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Thesis outline

THESIS OUTLINE

The goal of this thesis, funded by the European Union’s Horizon 2020 research and
innovation programme under the SAMCAPS project (grant agreement no. 814100),
is to address the current need for bio-degradable materials and efficient
encapsulating agents for home and beauty care products. To this aim, this work
focuses on the liquid-liquid phase separation (LLPS) of an amphiphilic
thermoresponsive copolymer that leads to the formation of micron-sized domains,
known as simple coacervates, at room temperature and in surfactant-rich media,
where control of liquid-liquid phase separation is particularly challenging.
Additionally, these microstructures can entrap hydrophobic active principles from
the medium and release them in a triggered way, rendering them as suitable
encapsulating agents.

Chapter 1 briefly describes the benefits of fragrance microencapsulation and
introduces the SAMCAPS project. Then, it explains the main features of amphiphilic
and smart copolymers, including pH, ionic strength, light, and temperature-sensitive
ones. Later, it defines liquid-liquid phase separation, differentiating between simple
and complex coacervation, and concluding with the capacity of these polymeric
microstructures to encapsulate and release hydrophobic active principles. Finally, it
introduces the amphiphilic thermoresponsive graft copolymer (PEG-g-PVAc)
employed for this work, consisting of a poly(ethylene glycol) backbone (6 kDa) with
~2-3 grafted poly(vinyl acetate) chains, and a PEG/PVAc weight ratio of 40/60.

Chapter 2 reports the materials used to perform all experiments as well as the
methods and techniques employed throughout this work, including turbidimetry,
UV-Vis spectrophotometry, microfluidics, optical and fluorescence confocal
microscopy, and confocal Raman microscopy. The materials selected are commonly
used in home and beauty care products, and the methodology is designed to provide
relevant information to the consumer goods industry.

Chapter 3 includes the results and discussion of this work. First, it reports the effect
of various water-soluble additives on the phase separation of PEG-g-PVAc, assessed
through turbidimetry. Kosmotropes and non-ionic surfactants are found to decrease
the phase separation temperature of the copolymer, while chaotropes and, above
all, ionic surfactants increase it. Then, it focuses on the phase behaviour of PEG-g-
PVAc in the presence of sodium citrate and a C14-15 E7 non-ionic surfactant (N45-
7), defining the compositional range for the generation of coacervates at room
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temperature and monitoring their formation with fluorescence confocal microscopy.
After that, it explains how we determined for the first time the composition of the
coacervates through confocal Raman microscopy, demonstrating the presence of
PEG-g-PVAc, N45-7, and water. Interestingly, the concentration of N45-7 plays an
important role in modulating the hydrophilicity of the coacervates and, thus, their
affinity for actives with different hydrophobicity. Later, this chapter shows the
capacity of PEG-g-PVAc coacervates to behave as encapsulating agents and confine
hydrophobic actives in surfactant-rich media. Coumarin6, an hydrophobic dye, is
used to demonstrate the spontaneous entrapping capacity of these coacervates
through fluorescence confocal microscopy. Finally, taking advantage of the
thermoresponsivity of PEG-g-PVAc, it proves the potential of these coacervates to
release their contained actives in a triggered way. We use microfluidics and
fluorescence confocal microscopy to visualize the destabilization of these
coacervates, and UV-Vis spectrophotometry to measure in a more quantitative way
the confinement and release of Coumarin6 from these coacervates. Both water
dilution and urea addition are shown to be very effective release triggers.

Chapter 4 summarizes the main outcomes of this work and gives some suggestions
for future work. Overall, the results gathered in this thesis expand the knowledge on
self-coacervation of grafted copolymers and define the conditions in which PEG-g-
PVAc coacervates can be obtained in a surfactant-rich medium at room temperature.
The encapsulation and release properties of these coacervates demonstrate their
feasibility as encapsulating agents for some consumer good products applications,
such as shampoos and detergents. Remarkably, the destabilization of these
coacervates leads to their complete dissociation into copolymer single chains and
surfactant molecules, reducing their environmental impact to the copolymer and
surfactant biodegradability profiles. Additionally, these findings sum up on the
emerging interest to effectively control the formation of LLPS microdomains and be
used as possible in vitro models to mimic membrane-less organelles of living cells.

“Aut viam inveniam aut faciam”
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Introduction

1.INTRODUCTION

1.1 SAMCAPS project

Microencapsulation refers to the retention of an active compound inside a
micron-sized molecular structure which protects it against premature
degradation and undesired diffusion, possibly until an external stimulus triggers
its release [1]. This results in an enhanced stability of the final product, which
extends its shelf-life. Currently, the microencapsulation of actives is widely used
in the cosmetic, chemical, food, and pharmaceutical industries [2-5].

The inclusion of fragrances into complex formulations, such as the ones of beauty
and home care products, is not easy, due to their usually poor water solubility,
high volatility, and sensitivity to light and oxygen [6,7]. Therefore, normally
fragrances are encapsulated in microstructures, mostly polymeric [8-12].
However, it is challenging to find a material capable of forming stable
microcapsules in such harsh surfactant-rich formulations that keep intact
throughout a whole wash cycle (Figure 1-1). Fortunately, microcapsules made of
aminoplast resin, such as melamine formaldehyde, can be widely used in these
formulations due to their superior performance, including acid/alkaline, heat and
water resistance, low leakage, and mechanical robustness. In addition, these
microcapsules are cheap and easy to synthesize [13—15]. Thanks to their efficient
encapsulation, the total amount of fragrance used in consumer products can be
notably reduced, which lowers the total cost of production. Additionally, the
extended pleasant scent provided to the consumer is perceived as freshness,
which decreases the frequency of washing cycles, reducing water and power
usage [16].
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Figure 1-1: Main scenarios of microcapsule’s life in the high-demanding laundry detergent application. The
microcapsules must remain stable in a surfactant-rich medium for an extended period (1), survive the
increased temperature, water dilution, and change of medium during the washing cycle (2), and finally
deposit on fabrics to release their contained fragrance over time (3). Reprinted with permission from [17].
Copyright 2019 American Chemical Society.

Even though melamine formaldehyde microcapsules show an excellent
performance in these challenging formulations, their deposition,
biodegradability, and release profiles can be improved. First, there is no active
but passive interaction between the microcapsule and the substrate (fabrics for
detergents or hair for shampoos). The use of a different material presenting
favorable interactions with the fabrics or hair would enhance the deposition
efficiency of these microcapsules. Second, the polymers forming the hard-wall of
these microcapsules show an inefficient environmental and biodegradability
profile [17]. Unavoidably, part of these microcapsules will end up forming part of
wastewater after a washing cycle, reaching rivers, streams, and oceans. The
encapsulation efficiencies of other materials with an improved biodegradability
profile could be explored. Third, the fragrance release from these microcapsules
can only be triggered by mechanical pressure, which causes the rupture of the
shell and consequently the free diffusion of the fragrance [18,19]. However,
there are other external stimuli such as temperature, water dilution, pH, light,
and ionic strength that could be exploited to trigger the fragrance release as well
[20].

