Rigid-tile conformation

P
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A
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Figure 2.11 Schematic illustration of the interaction of chiral species with M- and P-forms of bilirubin-IXa, generating a
left-handed and right-handed CD signal, respectively.

Plane polarized light consists of two circularly polarized components of equal
magnitude: a left-handed (L) and a right-handed (R) component. CD refers to the

133-

sample’s differential absorption of these two components.’”>% If the sample only
contains achiral species in solution, the L and R components will not be absorbed or
will be absorbed to equal extents. The combination of the two components would then
regenerate light polarized in the original plane, i.e., no CD signal will show up in the
spectrum. However, for a sample that contains chiral species, the L and R components
will be absorbed to different extents, and the resultant light will then be elliptically
polarized, thereby generating the CD signal. The CD signal can be expressed as either
the difference in absorbance (4) of the two components (AA = A; — Ag) or as the

ellipticity in degrees as the function of the wavelength.'”’

In this thesis, the CD method was used to study the molecular and supramolecular
chirality in polymer-BS systems in Paper II and the different chiral properties in gemini
surfactant-BS systems in Paper V. To test the chiral selectivity of the mixed aggregates
formed in these studied systems, bilirubin-IXa (BR) was used as a probe. In addition,
the drug-loading ability of the mixed complexes was also assayed as BR can be used as
a drug. BR has two interconverting enantiomeric “ridge tile” conformations (M- and
P-forms) that are stabilized by six intramolecular hydrogen bonds (Figure 2.11). Chiral
molecules (or their aggregates) can selectively interact with one of the conformations
and by that determine an enantiomer in excess as revealed by a typical CD signal. When
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chiral species interact with the M-form of BR, the CD spectrum will have a positive
band at a shorter wavelength and a negative band at a longer wavelength, which
corresponds to a left-handed CD signal (Figure 2.11). An inverted CD spectrum on
the other hand can be observed when the P-form of BR is selected to interact with chiral
136-138

species, which then generates a right-handed chirality (Figure 2.11).
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3 Oppositely charged block

copolymer-bile salt mixtures

One motivation for studying the oppositely charged block copolymer-BS systems
presented in this thesis was to explore cationic block copolymers as potential BS
sequestrants which could be used in the treatment of BS-related diseases and
hypercholesterolemia. For this purpose, fundamental investigations of the interaction
between oppositely charged block copolymers and BS in dilute aqueous solution from
a physico-chemical perspective can thus be the base for future medical applications.

Paper I describes an investigation of the phase behavior, mixed complex formation and
supramolecular structures of the complexes in the mixtures of the cationic block
copolymer PNIPAM 120-6-PAMPTMA(+)30 and bile salt sodium deoxycholate (NaDC)
at room temperature. Based on the results presented in Paper I, the thermoresponsive
behavior of the same PNIPAM-6-PAMPTMA(+)3-NaDC system was further
researched in Paper III. The studies on the PNIPAM50-6-PAMPTMA(+)3,-NaDC
system were extended in Paper II by using similar block copolymers and the same BS
(NaDC) to investigate the effects of copolymer block length on the supramolecular
structure. The block copolymers used were PNIPAM,,-6-PAMPTMA(+), where m =
48 or 65, n = 20. It is worth mentioning that the chirality of the mixed complexes in
Paper II was also explored due to the chiral nature of BSs and also the supramolecular
chirality of the assemblies. This kind of investigation is also an initial attempt towards
applications of drug loading and drug delivery.

This chapter summarizes the results from the studies of the oppositely charged block
copolymer-BS systems in Papers I-III. DLS, SLS and electrophoretic mobility were
employed to follow the size changes and association behavior of different block
copolymer-BS systems at varying compositions and temperatures. The structural and
morphological information about the supramolecular assemblies was characterized by
cryo-TEM, cryo-ET, and SAXS/WAXS techniques. The thermodynamic interaction
during the co-assembly process was investigated by the ITC technique. The chiral
properties and potential drug loading ability of the mixed complexes were explored by
the CD method. In addition, the heat-induced phase transition and thermoresponsive
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behavior in the PNIPAM 50-6-PAMPTMA((+)30-NaDC system were also studied by the
DSC technique. The additional methods used in the investigations are described in
conjunction with the respective results in the papers.

3.1 Mixed complex formation

Paper I describes the investigation of dilute aqueous mixtures of the cationic diblock
copolymer PNIPAM50-6-PAMPTMA(+)3 and NaDC in a wide range of charge
compositions, expressed as either negative-to-positive molar charge fraction X = n-/(n-
+ n4) or negative-to-positive molar charge ratio CR = n-/n;. The chemical structures of
NaDC and PNIPAM 150-6-PAMPTMA(+)30 can be found in Figure 1.1 and Figure 1.2,
respectively. The pure copolymer solution is denoted X = 0, and X = 0.5 corresponds
to the theoretical charge-neutral composition (CR = 1). Thereby, the copolymer was in
excess in the mixtures when X < 0.5 and conversely BS was in excess when X > 0.5. The
investigation was conducted at ambient temperature, well below the phase transition
of PNIPAM to study the formation of mixed complexes and the structures of the
complexes, in order to avoid the heat-induced strong association effects of the PNIPAM

block of the copolymer.
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Figure 3.1 (a) Total SLS intensity (I;,,), (b) electrophoretic mobility (1), and (c) SAXS curves (I1(q) vs. q) of PNIPAM120-
b-PAMPTMA(+)30-NaDC mixtures at different negative charge fractions X: 0 < X < 0.94, where X = 0 denotes the pure
copolymer solution. The color code in (c): X = 0 (black), X = 0.2 (orange), X = 0.33 (green), X = 0.5 (red) and X = 0.8
(blue). The temperature was 22 °C and the copolymer concentration was 0.13 wt% in (a) and (b), while 25 °C and 0.5
wt% copolymer concentration were used in (c).

Figure 3.1a, b presents the total scattering intensity (I,;) and the electrophoretic
mobility of the mixtures at different compositions (0 <X < 0.94). When X < 0.67, the
Itor was almost constant, and the y was close to zero and slightly positive, which
suggests that the BS preferentially interacted electrostatically with the cationic
PAMPTMA(+) blocks to form mixed complexes of neutral or slightly positive charges
in the PNIPAM 30-6-PAMPTMA(+)30-NaDC mixtures at relatively low X. However,
the I, starts to increase sharply, accompanied by a decreasing pt to negative values,
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when X is increased above 0.67, indicating that larger complexes of negative charge
were formed at high X (X > 0.67). This could be attributed to the fact that the exceeding
NaDC molecules could associate with the mixed complexes through hydrophobic
interactions.

SAXS results shown in Figure 3.1c also indicate the formation and growth of the mixed
complexes with increasing X. In a 0.5 wt% copolymer solution, the copolymer existed
as free polymer chains and some large multichain clusters could contribute to the
upturn scattering intensity at low q in the SAXS curve. Addition of BS to the
copolymer solution changed the shape of the SAXS curves, especially in the low q
range, suggesting an interaction beween the copolymer and BS molecules, and
formation of mixed complexes. The SAXS curve demosntrates a typical Guinier
behavior at low g when X reaches 0.5, which was expected for the globular-like
structure of the mixed complexes. The structures of the mixed complexes in the
copolymer-BS mixtures are discussed in detail in the following subchapter.

3.2 Co-assembled supramolecular structures

3.2.1 Intriguing supramolecular structures

To obtain the structural and morphological information about the mixed complexes
formed in the PNIPAM 3-6-PAMPTMA(+)30-NaDC system, cryo-TEM and SAXS
experiments were conducted on the mixture at X = 0.5 and the results are summarized
in Figure 3.2. Cryo-TEM images illustrate that two morphologically different mixed
complexes are formed and coexist at ambient temperatures.