The SAMCAPS project, which stands for Self-Assembled MicroCAPSules, was
proposed to tackle these points and give rise to a microcapsule with improved
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features. SAMCAPS is a Marie Sktodowska Curie European Industrial Doctorate
project (grant agreement no. 814100) belonging to the Horizon 2020 framework
which has financed the doctorate course of four early-stage researchers This
project arises from the collaboration of two partners — CSGI (Center for Colloid
and Surface Science) in Florence/Siena, Italy, and Procter&Gamble in Brussels,
Belgium. The goal of the project is to develop biodegradable polymeric
microcapsules for use in home and beauty care products with improved
targeting, biodegradability, and fragrance release profiles. In this way, SAMCAPS
addresses the challenge of the chemical industry as response to international
agreements such as the Paris Climate Act and the Europe 2020 policies for smart,
sustainable and effective chemical use. Since the number of industries using
encapsulation technologies keeps growing, as demonstrated by the increasing
number of companies filing patent applications on encapsulation, there is a need
to lower the environmental impact of these systems while making them as
efficient as possible for the social welfare. Considering these surfactant- and salt-
rich media provide one of the biggest challenges in fragrance encapsulation, the
successful results could be extended to pharmaceutical and food formulations.

The SAMCAPS project can be divided in the following main study points:

1. Synthesis of new polymers capable of forming microcapsules with an
improved environmental footprint

2. Study of the formation and stability of these microcapsules in
surfactant-rich media, as they are to be used in consumer good products

3. Research of novel mechanisms to trigger the fragrance release, such as a
variation of temperature, ionic strength, or water content

4. Determination of the interactions between the microcapsules and the
targeted surfaces

This thesis focuses on points two and three, concerning the formation and
fragrance release of stimuli-responsive polymeric microcapsules, targeted for
consumer good formulations. First, the formation of microcapsules with an
amphiphilic thermoresponsive copolymer in surfactant- and salt-rich water
solutions is assessed. The liquid-liquid phase separation of the copolymer in
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these solutions is exploited to obtain microcapsules able to contain different
fragrances. It is quite a special phenomenon to be able to form self-assembled
microstructures in this environment without any cross-linking between polymer
chains, since normally polymer assemblies, such as coacervates or vesicles, are
destabilized by the presence of surfactants [21,22]. Second, the destabilization
profile of these polymeric microcapsules is studied with the aim to trigger the
release of the contained fragrance at a desired time. Considering this project
works with thermoresponsive copolymers, both temperature variation and
water dilution work as destabilization triggers. Remarkably, the destabilization of
these microcapsules leads to their dissociation into copolymer single chains and
surfactant molecules. Therefore, the environmental impact of these
microcapsules is reduced to the copolymer and surfactant biodegradability
profiles.
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1.2 Polymer features

Polymers, from the Greek poly- (many) and -mer (part), are macromolecules
consisting of many repeating subunits (monomers) covalently linked. A single
polymer chain, or unimer, can be composed of the same (homopolymers) or
different (heteropolymers or copolymers) type of monomers. Depending on the
physical arrangement of monomers, polymers with different architectures —
linear, comb, star, or branched — and compositions — homo-, block, gradient,
alternating, random, or graft — can be obtained (Figure 1-2) [23]. At the same
time, the functional groups of the monomers will determine the properties and
interactions of the polymer with other molecules. Both the type of monomers
and their arrangement can be modulated to design polymers with desired
features. For instance, the combination of lipophilic and hydrophilic monomers
in a specific order, such as block or graft structures, results in the synthesis of a
copolymer that can interact with both oil and water [24]. This property is
precisely beneficial for fragrance encapsulating systems in water solutions. As
another example, the use of monomers containing functional groups sensitive to
a variation of external stimuli provide the polymer with the same sensitivity [20].
This kind of sensitivity is requested to promote a triggered release of the
contained fragrance from the polymeric microcapsule. Considering the aim of
this project is to encapsulate fragrances in water solutions to then release them
in a triggered manner, amphiphilic stimuli-responsive copolymers are of high
interest.
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Figure 1-2: Different polymeric structures classified according to their architecture (left side) and
composition (right side).

1.2.1 Amphiphilicity

The word amphiphilic comes from the Greek and means “loving both”. In
chemistry, this term is used to define molecules with both a hydrophilic (water
loving, polar) part and a lipophilic (oil loving, non-polar) one. Small amphiphilic
molecules are generally named as surfactants, which stands for surface active
agents. This name comes from their tendency to adsorb at surfaces and
interfaces between two immiscible phases. Surfactants are normally classified by
their polar group, differing between neutral (non-ionic) and charged (ionic)
surfactants, the latter ones including anionic, cationic, and zwitterionic
surfactants. Zwitterionic surfactants contain both an anionic and a cationic
charge under normal conditions. The non-polar part is normally an alkyl chain
that can be linear or branched. The degree of branching and the length of this
chain, together with the choice of the polar group, determine the
physicochemical properties of the surfactant [25]. Due to the amphiphilic nature
of surfactants, the two parts of the same molecule interact in very different ways
with either a polar or a non-polar solvent. Therefore, in the lack of a surface or
interface to adsorb to, surfactants tend to aggregate, forming self-assembled
structures in solution (Figure 1-3) [26]. In water, this structure formation is a
consequence of both noncovalent interactions between surfactant molecules
and energetically unfavorable interactions between their hydrophobic parts and
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water [27]. This phenomenon leads to a variety of self-assembled structures [28],
micelles being the structures obtained at a lowest concentration. The surfactant
concentration at which micelles start forming is known as the critical micelle
concentration (CMC) [25,29].

Figure 1-3: Schematic representation of some self-assembled structures formed by surfactants: monolayer
(a), direct micelle (b), reverse micelle (c), lamellar liquid crystals (d), hexagonal bidimensional liquid crystals
(e), direct vesicles (f) and reverse vesicles (g). The dark blue sphere represents the polar part of the
surfactant while the light blue chain represents its non-polar part. Reprinted and modified with permission
from [30]. Copyright 2015 John Wiley and Sons.

Larger amphiphilic molecules, such as copolymers, can also be surface active
agents with self-assembly properties that give rise to the same kind of structures
described in Figure 1-3 [31,32]. For that, the copolymer needs to be designed in
a way that allows it to expose its hydrophilic parts in a polar environment and its
hydrophobic parts in a lipophilic one [25]. This is the reason why the self-
assembly of copolymers has been mainly studied with block copolymers, which
structure resembles that of linear common surfactants [33]. However, graft
copolymers, made of hydrophobic chains grafted to a hydrophilic backbone or
hydrophilic chains grafted to a hydrophobic backbone, also present self-assembly
properties [34,35]. In fact, surface active copolymers present a very strong
driving force towards interfaces, with this tendency being less dependent on the
physical variables than observed with low molecular weight surfactants[25],
rendering them as interesting candidates for industrial applications. Specifically,
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in the case of biphasic systems presenting an oil phase (such as a fragrance) and
a water phase, these surface-active copolymers are able to stabilize the fragrance
in the water solution at low concentrations and be less affected by physical
conditions such as ionic strength or temperature changes. Although these
amphiphilic copolymers have also been studied in organic solvents [36], their
main use is in water solutions due to their widespread application possibilities in
technical, biomedical, and industrial areas [37].