The first type of complex (see Figure 3.2b) has a globular morphology with a coacervate
core (Deore = 21 * 3 nm) of deoxycholate anions (DC) and PAMPTMA(+) blocks
surrounded by a PNIPAM corona. Assuming no hydration of the core, the aggregation
numbers of copolymers and DC™ molecules in this complex were estimated in a crude
calculation to be about 174 and 5220, respectively. In addition, Figure 3.2c suggests
that the globular complexes dominate the SAXS curve and by that possibly overshadow
the contribution of the tape-like complexes. The curve is well-described by a form
factor of a spherical particle with a graded out interface composed of the polymers in a
Gaussian chain conformation. A good fit was achieved for particles with a core diameter
of about 18 nm, which was in good agreement with the size inferred from cryo-TEM
(Figure 3.2b).
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Figure 3.2 (a, b, d, ) Cryo-TEM images and (c, f) SAXS curves of the PNIPAM120-b-PAMPTMA(+)30-NaDC mixtures at
X =0.5. (a) Overview image showing the coexistence of globular structures and striped tape-like structures. (b) Cryo-
TEM image focusing on the globular structures with an estimated core diameter (Dcore) Of 21 £ 3 nm. (c) Experimental
SAXS curve (red symbols) and best-fitting curve (black line) for particles with a spherical core (Dcore = 18.3 nm) and a
graded interface of Gaussian chains. (d, e) Cryo-TEM images show the striped tape-like structures with an inter-stripe
distance estimated to be 5.5 nm by the gray scale analysis in the inset of (d). (f) Experimental SAXS curve of the same
sample as in (e) (red symbols) and the fitting curve (black line) based on a form factor of an infinitely long parallelepiped
with a rectangular cross section with a width of 25 nm and a height of 16 nm. The mixed solution for (e, f) was filtered
through a syringe filter with pores of 0.45 um. The color code for the models of globular structures (b, c) and striped
tape-like structures (d, f): PAMPTMA (+) blocks (red), PNIPAM blocks (blue), and NaDC (light blue + orange). The
copolymer concentrations were 0.25wt% in (a, b, d), 0.5wt% in (c), and 0.1wt% (e, f) and all measurements were done
at 25 °C.

Figure 3.2d emphasizes the second type of complexes that are unusually ordered striped
tape-like supramolecular structures with a length of several micrometers. The inter-
stripe distance was estimated to be 5.5 nm by the gray scale analysis (see inset of Figure
3.2d). We proposed a model for such supermolecular structures (Figure 5 in Paper I)
based on the fact that the stripes consisted of the self-assembled, oppositely oriented
DC™ molecules that partly overlapped as a result of the hydrophobic interaction
between them. This way, the BS molecules were associated and joined by the
PAMPTMAC(+) side chains of the copolymer blocks. The whole tape was built up by
many block copolymers and was covered on both sides by the PNIPAM blocks,
probably in a slightly coiled conformation, which can prevent the tapes from
aggregating under ambient temperature conditions.

To separate these two coexisting complexes, filtration was performed. However, the
cryo-TEM image in Figure 3.2e implies that the striped tape-like complexes were
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reformed, meaning that a reorganization of the material in solution after filtration
probably led to a more uniform solution. This result was also evidenced by the SAXS
curve which was fitted to a form factor of an infinitely long parallelepiped with a
rectangular cross section that is 25 nm wide and 16 nm high (Figure 3.2f and the
inserted model). The fitting result was in accordance with the cryo-TEM result on the
same sample (Figure 3.2¢).

3.2.2 Truth behind the striped tape-like structure
The striped tape-like complexes found in the PNIPAM 5-6-PAMPTMA(+)30-NaDC

system were so fascinating that a subsequent study was performed to gain a deeper
understanding of the truth behind this interesting co-assembly behavior. It was
anticipated that the PAMPTMA(+) block of the copolymer played a critical role in the
formation of the supramolecular structures. Therefore, the first system to be
investigated was the mixtures of the cationic homopolymer PAMPTMA(+)130 and
NaDC in Paper II. Cryo-TEM performed on the PAMPMTA(+)13-NaDC mixture at
CR = 0.5 revealed single micrometer-long “nanowires” (Figure 3.3a), which confirmed
the importance of the PAMPTMA(+) block in the formation of these supramolecular
structures. This was also indirectly proved in the cryo-TEM images of the PNIPAM,
homopolymer-NaDC mixture where no visible complexes were observed (Figure S22

in Paper II).
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Figure 3.3 (a) Cryo-TEM image at CR = 0.5 and (b) WAXS curves of the concentrated phase at CR = 0.5 (black) and
the precipitate at CR = 1 (gray) of PAMPTMA(+)130-NaDC mixtures. The g values of the WAXS peaks are indicated in
(b). (c) Experimental SAXS curve (black symbols) of the same sample as in (a) and the best-fitting curve (orange line)
for a model of rod-like particles with a cross-sectional diameter of 5.6 nm (inset: WAXS region with the peaks indicated).
The homopolymer concentration was 0.5 wt% and the temperature was 25 °C.

It is well established that NaDC forms gels at pH around 7, from which dry fibers can
be drawn. It has been demonstrated that the dry fibers are composed of NaDC

molecules in a helical arrangement as reflected in a very typical X-ray pattern.’*'*!

67



With this in mind, WAXS experiments were performed on the PAMPTMA (+)130-
NaDC mixture at CR = 0.5 (concentrated by centrifugation) and at CR = 1
(precipitate). The revealed peaks (Figure 3.3b, ¢ (inset)) matched the layer lines of the
X-ray pattern for the NaDC dry fiber ascribed to the typical supramolecular helical
structure of NaDC." "' More details can be found in Paper II. From this, it can be
concluded that the PAMPTMA(+)130-NaDC nanowires were composed of helices of
DC™ with PAMPMTA(+)130 polyions associated through electrostatic interactions. In
addition, the PAMPTMA(+)130-NaDC helices at CR = 0.5 could be fitted to rod-like

particles with a cross-sectional diameter estimated to be 5.6 nm (Figure 3.3c).

Finally, it is clear that the dark stripes observed in the tape-like structure formed in
PNIPAM 120-6-PAMPTMA(+)30-NaDC system (described in Paper I) and the single
nanowires formed in PAMPTMA(+)130-NaDC system (described in Paper II) were in
fact the self-assembled NaDC molecules in a helical arrangement, having formed with
the help of either PNIPAM 5-6-PAMPTMA(+)30 or PAMPTMA(+)130. The words
“stripes” and “nanowires” thus had an equivalent meaning and the word “helices” is
therefore preferred and used from now on.

3.2.3 Assembly of supramolecular helices into bundles

To examine if the formation of the striped supramolecular co-assembled structures
found in the PNIPAM ,0-6-PAMPTMA(+)30-NaDC system is a general phenomenon
that also exists in similar copolymer-BS systems, two block copolymers with the same
chemical composition but with different block lengths were introduced in the
investigation reported in Paper II. They were denoted PNIPAM,,-6-PAMPTMA(+)20
where 7 = 48 or 65. The objective was also to study the effect of block length on the
co-assembly in the block copolymer-NaDC systems.