1.2.2 Smart polymers

As explained above, a copolymer with amphiphilic properties is useful to stabilize
fragrances (oil phase) in water solutions. However, this project also aims to
release the stabilized fragrance at a desired time/space. For that, a stimuli-
responsive polymer, which reversibly adapts its properties in response to
external stimuli, is required. A variation of pH, ionic strength, light, or
temperature can be used as a trigger to induce a response in the molecular
properties of these often-called smart polymers [38—42]. This remarkable
behavior provides them with broad applications in fields such as drug delivery,
sensors, and artificial actuators [43—-46].

pH sensitive polymers

Polymers with pH sensitivity contain ionizable acidic or basic groups that either
accept or release protons in response to a change in the environmental pH.
Generally, polymers with basic or acid monomers behave as cationic or anionic
polymers under acidic or basic conditions, respectively. Consequently, the
polymer can change from non-ionic to ionic, and vice versa, by modulating the
environmental pH, affecting its surface activity (amphiphilicity), solubility, and
conformation. For instance, a pH change causing (de)protonation of the
functional groups in the polymer can induce precipitation of homopolymers and
micelle/vesicle formation of copolymers. Depending on the polymer’s structure
and composition, different self-assembly behaviors can be achieved (Figure 1-4).
The self-assembly of these copolymers depends on their pH-sensitivity, which

10
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can actually be tuned by using different monomers and polymer structures,
allowing a precise control on the range of pH at which the polymer’s behavior
changes [41]. These unique properties make pH-responsive polymers very useful
in applications where the targeted environment has a different pH. For instance,
since the extracellular pH of most tumors is acidic (usually with a value between
5.8 and 7.2) [47], smart polymeric structures can be designed for anti-cancer drug
delivery, where the release of drugs is triggered by pH decrease [48]. Moreover,
synthetically, pH-responsive polymers can be produced using peptides, which are
biocompatible and degradable. These natural polymers have great importance
among pH-responsive polymers [49,50].

b)
== A p H ‘ q A pH

unimer micelle micelle reverse micelle
c) 4}
~- \\\.Wlf/é A pH
e "Mk, &
~oJf —— L) &
e ~ ,j{ /W\
deswelling 1 vesicle reverse vesicle
swelling
swellin
e) " \W 2
A pH B2 ApH % ’/%é
—~—— ————
PR - Q’
star block %&
copolymer hollow

worm-like

micelle micelle

Figure 1-4: Different self-assembled structures of pH-responsive polymers: (a) unimer to micelle, (b) micelle
to reverse micelle, (c) gel, (d) vesicle to reverse vesicle, and (e) unimer to worm-like micelle to hollow
micelle. Reprinted and modified from [41] with permission from the Royal Society of Chemistry.
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lonic strength sensitive polymers

lonic strength sensitivity is also typical of polymers containing ionizable groups in
their structure. Pretty much as it happens with pH-sensitive polymers, this class
of smart polymers can change from ionic to non-ionic, and vice versa, by
modulating the environmental ionic strength. Specifically, variations in the ionic
strength can cause the screening of the charges present in the ionic monomers
of the polymer [51]. This changes its charge density and, consequently, it also
affects its surface activity, solubility, and conformation. The effect of ionic
strength on polyelectrolyte complexes has been broadly reported [52-54],
demonstrating that it affects their size and stability in different ways. First, the
screening of the polyelectrolyte’s charges can cause the shrinkage of the
polymeric complex, due to a reduced repulsion between monomers [55,56].
Second, the charge screening can also reduce the hydrophilicity of the polymer,
inducing its phase-separation [57,58]. Third, self-assembled systems stabilized by
the attractive interaction between both polycations and polyanions (such as
complex coacervates [59]) destabilize upon charge screening [60,61]. Taking
advantage of these shrinkage and destabilization effects, ionic strength can be
used as a release trigger of polyelectrolyte systems for biomedical applications
[42,62]. Non-ionizable polymers will not be directly affected by ionic strength,
but they can be indirectly affected by its effect on the medium they are found in
—salting-in and salting-out processes [63].

Light sensitive polymers

Light sensitivity differs from pH and ionic strength sensitivities because the
stimulus can be triggered from outside the system. Moreover, it can be localized
in space and time, and the stimulus parameters, such as light intensity,
wavelength, and irradiation time, can easily be modified to suit the requirements
of the system [40]. Light sensitive polymers are synthesized with photosensitive
moieties that can react either reversibly or irreversibly upon light irradiation
through isomerization (cis-trans), bond forming, or bond breaking reactions. This
allows to precisely form, degrade, functionalize, and crosslink this type of
polymers [64]. The main application of this type of smart polymers is the light-

12
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controlled polymeric self-assembly. In other words, the use of light to give or take
the surface activity of the polymer, and thus monitor its self-assembly properties
[65]. Normally, photo-responsive polymers contain light-sensitive moieties in the
hydrophobic block or in the junction between this block and the hydrophilic one.

On the one hand, light irradiation can produce irreversible changes on the
polymer structure. For instance, light can trigger the cleavage of photosensitive
side groups and transform the hydrophobic domain into a hydrophilic one. As a
result, the amphiphilicity is lost and the self-assembled structure destabilizes
[66]. The same effect can be obtained in the reverse way: converting the
hydrophilic domain into a hydrophobic one after photo-cleavage, inducing the
formation of polymer self-assembled structures [67]. The photosensitive
moieties can also be in the main chain of the hydrophobic block. In this case, light
irradiation causes the degradation of the hydrophobic block and leads to
disruption of the self-assembled structure [68].

On the other hand, light irradiation can induce reversible changes on the polymer
structure, thus allowing to monitor both the formation and disruption of self-
assembled structures with the same photosensitive moiety. Although this
behavior seems more interesting for release applications, reversible light
sensitive groups tend to display a weaker shift in the hydrophilic/hydrophobic
balance and slower kinetics than irreversible sensitive ones [40]. Among light-
sensitive molecules with reversible properties, azobenzenes are the most studied
ones. Upon light irradiation, azobenzenes go through a reversible trans—cis
isomerisation of their nitrogen double bond (Figure 1-5). The non-polar (trans)
isomer is converted into the polar (cis) one by UV irradiation while the reversible
process is triggered by visible light [69]. This change of polarity allows to control
in a reversible way the self-assembly properties of polymers with azobenzenes in
their structure [70,71].

13
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Figure 1-5: Chemical architecture change of azobenzene between its trans and cis
isomers upon light irradiation (top), and schematic illustration of the disruption and
formation of micelles from a copolymer containing azobenzenes (bottom).

The ability to monitor the formation and destabilization of polymeric self-
assemblies with light-sensitive moieties, either in a reversible or an irreversible
way, can be applied for controlled encapsulation and delivery of an active (such
as a drug or a fragrance) upon light irradiation [72,73].

Temperature sensitive polymers

Temperature sensitive polymers, also named as thermoresponsive polymers, are
the most comprehensively studied smart polymers because of their reversible
phase separation at a specific temperature [38,74]. Specifically, the polarity of
this type of smart polymers is controlled by temperature, changing their
solubility accordingly. Once a critical temperature is reached, often named as the
cloud point temperature (CPT), the polymer-solvent interactions weaken and
liquid-liquid phase separation (LLPS) takes place (LLPS is further explained later
in the introduction). This critical temperature depends on the polymer structure
as well as on the medium composition [75—-77]. Therefore, both the polymer and
the medium can be designed to tune the transition temperature [78].
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Thermoresponsive polymers can be divided into two classes depending on their
response to a temperature change: polymers that become insoluble above a
critical temperature are called as LCST-type (Lower Critical Solution
Temperature) [79,80], while polymers that lose their solubility below a critical
temperature are named as UCST-type (Upper Critical Solution Temperature)
[81,82]. LCST and UCST polymers are also known as “negative temperature-
sensitive” and “positive temperature-sensitive”, respectively [38].

The temperature and concentration dependence of these two classes of
thermoresponsive polymers in solution can be represented in phase diagrams
(Figure 1-6). In them, the phase boundary outlines the temperature and
concentration where phase separation takes place. LCST polymers present a
concave phase boundary while UCST polymers present a convex one. The critical
temperature is defined as the extreme of the phase boundary — in other words,
the minimum and the maximum temperatures of the phase separation boundary
for LCST and UCST types, respectively [78].

Two phases /\/\, One phase

Temperature
Temperature

One phase { ? Two phases -&‘g

Concentration Concentration

Figure 1-6: General phase diagrams of LCST (left) and UCST (right) thermoresponsive polymers in solution.

Thermodynamics can be used to predict whether a polymer is soluble or not in a
certain solvent at a specific temperature. The mixing enthalpy (AHn) and the
mixing entropy (ASm) can be used to determine the Gibbs energy of mixing (AGm)
with the following equation: AG,,, = AH,, — TAS,,. A negative value of the Gibbs
energy implies that the mixing of the polymer in that solvent is energetically
favorable, while a positive value implies the opposite. To this regard, four
different scenarios can be distinguished [78]:
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1. Soluble polymer — the enthalpy is negative and the entropy is positive for
all temperatures.

2. Insoluble polymer — the enthalpy is positive and the entropy is negative
for all temperatures.

3. LCST polymer — both the enthalpy and the entropy are negative, so
temperature determines the sign of the Gibbs free energy. If the
temperature is above the critical value, the polymer is insoluble. Likewise,
if the temperature is below this value, the polymer is soluble.

4. UCST polymer — both the enthalpy and the entropy are positive, so
temperature determines the sign of the Gibbs free energy. Contrary to
LCST polymers, if the temperature is below the critical value, the polymer
is insoluble. Likewise, if the temperature is above this value, the polymer
is soluble.

The critical temperature is so defined as the quotient of the enthalpy of mixing
divided by the entropy of mixing.

The main application of thermoresponsive polymers is to combine them with
another polymer and be able to control the amphiphilicity of the resulting
copolymer with temperature. Depending on whether a LCST or a UCST type
polymer is combined with a hydrophilic or a hydrophobic polymer, the copolymer
amphiphilicity is gained below or above a critical temperature (Table 1-1). This
critical temperature can be tuned by changing the polymer’s architecture and
composition [83,84], allowing to specify the temperature range at which the
copolymer is amphiphilic. For instance, the critical temperature of a copolymer
containing a LCST-type polymer can be decreased by combining it with a more
hydrophobic polymer [85,86]. The temperature controlled amphiphilicity of
these copolymers allows the reversible formation of self-assembled structures,
offering the ability to encapsulate and release an active molecule (drug or
fragrance) upon temperature variation. This phenomenon has been extensively
used for biomedical applications [87], specially to design drug delivery systems
with temperature responsiveness [88—90].
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Thermosensitive Below critical Above critical
copolymer temperature temperature
LCST + hydrophilic block Soluble Amphiphilic
LCST + hydrophobic block Amphiphilic Insoluble
UCST + hydrophilic block Amphiphilic Soluble
UCST + hydrophobic block Insoluble Amphiphilic

Table 1-1: Main combinations of a diblock copolymer with thermoresponsive behavior in water.

Finally, multi-thermoresponsive polymers exhibiting two or more critical
temperatures can be obtained by combining two or more LCST or UCST blocks in
the same copolymer [78]. These copolymers show sequential transitions and
stepwise turbidity changes according to their composition. On the one hand, a
copolymer made of two LCST or two UCST blocks manifests amphiphilicity only
in the temperature range between the two critical temperatures. Therefore,
unimer-micelle-aggregate transitions are observed when increasing or
decreasing the temperature of a copolymer with two LCST or two UCST blocks,
respectively [91,92]. On the other hand, both LCST and UCST behaviors can be
combined in the same copolymer, giving rise to the sometimes called
“schizophrenic” copolymers [93,94]. Depending on whether the critical
temperature of the LCST block is lower or higher than that of the UCST block , the
copolymer undergoes either micelle-aggregate-micelle or micelle-unimer-
micelle transitions, respectively [95,96].
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1.3 Liquid-liquid phase separation

A homogenous system consists of a single phase, either gas, liquid, or solid. In
homogenous solutions, one or more miscible components with favorable
interactions between them coexist. However, de-mixing of these miscible
components can become energetically favored at specific conditions due to a
reduced interaction between solute and solvent molecules, despite the entropic
loss ascribed to the formation of a two-phase system [97,98]. This is the case of
a system made of vinegar and oil, in which the entropy is not enough to drive the
system to a mixed state since the physical interactions between oil molecules
and between vinegar ones are stronger. In the same way, once the interaction
solute-solute is stronger than solute-solvent, phase separation takes place. It is
important to remark that phase separation does not necessarily imply a phase
transition (from liquid to solid, for instance). Among the different
transformations of an homogeneous system, liquid-liquid phase separation
(LLPS) is a reversible and thermodynamically driven process consisting in de-
mixing a single phase into two distinct liquid phases with different solute
concentrations [99,100]. The equilibrium between mixing and de-mixing
depends not only on the components’ concentrations but also on the
environmental conditions, such as temperature, pH, pressure, etc. For instance,
in the case of colloidal systems made of smart polymers in water, LLPS can take
place by modifying the parameter to which the polymer is sensitive.

LLPS is a phenomenon commonly observed in nature, specifically in cells, which
organize molecules in membrane-free organelles [98,101,102]. This
sequestration provides temporal control over the recruitment or release of
signaling molecules [103]. Moreover, the lack of membrane allows the molecular
exchange with the environment, while their liquid-like nature allows molecular
diffusion in its interior. The assembly and disruption of these micron-sized
organelles is regulated by environmental conditions, adapting to the needs of the
cell. The regulation of these LLPS domains is so important that its malfunctioning
has been related to possible diseases [104]. At the same time, these membrane-
less organelles formed through LLPS have been employed to assemble
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synthetic/artificial cells. Since these droplets permit generating chemically
enriched domains, they can be used to reproduce the interior of cells, selectively
sequestrating biomolecules in liquid domains to favor biochemical reactions
while ensuring facile matter exchange with the surrounding medium [105,106].

1.3.1 Simple and complex coacervation

The term coacervation was originally introduced back in 1911 [107], and later
systematically studied from 1929 [108] to describe the associative phase
separation for the system of gum arabic-gelatin. Later, coacervates were named
in one of the first hypotheses on the origin of life on Earth, as Aleksandr Oparin
explains in his famous book entitled The Origin of Life (1936). The main argument
of the book is that life could possibly have been originated inside coacervates
containing high concentrations of different organic molecules, since these liquid
droplets form autonomously even in dilute conditions [109]. The
compartmentalization ability of coacervates is still being discussed and studied
as models of membranelles cell organelles [106,110-112].