Figures 3.4a—c and S5 in Paper II reveal that helices packed orderly into bundles can
also appear in the shorter copolymer-NaDC systems, thus demonstrating the above-
mentioned common phenomenon and again showing the importance of the cationic
block of the copolymers in the formation of these bundles. The bundles of helices
packed with a regular spacing were present at all CRs (Figure 3.4a—c and S5 in Paper
IT), and they co-existed with single helices in PNIPAMes or 45-6-PAMPTMA(+)2-NaDC
mixtures when CR < 0.5 (Figures S5a and S9 in Paper II). Irrespectively of the
PNIPAM block length of the investigated PNIPAM,,-6-PAMPTMA(+)2 copolymers,
the width of the bundles became wider with increasing CR, thus being tunable through
optimization of the mixing ratio (Figures 3.4a—c, S5 and Table S1 in Paper II).
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To further understand how the supramolecular helices pack in three dimensions, the
cryo-ET technique was utilized. A Cryo-ET 3D reconstruction (Figure 3.4d) and
analysis of the cross sections (Figure 3.4e, f) of the bundle formed in PNIPAMgs-6-
PAMPTMA(+)2-NaDC mixture at CR = 1 (Figure S13 in Paper II) revealed that the
supramolecular helices were packed in a hexagonal lattice. An inter-helix distance of
5.5 nm and an inter-plane distance of 4.8 nm was estimated from the gray scale analysis
(Figures 3.4f and S14c in Paper II). The distances were in good agreement with the
periodic spacing in the bundles generally measured from the cryo-TEM 2D images
(Figures S6—-S8 and S10-S12 in Paper II) and also consistent with those of the
hexagonal liquid crystalline phase at a high NaDC concentration.'*
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Figure 3.4 Cryo-TEM images of PNIPAMes-b-PAMPTMA(+)20-NaDC mixtures at CR of (a) 0.5, (b) 1 (inset: enlargement
displaying the bundle interior in the marked region), and (c) 4. (d) Top view of cryo-ET reconstruction and corresponding
3D sketched model of the bundle in the PNIPAMes-b-PAMPTMA(+)20-NaDC mixed complexes at CR = 1. (e) Cross
sections and corresponding sketches reconstructed in different positions of (d) marked with 1, 2, and 3. (f) Gray scale
analysis of the cross section and sketch of the hexagonal lattice with inter-helix (5.5 nm) and inter-plane (4.8 nm)
distances.

Moreover, the second type of cationic diblock copolymer and its interaction with
NaDC was also investigated in Paper II. It has a hydrophilic non-ionic block of MPEG
and the same cationic block PAMPTMA(+), denoted MPEGys-6-PAMPTMA(+),; (see
the chemical structure in Figure 1.2). Cryo-TEM experiments performed on MPEGys-
b-PAMPTMA(+)2:-NaDC mixtures at CR = 0.5 (Figure S15 in Paper II) and CR = 1
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(Figure 3.5a, d) displayed the same type of bundles as observed for the PNIPAM,,-6-
PAMPTMA(+)2-NaDC systems. Single helices co-existed with such bundles at CR =
0.5 (Figure S15 in Paper II). The periodic distance measured in the bundles was similar
to that obtained for the PNIPAM,,-6-PAMPTMA(+)2-NaDC systems (Figure S16d, e
in Paper II).

Figure 3.5 Cryo-TEM overview showing the toroidal structures of (a) MPEGa4s-b-PAMPTMA(+)21-NaDC mixture at CR
=1, (b) PNIPAMgs-b-PAMPTMA(+)20-NaDC mixture at CR = 0.5, and (c) PNIPAM4g-b-PAMPTMA(+)20-NaDC mixture at
CR =1, with a zoomed-in area of (c) in the inset. (d) Zoom of the toroid marked in (a) together with a further zoomed-in
area highlighting the internal structure. (e) Cryo-ET reconstruction of a toroid of the MPEGas-b-PAMPTMA(+)21-NaDC
mixture at CR = 1 with the reconstructed cross section and inter-plane distance reported in the inset and reproduced in
the sketch. (f) 3D model sketches of the toroid in (e) displaying different orientations and a cross section with hexagonal
lattice achieved by a 90° rotation of the model.

3.2.4 Toroids of supramolecular helices

Co-assembled toroidal structures were also found to co-exist with the bundles in all the
investigated block copolymer-NaDC systems at certain compositions. The toroid sizes,
in terms of average outer diameter D and thickness T of the toroidal wall, are
summarized in Table S1 in Paper II. In the case of the PNIPAM,,-6-PAMPTMA (+)20-
NaDC systems, the toroids of the copolymer with the longer PNIPAM block (7 = 65)
had a slightly larger diameter (D = 81 & 15 nm) than those composed of the copolymer
with the shorter PNIPAM block (7 = 48) (D = 55 % 10 nm), while the thickness was
roughly the same in both cases (15-17 nm). The toroids of the MPEGys-b-
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PAMPTMA(+)21-NaDC system were in general much larger (D = 395+ 81 nm and T
=75 % 25 nm) than those of the PNIPAM,,-6-PAMPTMA(+)2-NaDC systems, and
displayed a better resolved internal structure (Figure 3.5d). It was demonstrated by
cryo-ET that the toroids were built up by concentrically and hexagonally packed helices
with an inter-plane distance of 4.7 nm and a calculated inter-helix distance of 5.4 nm
(Figure 3.5¢, inset). This was in good correlation with the distances obtained for the
bundles of the same sample (Figure S17f in Paper II) and the results regarding the
PNIPAM,,-6-PAMPTMA (+)2-NaDC systems (Figure 3.4).

Strikingly, the bundles and toroids of the block copolymer-NaDC mixtures were
structurally very similar to those formed by hexagonally close-packed DNA helices
under specific conditions'*'* (Figure 2g—i in Paper II). Condensation of DNA helices
into hexagonally packed bundles and toroids represents an intriguing example of the

143150 T¢ occurs

functional organization of biological macromolecules at the nanoscale.
under many different conditions and is fundamental for the biological functions of
DNA. Condensation models are based on the unique polyelectrolyte features of
DNA.'¥13 However, the bundles and toroids of helices discussed in Paper II signify
that it is possible to reproduce a DNA-like condensation with supramolecular helices

of small chiral molecules.

3.2.5 Formation mechanism

Figure 3.6 shows the illustration of the formation of supramolecular helices and their
association (condensation) into the hexagonal arrangement in the form of bundles and
toroids. In the study presented in Paper II, the NaDC self-assembly was induced by
intermolecular interaction with oppositely charged homopolymer or block copolymers.
Single supramolecular helices were mainly formed at low negative charge fractions, and
they were clearly isolated when the cationic homopolymer was used. With block
copolymers, the condensation of the helices into bundles and toroids was induced by
increasing the NaDC fraction in the mixture. The microscopy and X-ray techniques
demonstrated that the hexagonal lattice of the helices was the same irrespective of the
length and the chemical composition of the nonionic block of the copolymer (i.e.,
either PNIPAM or MPEG). This suggests that the core of the bundles and toroids
mostly comprised helices of DC™ anions, while the charged blocks of the copolymers
acted as large counterions at the surface and/or in a thin outermost shell of the core.
The nonionic blocks protruded out from the core into the surrounding solution (Figure
3.6). This proposed model was verified by a liquid '"H NMR measurement on the
PNIPAMs-6-PAMPTMA(+)20-NaDC mixture at CR = 1 (Figure S20c in Paper II).
The results showed that the proton signals connected to the PAMPTMA(+) block,
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which was bound to the complex surface, were very broad and that the signals almost
vanished for the NaDC molecules that were tightly packed into helices. Conversely,
the data indicated that the PNIPAM block mainly moved freely.
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Figure 3.6 lllustration of supramolecular helix formation and condensation. Chemical structures of PAMPTMA(+)130
homopolymer (left panel, top), bile salt NaDC (left panel, middle), and PNIPAMm-b-PAMPTMA(+)20 (m = 65 or 48) and
MPEGas5-b-PAMPTMA(+)21 block copolymers (left panel, bottom). NaDC helix formation induced by interaction with
homopolymer (center panel, top) or block copolymers (center panel, bottom). Condensation of block copolymer-NaDC
helices into toroid (right panel, top) and bundle (right panel, bottom). Color code: red (PAMPTMA(+)), blue (PNIPAM or
MPEG), orange (NaDC).

3.3 Thermodynamic interactions

ITC experiments were carried out to gain relevant insights on the thermodynamic
interaction behind the formation of copolymer-BS mixed complexes. Figure 3.7a shows
the dilution curve of the NaDC micellar solution, from which two CMC values
CMC,. (5.3 mM) and CMC (8.4 mM) were obtained (inset of Figure 3 in Paper II).