Coacervation is a liquid-liquid phase separation (LLPS) that gives rise to the
formation of a dense colloid-rich liquid phase, generally called coacervate, and a
very diluted colloid-poor phase [113]. The formation of the coacervate phase is
the result of a subtle balance between electrostatic and hydrophobic
interactions, as well as hydrogen bonds, van der Waals forces and other weak
interactions. If these interactions are feeble, coacervation is suppressed, and if
they are strong, precipitation may occur [114]. The coacervate phase has certain
properties that distinguish it from the original solution. For instance, the
coacervate can remain as a turbid suspension of micro- or nano-droplets with
stirring, or it can coalesce and form a liquid layer at the top or bottom of the
solution, depending on its density (Figure 1-7). Additionally, the coacervate is
usually more viscous, denser, and often has the property of adsorbing onto a
surface, as well as absorbing other molecules with a lower solubility present in
the system [115]. This latter feature has been leveraged to extract, concentrate,
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and purify molecules from a solvent in a process known as coacervate-based
extraction [116,117].

Simple coacervation

Complex coacervation

Figure 1-7: Schematic representation of simple and complex coacervation of macromolecules,
such as polymers. Eventually, coalescence and liquid-layer formation take place.
Coacervation has been broadly studied and divided into two different types:
simple and complex coacervation [114,118-121] (Figure 1-7). Simple
coacervation takes place in systems containing only one macromolecule
(generally a polymer or a surfactant) that phase separates due to a decreased
solvation, induced by the addition of some dehydrating agent, such as salts or
alcohols, or a variation of environmental conditions, such as temperature or pH.
The temperature from which coacervation takes place is generally known as the
cloud point temperature (CPT), owing to the cloudy appearance that the sample
acquires once the coacervate droplets are formed [122,123]. At one point, self-
assembly occurs due to a combination of forces promoting inter-colloid
interactions over colloid-solvent ones, including hydrophobic (mainly),
electrostatic, and van der Waals. Simple coacervation also applies to single ionic
macromolecules that self-assemble in solution due to the neutralization of its
charges upon salt or alcohol addition [124]. On the other side, complex
coacervation concerns the liquid-liquid phase separation of at least two ionic
macromolecules with opposite charge, mainly driven by attractive electrostatic
interactions. It typically takes place under conditions of electroneutrality, when
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the two macromolecules neutralize each other, and their solubility is lost. Other
weaker interactions such as van der Waals, hydrophobic, and hydrogen bonding,
and parameters such as the molecular structure, concentration, mixing ratio,
ionic strength, pH, and temperature also play an important role in the formation
of complex coacervates [59,112].

Coacervates for active encapsulation and release

The ability of coacervates to absorb and contain molecules from the medium
renders them as potential encapsulating agents. In fact, coacervation is often
considered as the original method of encapsulation due to the use of this
technique in 1955 by Green & Scheicher. Currently, coacervation is extensively
used for the encapsulation and release of different compounds mainly in the
food, pharmaceutical, and textile industries [125-130].

To form polymeric microcapsules either through simple or complex coacervation,
a process is applied to a dilute polymer solution to reduce the solubility of the
system and induce liquid-liquid phase separation. This process can be performed
in an aqueous phase for the encapsulation of hydrophobic compounds or in the
organic phase for the encapsulation of hydrophilic compounds. The consequent
polymer-rich phase, or coacervate, is used to contain the compounds with poor
solubility and protect them against environmental degradation. The general
procedure to generate polymeric coacervates to be used as capsules can be
summarized with the following steps [115]:

1. Select the polymer that presents the features needed for the desired
application. This includes molecular weight, chemical structure, charge
distribution, and degradability. To add the possibility of triggering the
release of the compounds contained in the coacervates, smart polymers
with sensitivity to a variation of temperature, pH, ionic strength, or light
should be employed.

2. Select the solvent so that it dissolves the polymer but preferably not the
compound to encapsulate. The insoluble or poorly soluble compound can
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be either previously mixed with the polymer or added later while mixing
the polymer solution.

3. Mix both the polymer and the solvent and induce the liquid-liquid phase
separation of the polymer by either adding a non-solvent, a kosmotrope,
another polymer with an opposite charge, or varying environmental
conditions such as temperature, pressure, light, or pH. With stirring, the
new conditions promote the formation of coacervate droplets, which are
more viscous, but still fluid, and can be used as microcapsules. On the one
hand, the phase-separated polymer can be deposited around the
insoluble compound, leading to the formation of a shell and
encapsulating it. On the other hand, if the coacervate nucleates and
grows on its own, the insoluble compound is spontaneously concentrated
in the coacervates due to preferred interactions with the polymer-rich
phase than with the solvent.

4. If the stability of the coacervate droplets does not depend on the
presence and composition of the polymer-poor phase, the solvent can be
removed by evaporation and the microcapsules collected and rinsed to
remove any unwanted solvents or excipients. Thermal desolvation and
crosslinking can be used to “harden” these microcapsules, making them
more stable and eliminating their dependence on the solvent.

Although simple coacervation can be used to generate microcapsules [131],
complex coacervation has been more broadly studied and employed. This is
mainly because encapsulation is easy to achieve through complex coacervation
by controlling the pH and following a thermal, cross-linking, or desolvation
technique to form a stable and resistant polymeric shell around the active
molecule (Figure 1-8) [125,130]. This approach generates capsules with several
advantages, including high payload efficiency, simplicity of preparation at room
temperature, low cost, scalability, and reproducibility. However, since complex
coacervation depends on electrostatic attraction, sensitivity to pH and ionic
strength is a major limiting factor to its commercial application. Complex
coacervation takes place within a narrow pH window, and so only compounds
that are not sensitive to the coacervation pH can be encapsulated. Additionally,
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the presence of salt can hamper the formation of complex coacervates due to
charge screening, and so salt-free conditions are required [59].

1 (O ©:>

Figure 1-8: Schematic representation of coacervation and wall hardening to from core-
shell capsules. The process involves four steps, including (A) the emulsification of the
compound to encapsulate in a solution containing the shell forming polymer/s, (B) the
coacervation of the polymer/s, (C) accumulation of the coacervates on the surface of the
compound, and (D) addition of a cross-linking agent to generate a hard shell.

Among the many applications of coacervates as encapsulating agents, textiles
represent one of the most investigated ones [8,128]. Fragrances are commonly
added to textile-related products to provide freshness and odor control [132].
However, they are generally volatile compounds that have a scarce affinity to
fabric fibres, hence they do not remain for long deposited on textiles. Through
encapsulation, fragrances can be protected from early degradation or
evaporation and released on a later stage, thus prolonging the aroma sensation
and improving consumer satisfaction [133]. Fragrance release can be triggered
by a pressure, pH, or temperature difference, as well as by capsule degradation.
Even though the encapsulation of fragrances is standardly obtained via
polycondensation of melamine and formaldehyde [15], it can also be achieved
through simple or complex coacervation [8].
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1.4 PEG-g-PVAc — Poly(ethylene glycol) and poly(vinyl
acetate) copolymer

Poly(ethylene glycol) (PEG), also known as poly(ethylene oxide) (PEO), is one of
the most popular thermoresponsive homopolymers presenting a LCST-type
profile. PEG is also broadly employed for biomedical and drug delivery
applications due to its biocompatibility, stealth effect, and stearic stabilization
properties [134,135]. This non-ionic polymer is based on oxyethylene groups, and
so its water solubility at low temperatures comes from the hydration of the ether
oxygens. However, the polymer-solvent hydrophilic interaction gradually
weakens as temperature increases. Consequently, PEG becomes insoluble in
water above a certain temperature and liquid-liquid phase separates (LLPS) from
the medium. This phenomenon has previously been ascribed to a change in the
conformation of the oxyethylene groups — at higher temperatures the polymer
switches to a conformation that disfavors solubility and induces phase separation
[123].

The temperature at which this LLPS takes place is generally known as the cloud
point temperature (CPT) [122,123], and it depends both on polymer
concentration and molecular weight [136,137]. Generally, the CPT of PEG is
above the boiling point of water due to its high hydrophilicity, which hinders the
study of its phase separation properties. Fortunately, since this phase separation
has to do with the polymer-medium interaction, any additive which interacts
with either the polymer or the water affects the CPT. In regard, several studies
have taken place measuring the effect of different additives on the CPT of PEG in
water solution [138-140].

Poly(vinyl acetate) (PVAc) is a thermoplastic polymer that presents a poor water
solubility. PVAc is mainly used in the construction and adhesive industries [141—
143]. Since PVAc has been approved by the FDA and added to the inactive
ingredient database [144], this polymer has potential applications in the fields of
food, biomedicine, cosmetics, and detergency. Currently, it has several
applications in the food industry, being a major component of chewing gumes.
Even though its poor water solubility is an obstacle to its biodegradation, PVAc
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swells when exposed to water, facilitating the degradation by biologically active
substances and microbes [145].

Over the years, PEG has been extensively conjugated with hydrophobic polymers
to obtain amphiphilic copolymers with self-assembly properties. For instance,
PEG has been conjugated with poly(propyleneoxide) (PPO) to generate the
pluronic or poloxamer family [146-148], but also with poly(N-
isopropylacrylamide) (PNIPAM) [149-151], polycaprolactone (PCL) [152-154],
poly(N-vinylcaprolactam) (PVCL) [155,156], and poly(lactic-co-glycolic acid)
(PLGA) [157,158], to name a few. As explained below, PEG has also been
conjugated with PVAc to give raise to a very interesting set of amphiphilic
thermoresponsive copolymers.

1.4.1 PEG-g-PVAC

This thesis leverages the properties of the amphiphilic thermoresponsive graft
copolymer resulting from the conjugation of PEG with PVAc. Specifically, a
poly(ethylene glycol)-g-poly(vinyl acetate) copolymer (PEG-g-PVAc, Mw = 18.100
Da) consisting of a comb-like macromolecular structure with a 6000 Da PEG
backbone and a grafting point every ~50 units of ethylene glycol (~1-3 grafted
PVAc chains per backbone) (Figure 1-9).

PEG-g-PVAC

PEG-g-PVAc (40:60)
Mn =10.3 kDa

Mw = 18.1 kDa

1-3 graft points

Figure 1-9: Chemical structure of the PEG-g-PVAc copolymer used throughout this thesis.
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Graft copolymers, consisting of a backbone and side chains, present interesting
properties in solution that can differ from linear diblock copolymers with the
same composition [159,160]. They have been found to form a variety of self-
assembled aggregates in water and organic solvents, which depend on the
hydrophilic/hydrophobic features of the backbone and side chains [34,35,161-
163]. Specifically, PEG-g-PVACc's self-assembly properties depend on the balance
between the hydrophobic PVAc grafts and the hydrophilic PEG backbone, as well
as on the number and length of the PVAc grafts.

The self-assembly properties of a similar PEG-g-PVAc (Mw = 13.100 Da, 1-2
grafting points every ~100 units of ethylene glycol) in water have been reported
in the recent past, showing the formation of single-chain nanoparticles (SCNPs)
at concentrations below 10% w/w [164], and a progressive structuration of the
SCNPs into hierarchically complex systems when increasing the concentration up
to 90% w/w [165]. The thermoresponsivity and LCST profile of this PEG-g-PVAc
was also demonstrated, reporting a critical temperature of 58 °C for a
concentration of 1% w/w [164].

PEG-g-PVAC's self-assembly was further investigated in formulations containing
surfactant mixtures [166], identifying a region with LLPS at room temperature.
Interestingly, this LLPS gave rise to micron-sized coacervates, whose size and
stability against coalescence depend on the composition of the aqueous medium.
Moreover, these coacervates were able to confine different active principles to
a larger extent than simple micelles could, including the hydrophobic
poly(dimethylsiloxane) bis(3-aminopropyl) and the hydrophilic (Z,Z)-disodium
distyryl-biphenyl disulfonate. This work did not only open the door to the
application of PEG-g-PVAc coacervates as encapsulating agents, but also built the
bases to perform all the research described in this thesis.
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Industrial relevance

On the industrial side, PEG-g-PVAc has attracted interest as detergent additive
for the formulation of home and beauty care products. The benefit it provides is
double: first, due to its adsorption properties, it promotes a reduction of soil
redeposition on garments, especially in hard water conditions [167-169];
second, its capacity to encapsulate compounds with different hydrophilicities in
a surfactant-rich medium is a very interesting property which can be exploited to
extend the life-time of fragrances and boost product performance. The
application of PEG-g-PVAc self-assemblies for the encapsulation of fragrances has
recently been studied in the absence of surfactant [170,171], showing that the
individual properties of each fragrance molecule are very important, since they
affect the structure of the copolymer assemblies and their phase behavior in
ternary (i.e. PEG-g-PVAc/fragrance/water) systems.

Home and beauty care formulations are rich in surfactants and salts, among
other additives, which can destabilize conventional self-assembled structures
[21,22]. Therefore, in this thesis, PEG-g-PVAc coacervation has been studied in
model aqueous formulations containing surfactants and salts, developing a
thorough understanding and control of the formation, composition, and
destabilization of these polymeric microdomains in such complex formulations.
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1.5 Kosmotropes, chaotropes, and ion-specific effects

More than a century ago the Czech scientist Franz Hofmeister reported that ions
affect in different ways the solubility of egg white protein in water [172]. He
proposed the famous Hofmeister series ranking the ability of cations and anions
to stabilize (salting-in effect) or precipitate (salting-out effect) that protein. On
the one hand, salting-in is caused by the interaction of weakly hydrated ions with
the solute, which increases its solubility. On the other hand, salting-out results
from the effect of strongly hydrated ions on the solute solubility, removing water
molecules from the solute surrounding and dehydrating it [173]. The greatest
effect is ascribed to the most strongly hydrated anions for salting-out and to the
most weakly hydrated ones for salting-in. Anions reportedly render a more
pronounced effect than that exhibited by cations, although the specific salt
effects on the solute solubility are a cumulative result of both the anion and
cation [174]. It was soon realized that the effects described in this series, or more
correctly “specific ion effects”, do not only apply to aqueous protein solutions.