They are related to the formation of pre-micelles and micelles of NaDC, respectively.*
6.154,155

The titration of NaDC solution into a solution of a homopolymer (PNIPAM7)
demonstrated that the interaction between PNIPAM and NaDC was very poor and did
not impact the CMC values of NaDC. Instead, an effective CMC (CMC*) was found
with the presence of PNIPAMy, in the solution (Figure 3.7a). By contrast, the titration
curve of NaDC into the PNIPAMgs-6-PAMPTMA(+)2 solution presented three
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endothermic transition peaks (regions), indicating that there existed some kind of
interaction during the titration process (Figure 3.7a).

Region I, which is mainly defined by the peak at lower CR values (CR 0-0.4), is
associated with the formation of single helices of DC™ anions driven by the interaction
and rearrangement of NaDC micelles onto the PAMPTMA(+) blocks of the
copolymer. The endothermic nature of the peak suggests that this process is entropy-

driven due to the release of counterions and water molecules.'*

Further addition of NaDC led to the formation of more helices in parallel with
condensation into bundles and toroids. This condensation process dominated Region
11, defined in the range CR 0.4-0.9, and generated the second endothermic peak in
the ITC curve. At the end of this region, corresponding to C, (= 7.9 mM), the
copolymer was saturated by the NaDC molecules.

In Region III (CR = 0.9), the addition of excess NaDC micelles could not bind to the
saturated copolymer chains. Due to the poor interaction of NaDC with PNIPAM
blocks, the curve therefore displayed the typical broad endothermic peak mainly related
to the demicellization due to the low apparent NaDC concentration in the cell. At
higher NaDC concentrations, the titrated NaDC micelles did not break up and the
titration curve merged with the PNIPAM;-NaDC titration curve, thus revealing the
formation of NaDC free micelles. More detailed information on the ITC experiments
and the interpretations can be found in Paper II.
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Figure 3.7 (a) ITC curves for the titration of an NaDC solution into water (green), PNIPAM71 solution (blue) and
PNIPAMes-b-PAMPTMA(+)20 solution (red). (b) ITC curves for the titration of an NaDC solution into PNIPAMss-b-
PAMPTMA(+)20 solution with 50 mM NaCl (unfilled circles). The corresponding curve without salt (filled circles) from (a)
is plotted for comparison. The inset shows a cryo-TEM image of PNIPAMgs-b-PAMPTMA(+)20-NaDC mixure at CR = 1
with 50 mM NaCl. (c) ITC curves for the titration of an NaDC solution into solutions of shorter copolymer PNIPAMys-b-
PAMPTMA(+)20 (light blue) and PNIPAMes-b-PAMPTMA(+)20 (red) plotted for comparison. The initial concentration of
the NaDC solution was 200 mM, the polymer concentrations were 0.5 wt% for the ITC and 0.1 wt% for the cryo-TEM
experiments.
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Salt effect

The effect of salt (NaCl) on the complex formation during titration was also
investigated and the outcome is presented in Figure 3.7b. As a result of the screened
electrostatic interaction, the NaDC micellization occurred over a much narrower
concentration range when 50 mM NaCl was present in the solution, and at the same
time the two CMC values were lowered (see Figure S25 in Paper II).° By comparing
the two ITC curves with or without 50 mM NaCl, it was concluded that the presence
of salt caused a weakening of the co-assembly of the BS with the copolymer (i.e., the
peak amplitude in Region II was mainly affected (Figure 3.7b). This is reflected by the
thinner bundles formed in the copolymer-BS mixture at CR = 1 in the presence of 50
mM NaCl (inset of Figure 3.7b).

PNIPAM block length effect

In Figure 3.7c, it can be noticed that when comparing the NaDC titration into block
copolymers with the same length of the PAMPMTA(+) block but different length of
the PNIPAM block, the first endothermic peak (Region 1), which is related to the
formation of single helices, was not affected. On the other hand, the second
endothermic peak in Region I was higher and shifted towards larger CRs for the shorter
copolymer-BS system. This demonstrated that PNIPAM played a crucial role in
stabilizing the bundles.

3.4 Chirality

The chiral nature of the polymer-NaDC mixed complexes and their drug loading
ability were examined by using bilirubin-IXa as a probe with the help of the CD
spectroscopy in Paper II. Details about the BR molecule can be found in Chapter 2.5.
Chiral molecules and molecular aggregates can selectively interact with one of the BR
conformations and by that determine which enantiomer is in excess as revealed by a

typical CD signal (Figure 3.8a).

It can be observed in Figure 3.8b that a mixed solution of BR and NaDC at a
concentration lower than the CMC (1 mM) provided a bisignate CD cotton effect,
indicating a selective interaction of the NaDC monomer with the right-handed
enantiomer (P-form) of BR'” (Figure 3.8a). An inverted CD spectrum (left-handed
spectrum) was observed for BR in the mixture of the PNIPAMs-6-PAMPTMA(+)20
copolymer and NaDC of the same low concentration (i.e., 1 mM) (Figure 3.8b). An
equivalent selectivity was also observed for the interaction of BR with the
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PAMPTMA(+)13-NaDC single helices, with bundles and toroids of the other
copolymer-NaDC systems, and in the micellar solution of NaDC at a much larger
concentration than in the mixture (30 mM) (Figure 3.8b). The left-handed signal
observed for block copolymer-NaDC and homopolymer-NaDC systems suggests an
enantioselection of the M-form of BR by the supramolecular helices. Moreover, the
CD results demonstrated a general ability of the polymer-NaDC complexes to load

chiral molecules.
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Figure 3.8 (a) Scheme showing the interaction of BR with the helices in polymer-BS mixed complexes and NaDC
monomers, generating the opposite CD signal. (b) CD spectra of 1 mM (green) and 30 mM (orange) NaDC solutions,
the PNIPAM-b-PAMPTMA(+)20-NaDC mixtures at CR = 0.5 (m = 65, red, m = 48, light blue), the PAMPTMA(+)130-
NaDC mixture at CR = 0.5 (black), and BR in water (gray). The polymer concentration was 0.1 wt%. All solutions
contained 100 uM BR.

3.5 Thermoresponsive behavior

As described in Paper III, the thermoresponsive solution behavior of the mixed
complexes at different CRs upon heating was studied for the PNIPAMi-6-
PAMPTMA(+)30-NaDC system by using SLS, DLS, DSC, SAXS, and electrophoretic
mobility methods. The results of these measurements are summarized in the following

text.

For a pure copolymer solution, at temperatures well below Ty, the PNIPAM5-b-
PAMPTMA(+)30 copolymer was present as single chains that coexisted with loose
multichain clusters according to previous studies on similar copolymers.””®"* Upon
increasing the temperature, aggregation started in the solution as reflected by an
increasing clouding at the Teps which originated from the decrease in water solubility
(dehydration) of PNIPAM at LCST. However, the dehydration of PNIPAM blocks

was only partly due to the presence of the charged block (Figure 3.9). This was reflected
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in a lower transition enthalpy as compared to the PNIPAM homopolymer (Table 1 in
Paper III). Indeed, at 60 °C, SAXS revealed that free copolymer chains and a small
fraction of small micelles with a dehydrated PNIPAM core coexisted with the clusters
(Figure 3.10).
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Figure 3.9 Temperature dependence of (a) the mean electrophoretic mobility () and (b) DSC curves (inset: enlarged
phase transition regime for X = 0 (black) and X = 0.2 (red)) for the PNIPAM120-b-PAMPTMA(+)30-NaDC aqueous
mixtures at different negative charge fractions (0 < X < 0.94). Color code: X = 0 (black, pure copolymer solution), X =
0.2 (red), X = 0.33 (brown), X = 0.5 (green), X = 0.67 (blue), X = 0.8 (magenta), X = 0.89 (orange) and X = 0.94 (grey).
The samples with X = 0.67, 0.89 and 0.94 were not investigated in the precipitation region that occurred at elevated
temperatures. The copolymer concentrations were 0.13 wt% in (a), 0.5 wt% in (b) except for X = 0.33 and 0.5, where it
was 0.25 wt%.

1(q)/a.u.

Figure 3.10 SAXS curves at 60 °C for the PNIPAM120-b-PAMPTMA(+)30-NaDC aqueous mixtures at different negative
charge fractions (0 < X < 8). Color code: X = 0 (black, pure copolymer solution), X = 0.2 (red), X = 0.33 (brown), X =0.5
(green), X = 0.67 (blue), X = 0.8 (magenta). The copolymer concentration was 0.5 wt%. The ordered nanoregions of
the mixed aggregates at X = 0.8 were sketched to support the data interpretation.

With the addition of the NaDC to the copolymer, mixed complexes formed in the
PNIPAM 120-6-PAMPTMA(+)3-NaDC mixtures at room temperature through a
preferential electrostatic interaction between the cationic PAMPTMAC(+) blocks and
the DC anions, as reported in Paper I. At low NaDC contents, X = 0.2 (corresponding
to CR = 0.25) the neutralization (given by DC") triggered further dehydration of the
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block copolymer at T, into denser aggregates with a positive p (Figure 3.9a). The
formation of the mixed complexes explains the increase in cooperativity of the
transition in comparison to the pure copolymer as shown in the DSC curve (Figure
3.9b and Table 1 in Paper III). Above the transition temperature, at 60 °C, the SAXS
results indicated that this mixture was an intermediate transition regime where the
mixed aggregates formed with a core (radius of about 16 nm) of densely packed
PNIPAM chains and a corona of PAMPTMA(+) blocks largely neutralized by DC
(Figure 3.10). In addition, the clusters formed by partially DC™ anion-neutralized
copolymer chains, small copolymer micelles, and free polymer chains were kept in the
mixed solution.

As the NaDC content in the mixtures was increased to 0.33 < X < 0.5 (0.5 < CR < 1),
larger fractions of copolymers became engaged in the interaction with the BS molecules
below Tyyser- This gave rise to an increase in amplitude of the transition peaks in the
corresponding DSC curves while Ty;,g0¢ decreased, approaching a value close to 32 °C
(Figure 3.9b). The corresponding SAXS result at 60 °C suggested that further addition
of BS led to the disappearance of the copolymer clusters and a slight growth of the
copolymer-BS mixed aggregates, whose radii became about 20 nm at X = 0.33 and 0.5.
At X =0.5 (CR = 1), a further population of aggregates with a radius of approximately
40 nm was observed to contribute to the SAXS intensity, which was probably the
prelude to the precipitation observed at higher X values.

With further increase in BS content to X = 0.8 (CR = 4), negatively charged mixed
complexes existed in the mixed solution at 22 °C as indicated by the negative u (Figures
3.1b and 3.9a). This sample expressed the highest cooperativity upon heating with a
sharp DSC peak observed in Figure 3.9b. In addition, the SAXS curves revealed that a
higher BS content at 60 °C promoted the formation of the copolymer-BS mixed
aggregates with a microphase-separated interior consisting of nanoregions of
dehydrated PNIPAM and PAMPTMA(+)/DC". The microphase-separated
nanoregions had an inter-distance of about 27 nm according to the peak position (q =
0.23 nm™) in the SAXS profile (Figure 3.10). The mixed solutions at X = 0.67, 0.89
and 0.94 phase separated at higher temperatures and were therefore not further
investigated.
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4 Oppositely charged block

copolymer-SDS mixtures

Due to the special rigid structures of BSs, the mixed complexes formed in different
kinds of polymer-BS systems present fascinating supramolecular structures and
thermoresponsive solution behaviors. As a comparative reference to the polymer-BS
systems discussed in Papers I-III, mixtures of the same block copolymer (i.e.,
PNIPAMgs-6-PAMPTMAC(+)2) and a conventional head-tail surfactant (SDS) were
investigated at varying compositions and temperatures by ITC, DSC, DLS, SAXS, and
electrophoretic mobility methods. Paper IV describes this study and the results are
summarized in the following subchapters.

4.1 Thermodynamic interactions

The thermodynamic interactions between PNIPAMgs-6-PAMPTMA(+)2 and SDS
were studied by the ITC method (Figure 4.1). The dilution of SDS micelles gave rise
to endothermic enthalpy changes during titration, indicating that the demicellization

of SDS was an entropy-driven process associated to the hydrophobic effect at 25 °C.""-
192 The CMC of SDS was estimated to be 8.6 mM at 25 °C (Figure S1 in Paper IV).
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Figure 4.1 ITC curves of 200 mM SDS titrated into pure water (green), 0.5 wt% PNIPAM74 (blue) and 0.5 wt% PNIPAMes-
b-PAMPTMA(+)20 (red). The CAC, Cs, and different regions are marked with I, Il, Ill, and IV. The temperature was 25.00
°C.
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Interaction of SDS with homopolymer PNIPAM,

In contrast to the PNIPAM;;-NaDC system described in Paper II where no obvious
PNIPAM-NaDC interaction was detected, titration of SDS into the PNIPAM,
homopolymer solution showed a clear CAC (= 1.5 mM) that was related to the
cooperative micellization of PNIPAM; chain-bound SDS molecules. This
demonstrated the hydrophobic interaction between PNIPAMj;; and SDS.'¢%163-1¢¢
Three regions have been marked out in the ITC curve to easily follow the different
steps of the binding process (Figure 4.1). Region I (0—1.5 mM) represents the
demicellization of SDS micelles and the non-cooperative binding of SDS monomers to
the polymer chains. Region II (1.5-12 mM) starts with a sharp increase at CAC at
which SDS aggregates formed cooperatively at the polymer chains. The pronounced
endothermic peak reflects the dehydration of polymer segments upon incorporation in
the surfactant aggregates. Finally, the polymer chains became saturated at the end of
this region (C, = 12 mM)."'” In Region IIl (> 12 mM), free SDS micelles were
eventually formed at higher SDS concentrations. The amount of polymer-bound SDS

1197 to be about 17 SDS monomers

was estimated according to (C, — CAC)/C(polymer
per PNIPAMy, chain, which suggests that one small SDS aggregate interacts with
several PNIPAMj7; chains at this stage. This is a reasonable conclusion as SDS
aggregates that bind to nonionic polymers are usually smaller than the corresponding

free micelles.'3-17!

Interaction of SDS with PNIPAM¢s-6-PAMPTMA(+)2 copolymer

Titration of SDS into a PNIPAMs-6-PAMPTMA(+) block copolymer solution
showed different trends from the PNIPAM;;-SDS system (Figure 4.1), implying that

there were also other forms of interaction. Four titration regions were present in the

PNIPAM¢s-6-PAMPTMA(+)2-SDS system.

Region I (0—4.4 mM, CR 0-0.5) represents the binding of one SDS micelle to several
copolymer chains to form small PNIPAMgs-6-PAMPTMA(+)2-SDS  micellar
aggregates, which was accompanied by an increase of the exothermic AH,, values
(Figure 4.1). The exothermic signal demonstrated that the interaction was primary of
electrostatic origin thus leading to a preferential binding to the PAMPTMA(+) blocks
in competition with the chloride counterions.'”> At 25 °C, DLS and electrophoretic
mobility measurements on the pure copolymer solution revealed that the copolymer
existed as clusters in addition to the single unimers. SDS may also associate to these
clusters, thus inducing the formation of larger mixed aggregates (Figure 2 in Paper IV).