Salts dissolved in water dissociate into hydrated ions which electric field causes
the dipolar water molecules to rearrange themselves and form a hydration shell
around them. Consequently, the water structure of the hydration shell differs
from that of bulk water, providing it with a different density [175]. From here,
the terms “water structure making” and “water structure breaking” have been
applied to various ions [176], depending on their interaction with water and the
consequent formation of the hydration shell. The terms “kosmotrope” (from
Greek koopog, order) and “chaotrope” (from Greek xaog, disorder) have been
used as the equivalent of structure makers and breakers, respectively, generally
accepted and applied by the scientific community. Kosmotropes are normally
related to a salting-out effect in aqueous environments, while chaotropes are
related to a salting-in effect. However, some publications have challenged the
generalized use of these terms and emphasize the ion-specific effect [177-180].

During the last decades, the ion specificity effects have been extensively studied
due to their high impact in biological and physicochemical science [181,182],
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leading to the belief that specific ion effects are ubiquitous in both aqueous and
non-aqueous media [183]. Although the validity of the terms kosmotrope and
chaotrope has been reaffirmed for dilute solutions [184—186], the effect of these
ions over the solubility of a complex system with one or more solutes cannot be
solely described by the hydration capacity of these in the bulk solution. Instead,
the cross-effects and interplay between all existing components (ion-water, ion-
solute, solute-water, ion-ion, solute-solute, and water-water) must be
considered [174,187]. Each of these specific interactions can contribute directly
or indirectly to the solute stability in solution.

Considering this, the terms “kosmotrope” and “chaotrope” are merely used as
jargon throughout this thesis to easily categorize different additives. These terms
do not entirely describe their interaction with the chosen copolymer nor the
effect they have on its solubility. The mechanism of action of each additive is
described in the results section (3.2 Effect of additives on the LLPS of PEG-g-
PVAc), where ion-specific effects are considered.
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2.MATERIALS AND METHODS

In this chapter, | mention the materials and instrumentation used for the
experimental research and report the methodology followed to obtain the
results of this work. The outcomes are extensively described and discussed in the
next chapter of this thesis.

2.1 Materials

The materials selected for this project are commonly found in beauty and home
care products, and can be divided into seven categories:

1. Polymer (see chemical structure in Figure 2-1):

e Poly(ethylene glycol)-graft-poly(vinyl acetate) (PEG-g-PVAc) is a non-
ionic amphiphilic grafted copolymer from BASF. It has been provided
by Procter & Gamble throughout the whole project. The PEG/VAc
weight ratio is 40/60, with a M, = 10.3 kDa and a M\, = 18.1 kDa (thus,
with a polydispersity index (PDI) of 1.8). This copolymer has
approximately one grafting point every 50 units of ethylene glycol,
meaning that there are ~1-3 grafted PVAc chains per PEG backbone
(which is of 6 kDa). PEG-g-PVAc was covalently labelled with
rhodamine B isothiocyanate, according to a previously described
procedure [166], so that it could be observed under the fluorescence
confocal microscope.

Surfactant synthesis generally produces surfactants with different chain lengths.
This implies that in the same batch there could be surfactants with varying
hydrophilicities that will interact differently with the copolymer. The details of
the suppliers regarding the chain length distribution have been mentioned
below. We must also consider there could be isomers in the product that interact
differently with the copolymer too. This latter case is likely the one of HLAS,
which benzene sulfonate group can be linked to different carbons of the alkyl
chain. Since we have used the products as received, without any further
purification, the results come from the combination of the effects of all the
surfactants present in the same batch, including different chain lengths and the
possibly present isomers.
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2. Non-ionic surfactants (see chemical structure in Figure 2-1):

Neodol 45-7 (N45-7) is a primary alcohol ethoxylate, with the non-
polar part consisting of an alkyl chain of 14-15 carbon atoms and the
polar part consisting of 7 ethoxylate groups (C14-15 EQ7). It has a
molecular weight of 519-573 g/mol, and it is from Shell Chemical.
Surfonic L24-9 (L24-9) is also a primary alcohol ethoxylate, with an
alkyl chain length of 12-14 carbon atoms attached to 9 ethoxylate
groups (C12-14 EQ9). It has a molecular weight of 582-610 g/mol, and
it is from Huntsman.

3. lonic surfactants (see chemical structure in Figure 2-1):

SOLFODAC AC-3-H (HLAS) is a linear alkylbenzene sulfonate anionic
surfactant with an alkyl chain length of 10-13 carbon atoms. It was
acquired from Tellerini s.p.a with a molecular weight of 312-360
g/mol.

Tensagex EOC970B (AE3S) is a sodium lauryl ether sulphate anionic
surfactant with an alkyl chain length of 12 carbon atoms and 3
ethoxylate groups. An aqueous solution of this surfactant (70%) was
acquired from KLK Tensachem S.A with a molecular weight of 420
g/mol.

Cetyltrimethylammonium  bromide (CTAB) is a cationic
alkyltrimethylammonium bromide surfactant with an alkyl chain
length of 16 carbon atoms. It was acquired from Sigma-Aldrich with a
molecular weight of 364.5 g/mol and purity above 99%.
Cetyltrimethylammonium  chloride  (CTAC) is a cationic
alkyltrimethylammonium chloride surfactant with an alkyl chain
length of 16 carbon atoms. It was acquired from Alfa Aesar with a
molecular weight of 320 g/mol and purity of 96%.
Dodecyltrimethylammonium bromide (DTAB) is a cationic
alkyltrimethylammonium bromide surfactant with an alkyl chain
length of 12 carbon atoms. It was acquired from Sigma-Aldrich with a
molecular weight of 308.3 g/mol and purity above 98%.
Dodecyltrimethylammonium chloride (DTAC) is a cationic
alkyltrimethylammonium chloride surfactant with an alkyl chain
length of 12 carbon atoms. It was acquired from Sigma-Aldrich with a
molecular weight of 263.9 g/mol and purity above 98%.
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4. Kosmotropes (see chemical structure in Figure 2-1):

Trisodium citrate dihydrate (NaCit) is a sodium salt of citric acid. It was
acquired from Jungbunzlauer with a molecular weight of 294.1 g/mol
and purity above 98%.

Sodium chloride (NaCl) was acquired from Sigma-Aldrich with a
molecular weight of 58.4 g/mol and purity above 99%.

Sodium bromide (NaBr) was acquired from Sigma-Aldrich with a
molecular weight of 102.9 g/mol and purity above 99%.

5. Chaotropes (see chemical structure in Figure 2-1):
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Monopropylene glycol (MPG) is a water miscible diol. It was acquired
from INEOS Oxide with a molecular weight of 76.1 g/mol.

Urea is a carbonyl group with two carbon-bound amine groups. It was
acquired from VWR International with a molecular weight of 60.1 g/mol.
Sodium cumene sulfonate (NaCS) is an anionic hydrotrope. An
aqueous solution (40%) was acquired from Sasol, with a molecular
weight of 222.2 g/mol.
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Figure 2-1: Chemical structure of the copolymer, surfactant, kosmotropes and chaotropes used throughout
this work.