In Region II (4.4—6.5 mM, CR 0.5-0.76), the AH increased from being exothermic
to slightly endothermic, giving rise to a small peak in this region. Since the
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PAMPTMA(+) blocks inside the copolymer-SDS mixed aggregates were neutralized at
CR = 0.5, this region was therefore associated to the co-assembly process of PNIPAMgs-
H-PAMPTMA(+)2-SDS mixed aggregates into ordered mixed complexes where the
rearrangement of the SDS micelles inside the complex took place. The endothermic
signal revealed that the co-assembly mechanism had a relevant contribution of some
entropy-driven processes probably related to this rearrangement, which could be
accompanied with the release of counterions as discussed in ref.'”?, leaving the PNIPAM
blocks on the outside of the mixed complex.

In Region III (6.5-16.5 mM, CR 0.76-2.0), the large endothermic peak, which was
similar to that in Region II of the PNIPAM7-SDS ITC curve, implied a binding of
SDS to the PNIPAM blocks through hydrophobic interactions. This binding process
resulted in a dehydration of the PNIPAM blocks which continued until a saturation of
the copolymers was reached at C,. The amount of bound SDS to the PNIPAMgs block
was estimated to be 23 SDS monomers, which was in good agreement with the values
obtained for the binding of SDS to PNIPAMj,. In this region, well-defined copolymer-
SDS mixed complexes consisting of an ordered distribution of the SDS micelles were
achieved at CR =1 as indicated by SAXS (Figure 4.3).

In Region IV (16.5-28.9 mM, CR 2.0-3.8), the small nearly constant AH,, values were
related to the formation of free SDS micelles and the dilution of the micelles at higher
concentrations.

4.2 Thermoresponsive behavior

In the absence of SDS, the pure block copolymer showed an aggregation behavior at
an onset temperature of 36 °C (Figure 4.2a). A small addition of SDS did not have
much influence on the aggregation temperature (36 °C), however, the size
corresponding to the slow mode decreased compared to the copolymer clusters (CR =
0.25, Figure 4.2b), demonstrating the formation of copolymer-SDS mixed aggregates.
With the addition of SDS up to CR = 0.5, large mixed aggregates were formed, with
an electrophoretic mobility equal to zero (Figure 5 in Paper IV). However, the solution
phase separated above 30 °C (Figure 4.2¢). A small-amplitude DSC peak appeared at
around 33 °C while the main peak remained at the same position as the pure copolymer
although with a slightly higher AH,. (Figure 7a and Table 1 in Paper IV). The p value
of zero measured at CR = 0.5 indicated that there remained free copolymer chains in
the mixed solution that were not involved in the interaction with SDS below the phase
transition. The main DSC peak was thus attributed to those non-interacting chains
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while the small pre-peak was related to the phase separation, as detected in the DLS
result (Figure 4.2¢).

With continually increasing SDS concentrations at CR = 1 and 2, the mixtures did not
phase separate at elevated temperatures and well-defined monomodal size distribution
corresponding to the mixed complexes were found at all temperatures investigated
(Figure 4.2d, e). The phase transition peak shifted to 48.6 °C in the case of CR = 1 and
thereafter disappeared at CR = 2 (Figure 7a in Paper IV). The binding of SDS to the
PNIPAM block shielded the polymer and thereby suppressed its dehydration upon
raising the temperature, thus increasing the phase transition temperature of the
mixture. This result was also verified in the PNIPAM;,-SDS mixtures where the
transition peak shifted to higher temperature with a small addition of SDS and
disappeared upon increasing the SDS content in the mixture (Figure 7b and Table 1
in Paper IV).
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Figure 4.2 Intensity-weighted hydrodynamic diameter (Dw) distributions from CONTIN analysis of DLS data for
PNIPAMes-b-PAMPTMA(+)20-SDS mixtures at different CRs and temperatures varying between 25 and 60 °C. (a) CR =
0, (b)) CR=0.25, (c) CR=0.5, (d) CR =1, and (e) CR = 2. The copolymer concentration was 0.1 wt%.

4.3 Ordered internal structure of mixed complexes

At 25 °C, the SAXS curve of the PNIPAMs-6-PAMPTMA (+)2-SDS mixture at CR =
1 showed a Bragg peak at relatively high q (= 1.55 nm™) (Figure 3 in Paper IV). A

174176 and based on

similar peak has been observed and interpreted in earlier studies,
these interpretations, the structural peak was linked to an ordered distribution of SDS
micelles in the interior of the mixed complex and corresponds to an inter-micellar

distance of d = 21/q = 4.05 nm.
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Figure 4.3 SAXS curves of PNIPAMss-b-PAMPTMA(+)20-SDS mixed solution at CR = 1 with elevated temperatures: 25
°C (blue), 35 °C (green), and 55 °C (red). The q value of the Bragg peak at 55 °C and the slope expected for g=* Porod
law decay are indicated. The curves have been shifted on the y-axis by a suitable factor to avoid data overlap. The
copolymer concentration was 0.12 wt%.

When increasing temperatures to 35 and 55 °C, even though the mixed complexes
grew, their internal structure did not change, as expressed by the constant peak position
in the SAXS curves (Figure 4.3). However, the curves could not provide any
information on the maximum particle size as the mixed complexes reached average
dimensions well beyond the Guinier limit. It can be noticed that the curve at 55 °C
changed to follow a Porod law of ¢™* in the lower ¢ range (Figure 4.3), corresponding
to the tail of the scattering profile of these large structures, and which was predicted for
particles with a sharp interface according to the Porod law.
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5 Gemini surfactant-bile salt mixtures

The fascinating co-assembly and intriguing supramolecular structures found in
oppositely charged polymer-BS systems discussed in Chapter 3 were so inspiring that
it was of interest to further explore the potential of BS co-assembly by studying their
interaction with other amphiphiles. As introduced in Chapter 1.3, gemini surfactants
are unconventional surfactants with interesting performances, just like BSs. Therefore,
a system consisting of BS (NaDC) and cationic gemini surfactants including two chiral
enantiomers ((25,35)-12-4(OH),-12 and (2R,3R)-12-4(OH),-12), and the racemate
((£)12-4(OH),-12) (see Figure 1.3) was studied and is described in Paper V. The results
are summarized in the following subchapters.

5.1 Phase behavior and coacervation

The mixed solutions of a gemini surfactant and NaDC are expressed as a negative-to-
positive molar charge ratio (CR = n_/n), where n_and n; are the number of moles of
negative charge (= number of moles of NaDC) and the number of moles of positive
charge (= 2 X number of moles of the gemini surfactants), respectively. Five phase
transition regions were found when titrating NaDC into three gemini surfactants
(Figure 5.1). The phase transition in each region could be summarized by taking the
(28,35)-12-4(OH),-12-NaDC system as an example.

Region I (CR < 0.18): the very low turbidity (Figure 5.1a, b), the transparent appearance
(Figure 5.1d) and the relatively large hydrodynamic diameters of 174 nm and 185 nm
at CR = 0.1 and 0.2, respectively, (Figure 3 in Paper V) indicate the formation of

gemini surfactant-rich mixed aggregates at low BS concentrations (< 0.72 mM).

Region 11 (0.18—0.32): the slightly increased turbidity of the mixtures (Figure 5.1b) and
the fact that the mixed solution became slightly turbid at CR = 0.3 (Figure 5.1d) with
a Dy = 209 nm (Figure 3 in Paper V) suggests a growth of the mixed aggregates,
implying that they could be the precursors of the coacervate phase in the coacervation
region.
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Figure 5.1 (a) Turbidity (100 — %T) curves obtained by titrating 40 mM BS into three gemini surfactants, (T denotes
transmittance). (b) Enlarged turbidity curves at low values of NaDC concentration and CR. (c) Electrophoretic mobility
(u) of the gemini surfactant-NaDC mixed solutions at different CRs. Color code: (2S,3S)-12-4(OH)2-12-NaDC mixtures
(red), (+)-12-4(OH)2-12-NaDC mixtures (black), and (2R,3R)-12-4(OH)2-12-NaDC mixtures (green). Five transition
regions were marked as |, I, lll, 1V, and V for the (2S,3S)-12-4(OH)2-12-NaDC system as an example. (d) Visual
inspection of the (2S,3S)-12-4(OH).-12-NaDC mixed solutions at different CRs (0-7), CR = 0 means the pure gemini
surfactant solution. (e) Example of the optical microscopy image showing the coacervate droplets in (2S,3S)-12-4(OH).-
12-NaDC mixture at CR = 0.7. (f) Cryo-SEM image of the (%)-12-4(OH)2-12-NaDC mixtures at CR = 1.5. The
concentration of gemini surfactants was kept at 2 mM for all the solutions.

Region III (0.32—0.92): the sharp increase in turbidity to its highest value after which
it was maintained constant is the typical phenomenon of coacervation. This was also
demonstrated by the very turbid visual appearances (Figure 5.1d) of the mixed solutions
at CR = 0.5 and 0.7, originating from the coacervate droplets observed by optical
microscopy (Figure 5.1e). The u of the samples in this region was positive.

Region 1V (0.92—3.5): the fact that the turbidity declined to another plateau but still
presented relatively high values, accompanied by the still turbid appearance and the
negative [ values of the mixed solutions at CR = 1, 1.5 and 3, led to the conclusion
that this region corresponded to the charge-reversed coacervation regime as NaDC was
in excess in these mixtures.

Region V (CR > 3.5): the gradual decrease in turbidity, and the fact that the mixed
solutions became clear again at CR = 7 (Figure 5.1d) indicated the redissolution of the
coacervate droplets. This finally led to the formation of BS-rich mixed micelles at
higher BS concentrations.

The transition regions and critical concentrations or CRs for the three gemini
surfactant-BS systems are summarized in Tables 1 and S1 in Paper V. From the
comparison of the critical CRs and the differences between the turbidity curves at
around CR = 0.4 (Figure 5.1b), it was obvious that the sharp increase in turbidity took
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place early on during the titration of the NaDC solution into the (25,35)-12-4(OH),-
12 gemini surfactant solution. This means that, given the same gemini surfactant
concentration, the (25,35)-12-4(OH)>-12 recognized and interacted with NaDC at a
lower BS concentration than the other two gemini surfactants, thus having a higher
receptivity to the BS molecules.

5.2 Thermodynamic interactions

Thermodynamic interactions in the three gemini surfactant-BS systems were
investigated by ITC and the results are shown in Figure 5.2a. The differences between
them are also observed by evident shifts in the ITC curves, which was consistent with

the turbidity results (Figure 5.1a, b).
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Figure 5.2 (a) ITC curves of 40 mM NaDC micellar solution titrated into (2S,3S)-12-4(OH)2-12 (red), (£)-12-4(OH).-12
(black), and (2R,3R)-12-4(OH)2-12 (green) solutions at 25.00 °C. The inset shows the ITC curves at low NaDC
concentration and CR. (b) ITC (filled symbols) and turbidity (unfilled symbols) curves of titrating NaDC micellar solution
into (2S,35)-12-4(OH)2-12. The gemini surfactant concentration was kept at 2 mM, while 40 mM and 200 mM NaDC
were used for the ITC and turbidity experiments, respectively.

Except for the shifts in three ITC curves, these curves showed exactly the same trends.
From these, four regions could be determined, which were in good agreement with the
regions dividing the turbidity curves (Figure 5.1b). The thermodynamic event in each
region was summarized for the (25,35)-12-4(OH),-12-NaDC system by combining
the ITC results with the turbidity results (Figure 5.2b). In Region I (CR < 0.19), the
increased exothermic AH,, was related to the demicellization of NaDC micelles and
the monomer binding with the gemini surfactant micelles to form gemini surfactant-
rich mixed aggregates mainly through electrostatic attraction. In Region 11 (0.19-0.3),
the less exothermic AH,, indicates that besides the electrostatic attraction, other forms
of interaction, such as hydrophobic interaction and hydrogen bonding, were involved
during the growth of the mixed aggregates. With further titration of NaDC, the AH s
increased steeply and went from exothermic (AHq < 0) to endothermic (AH.p, > 0),
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which finally led to a second large transition peak in Region III (CR 0.3-0.9). This
suggests that the electrostatic association between NaDC and the gemini surfactant
gradually reached a saturation due to mixed aggregates becoming less and less charged
upon further BS addition, while the hydrophobic interaction and hydrogen bonding
became stronger and stronger, finally dominating the transition process towards
coacervation. The formation of the coacervate droplets were driven by the entropy gain
from the release of water and counterions during this association. Finally, all the charge
sites in the oppositely charged surfactants were neutralized in Region IV (CR > 0.9),
and zero AH., values were observed in this region.

5.3 Chirality

The chirality in the three gemini surfactant-NaDC mixtures was investigated by using
the bilirubin-IXa as a probe to obtain CD signals. As mentioned before, the left-handed
and right-handed signals are present in the CD spectra when M- and P-forms of BR

) 136-138,177 From now

are selected to interact with chiral species, respectively (Figure 2.11
on, for an easier understanding of this system, the notation R-BR (i.e., BR with right-
handed chirality) is used to represent the P-form of BR, and L-BR (i.e., BR with left-

handed chirality) is utilized to represent the M-form of BR.

a‘’ b* c’
(28,35)-12-4(OH),-12-NaDC (2R,3R)-12-4(0H),-12-NaDC (*)-12-4(OH),-12-NaDC

CD / mdeg

R=
f — 70 mMNaDC
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Figure 5.3 CD spectra of (a) (2S,3S)-12-4(OH)2-12-NaDC, (b) (2R,3R)-12-4(OH)2-12-NaDC, and (c) (£)-12-4(OH)2-12-
NaDC mixtures at CR = 0 (black), CR = 0.1 (purple), CR = 0.3 (red), CR = 0.7 (blue), CR = 1.5 (green), CR = 3 (orange),
and CR = 7 (magenta). The trends of the noisy signal at CR = 0.7 and 1.5 (also CR = 0.3 in (c)) have been presented
as smooth lines to facilitate the comparison. CD spectra of the 70 mM NaDC solution (gray) corresponding to the NaDC
concentration in the mixture at CR = 7 is also presented. The gemini surfactant concentration was 5 mM. All solutions
contained 100 uM BR.

It has been reported that NaDC micelles and monomers interact with L-BR and R-BR,
showing a left-handed and a right-handed CD signal, respectively."””'”® In our case, the
left-handed chirality was detected when the L-BR interacted preferentially with the
NaDC micelles at high concentrations (> 20 mM). At lower concentration, on the
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other hand, the right-handed CD signal that was observed suggested an interaction
between NaDC monomers and R-BR (Figure S11 in Paper V).

In the case of (25,35)-12-4(OH),-12-NaDC mixtures at different CRs, a left-handed
CD signal was found (Figure 5.3a), implying that the L-BR can be selected by the
(28,35)-12-4(OH),-12-NaDC mixed aggregates and coavervates. However, the
recognition capabilities of the mixtures showed differences at different CRs. The mixed
aggregates had similar recognition capabilities as the pure gemini surfactant micelles at
low CRs (< 0.3), whereas the recognition capability was significantly enhanced by the
(28,35)-12-4(OH),-12-NaDC coacervates in the coacervation region (CR 0.3-3.5).
This enhancement reached the highest extent at CR = 1.5. It should be stressed that
the NaDC concentration in the mixtures was < 15 mM when CR < 1.5, and the
monomer CD signal of NaDC (right-handed) was observed for the pure BS solution
when its concentration < 20 mM (Figure S11 in Paper V). At high CRs in the
redissolution region, the same recognition capability of the BS-rich mixed micelles at
CR =7 as for the pure BS micelles at a concentration identical to the one in the mixture

(70 mM) is observed (Figure 5.3a).

In the (2R,3R)-12-4(OH),-12-NaDC mixtures (Figure 5.3b), the right-handed CD
signals observed when CR < 1.5 suggested that R-BR was recognized by the (2R,3R)-
12-4(OH),-12-NaDC mixed aggregates/coacervates. However, an inversion of the CD
signal was observed when CR reached 1.5, indicating the selection of L-BR started
instead. Therefore, the inversion of CD signals verified that a specific enantioselective
capability of the (2R,3R)-12-4(OH),-12-NaDC mixed aggregates/coacervates to
different forms of BR can be switched by the modulation of CRs.

The aqueous solution of the racemate (£)-12-4(OH)>-12, i.e., the 1:1 mixture of the
(28,35)-12-4(OH),-12 and (2R,3R)-12-4(OH),-12, did not present any CD signal
(Figure 5.3c¢), reflecting that there was no recognition of any forms of the BR by the
racemate micelles. It was therefore surprising to see a small indication of a left-handed
CD signal at CR = 0.3 and this signal became more evident at CR 2> 0.7, indicating
that the capability to recognize L-BR was induced by mixing the achiral racemate with
NaDC at CR 2 0.3. This finding also implies that the induced chirality in racemate-
BS system was caused by the unequal interaction of the NaDC with two chiral gemini
surfactants in the racemate, i.e., NaDC preferred to interact with (25,35)-12-4(OH),-
12, thus resulting in the same left-handed CD signal as the one found for the (25,35)-
12-4(OH),-12-NaDC system.
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Conclusions and outlook

The papers included in this thesis have focused on the interaction of bile salt with
oppositely charged amphiphiles such as diblock copolymers and chiral gemini
surfactants. The reasons for gaining understanding of this interaction have varied. One
objective was to search for suitable cationic block copolymers that show potential as
new BS sequestrants in order to treat BS-related diseases and hypercholesterolemia.
Another aim was to determine means to design supramolecular assemblies that can be
used in biomedical applications such as drug loading and delivery, especially when these
assemblies possess specific properties like chirality and thermoresponsive property.
Moreover, building supramolecular structures on a hierarchical level from the bottom
up by non-covalent interactions of molecular building blocks (like BSs and copolymers)
has always been a fascination of modern science aimed at manufacturing reversible
functional materials. Based on these motivations, the thesis has been divided into three
parts. The following text gives a summary of the thesis as a whole, including conclusions
and outlooks.

In the first part based on Papers I-1II, oppositely charged block copolymer-BS systems
were investigated. Two kinds of cationic block copolymers (PNIPAM,,-6-
PAMPTMA(+), and MPEGs-6-PAMPTMA(+)21), one cationic homopolymer
(PAMPTMA(+)130), and the nonionic homopolymer (PNIPAM,,) were selected in
order to explore their interaction with the BS (NaDC). It was first demonstrated that
single supramolecular helices of NaDC were formed in the PAMPTMA(+)13-NaDC
system. These helices could be condensed into different hierarchical arrangements such
as orderly parallel structures and hexagonal packed bundles or toroids by using
PNIPAM,,-6-PAMPTMA(+), or MPEGys-6-PAMPTMA(+)21  block  copolymers
instead of the PAMPTMA(+)130 homopolymer.

All in all, the different supramolecular assemblies formed in the polymer-BS systems
suggest that the structures of the mixed complexes can be tuned by manipulating the
charge composition of the mixtures and modifying the chemical composition of the
polymers, to meet the requirement of desired applications. Moreover, the molecular
chirality of the BS and the supramolecular chirality of the BS helices obtained in
polymer-NaDC systems give the supramolecular mixed structures the ability to load
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drugs, demonstrated with bilirubin-IXa, which highlights the potential application of
these systems for drug encapsulation and delivery purposes.

The observed heat-induced phase transitions of the PNIPAM 50-6-PAMPITA(+)30-
NaDC system demonstrated the accomplishment of thermoresponsive mixed
complexes. The addition of NaDC to the copolymer solution lowered the transition
temperature and increased the cooperativity in different extents at different charge
compositions. This suggests that the mixed aggregates had an appealing composition-
controlled thermoresponsive behavior turning them into versatile nanomaterials that
can be easily adapted to diverse applications. Moreover, the system phase-separated at
body temperature at the highest NaDC fractions investigated, implying that it would
be very promising for the oppositely charged block copolymer to act as a new BS
sequestrant.

The intriguing supramolecular structures, chirality and thermoresponsive behavior
found in the oppositely charged polymer-BS systems studied in this thesis led to a big
effort when it comes to fundamental studies from a physico-chemical perspective.
Although a preliminary exploration of a drug (bilirubin-IXa) loading application has
been conducted and a good result obtained, there is still significant room for similar
kinds of biomedical applications. Therefore, future studies on the drug loading and
delivery performance of polymer-BS mixed complexes with special supramolecular
structures would be appreciated.

It is also believed that this kind of application would benefit highly from the chiral and
thermoresponsive properties of the mixed complexes. The formation of supramolecular
mixed complexes in the copolymer-BS mixtures have also given promising indications
for potential use of biocompatible cationic block copolymers in BS sequestration.
However, the practical application has yet to be tested by relevant experiments. Thus,
an investigation of the BS binding efficiency of the different block copolymers deserves
more attention and effort in the future.

The second part of this thesis (Paper II) describes the investigation of the oppositely
charged block copolymer-SDS system and compares it to its copolymer-BS
counterpart. It was proved that the conventional head-tail surfactant SDS interacted
with both the PNIPAM and PAMPTMA(+) blocks of the copolymer, conversely to the
copolymer-NaDC systems where the NaDC molecules preferred to interact with the
cationic blocks. The difference in the interaction behaviors of SDS compared with
NaDC resulted in a specific thermoresponsive behavior of the copolymer-SDS mixed
complexes upon heating: the phase separation induced by the PNIPAM dehydration
occurred below the charge neutral composition while well-defined and stable aggregates
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were formed above the charge-neutrality point due to overcharging. In addition,
indications of an ordered internal structure in the copolymer-SDS mixed complexes
were found at both ambient and elevated temperatures. However, the detailed
morphology and structure of the mixed complexes in this system were not examined
further at this stage, and should therefore be explored in coming studies.

The unique supramolecular assembly properties found in the copolymer-BS systems of
this thesis originated from the chiral nature of the BS molecule. Therefore, the
modulation of the chiral properties of another kind of unconventional surfactant,
namely chiral gemini surfactants, through the interaction with BS was investigated in
the last part of the thesis (Paper V). With the addition of NaDC, the phase behavior
and the corresponding chirality of three gemini surfactants ((25,35)-12-4(OH)>-12,
(1)-12-4(OH),-12, and (2R,3R)-12-4(OH)>-12) could be significantly changed.

Basically, five regions were observed in the phase behavior, corresponding to the
formation of gemini surfactant-rich mixed aggregates, growth of the aggregates,
coacervation, charge-reversed coacervation, and redissolution (BS-rich mixed
aggregates/micelles). The coacervation occurred in the gemini surfactant-NaDC
systems in a rather broad composition range. In addition, there were distinct differences
in the interaction and phase behavior of these three gemini surfactant-BS systems,
demonstrating that NaDC can recognize and interact with three gemini surfactants in
different manners. Moreover, the chirality of the gemini surfactants (28,35)-12-
4(OH)»-12, (2R,3R)-12-4(OH)»-12, and (+)-12-4(OH),-12 was enhanced, switched,
and induced, respectively, by the addition of NaDC at specific compositions.

Coacervation has attracted great interest in applications such as wastewater treatment,
pharmaceutical encapsulations, and mimicking protocells by using coacervate droplets
as artificial cells. Therefore, the coacervation formed in the gemini surfactant-BS
mixtures discussed in this thesis with tunable chiral properties in a wide range of
compositions can be very competitive for potential use in these types of applications,
which could thus be an interesting direction for future work in this area.
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