6. Fragrances (see chemical structure in Figure 2-2):
e Phenyl ethanol, with a molecular weight of 122.16 g/mol, has an
octanol/water partition coefficient of 1.36.
e Carvone, with a molecular weight of 150.22 g/mol, has an
octanol/water partition coefficient of 2.74.
e Linalool, with a molecular weight of 154.25 g/mol, has an
octanol/water partition coefficient of 2.97.
e Florhydral, with a molecular weight of 190.29 g/mol, has an
octanol/water partition coefficient of 3.02.
e Citronellol, with a molecular weight of 156.27 g/mol, has an
octanol/water partition coefficient of 3.3.
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Pinene, with a molecular weight of 136.24 g/mol, has an
octanol/water partition coefficient of 4.44.
Limonene, with a molecular weight of 136.24 g/mol too, has an
octanol/water partition coefficient of 4.57.

All fragrances were provided by Procter&Gamble):

7. Others

Phenyl ethanol Carvone Florhydral
E |
Linalool Citronellol Limonene

Pinene

I38

Figure 2-2: Chemical structure of the fragrances used throughout this work.

Rhodamine B isothiocyanate (RBITC) is a red fluorescent hydrophobic
dye. It was acquired from Sigma-Aldrich, with a molecular weight of
536.08g/mol.

Rhodamine 110 chloride (R110C) is a green fluorescent hydrophilic
dye. It was acquired from Sigma-Aldrich, with a molecular weight of
366.80 g/mol.

Coumariné is a green fluorescent hydrophobic dye. It was acquired
from Sigma-Aldrich, with a molecular weight of 350.43 g/mol.

Water of MilliQ grade (18.2 MQ.cm at 25 °C).

All materials were used as received without any further purification.
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2.2 Methods

The methodology of this work was designed to provide relevant information to
the consumer good industry. We focused on understanding and controlling the
conditions inducing the coacervation of PEG-g-PVAc, assessing the potential of
the generated microdomains as encapsulating agents of active principles, and
studying the ways to trigger their destabilization and consequent release of the
contained actives.

2.2.1 Sample preparation

For all samples, the copolymer PEG-g-PVAc, a wax-like solid with a melting point
above room temperature, was firstly warmed at 70 °C for better manipulation.
Then, appropriate amounts of molten PEG-g-PVAc, water, and the selected
components for the study were weighted in a glass vial with an analytical balance
(Mettler Toledo XSR603S, accuracy of £1 mg). The samples were then mixed with
a magnetic stirrer until a homogeneous dispersion was obtained.

PEG-g-PVAc concentration was kept at 1% w/w unless otherwise stated.

To map the phase behavior of PEG-g-PVAc with NaCit and N45-7 (Figure 3-8), five
samples were prepared in glass vials containing a fixed amount of PEG-g-PVAc
(1% w/w) and varying amounts of non-ionic surfactant N45-7 (1, 5, 10, 15 and
20% w/w) in water. After dissolving the copolymer and the non-ionic surfactant,
the samples were titrated with sodium citrate while mixing at room temperature.
All samples got cloudy after enough NaCit was added to induce LLPS (Table 2-1),
and optical microscopy was then used to check the presence of coacervates
(Figure 6-4). Then, more NaCit was added to achieve a liquid-liquid bulk phase
separation (Table 2-1).

Initial concentrations (% w/w) NaCit for LLPS NaCit for bulk phase
PEG-g-PVAC N45-7 (% w/w) separation (% w/w)
1.0 1.0 48+0.2 10.7£0.5
1.0 5.0 3.8+0.2 9905
1.0 10 24101 9.1+£05
1.0 15 1.0+£0.1 83+04
1.0 20 / 74+04

Table 2-1: Initial concentrations of the five samples used to study the phase behavior of PEG-g-PVAc
(Figure 3-8), and corresponding concentrations of NaCit necessary to achieve LLPS and liquid-liquid bulk
phase separation.

35



Materials and methods

2.2.2 Turbidimetry

The Cloud Point Temperature (CPT) was determined by turbidimetry using a
Crystalline Particle Viewer, from Technobis. However, its four real time particle
viewers were not operative; thus, we could only use the instrument for turbidity
measurements with temperature control. The samples were analyzed in
standardized glass vials of 8 mL, measuring transmittance at 623 nm between 20
°C and 90 °C, with a heating rate of 0.5 °C/min and a cooling rate of 5 °C/min,
while mixed with a magnetic stirrer at 800 rom. The CPT was considered as the
temperature corresponding to 50% transmittance with respect to the initial and
final values. Each measurement was repeated at least three times.

The CPTs of aqueous solutions of PEG-g-PVAc at different concentrations (0.25,
0.5,1, 2,3,4,6,10% w/w, see Figure 3-3) were first measured to reveal the LCST-
type profile of the copolymer and determine its critical temperature of 51 °C,
found for 1% w/w (approximately 5.5x10* mol/L).

Since the effect of ionic surfactants on the CPT is so strong, samples were
prepared in a different way. In this case, a 0.1% w/w solution of the specific ionic
surfactant was dropwise added to a sample of 1% w/w PEG-g-PVAc and then
mixed until homogenous. The CPT was measured after every addition. At higher
concentrations, samples containing HLAS, AE3S, CTAB, or CTAC showed a marked
Tyndall effect that prevented measuring properly the CPT at temperatures higher
than 66 °C.

2.2.3 Optical microscopy

The optical pictures were acquired using an optical microscope from ZEISS, model
AXIO Imager Al, with an Axiocam 305 color camera from ZEISS as well, while
using dry objectives of 10x/0.30 and 40x/0.75. Samples were placed between
glass slides to delay water evaporation.

2.2.4 Fluorescence Confocal Microscopy

Fluorescence confocal microscopy imaging was carried out using a Leica TCS SP8
DMi8 confocal microscope. Rhodamine B isothiocyanate (RBITC) and rhodamine
110 chloride (R110C) were excited with an OPSL laser at 552 nm and 488 nm,
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respectively, while Coumarin6é was excited with an Argon laser at 458 nm. The
fluorescence emission was acquired using a hybrid SMD detector for a spectral
window of 40 nm, starting from a wavelength 20 nm higher than the excitation
wavelength. Dry objectives of 20x/0.75 and 40x/0.60 were used to image all
samples, which were placed in an 8-well device (Lab-Tek Chambered 1.0
Borosilicate Coverglass System, Nalge Nunc International). The concentrations of
fluorophore used for the samples assessed under the fluorescence confocal
microscope were =0.01% w/w of rhodamine B isothiocyanate-labelled PEG-g-
PVAc, =0.01% w/w of rhodamine 110 chloride, and =0.005% w/w of Coumariné.
All samples were observed under the microscope one day after preparation.

2.2.5 Confocal Raman Microscopy

Raman spectra were acquired with a Renishaw inVia Qontor Confocal Raman
Microscope (Renishaw software WIRE v.5.2), using a 532 nm excitation laser
(Nd:YAG solid state type, 50 mW, 1800 I/mm grating, working at 50% intensity),
and a Renishaw Centrus 1UTR57 detector. A dry objective 50Lx/0.5 was
employed for all samples, which were previously deposited on a silicon substrate
to avoid detecting Raman scattering from the background and covered with a
glass slide to delay water evaporation. Samples were observed with the front-
illuminated CCD camera (256 x 1024 px). The exposure time was set to be 10 s
for individual spectra acquisitions and 1 s for the two-dimensional intensity
maps, which we rebuilt from spectra acquired every 0.5 um along both x and y
directions. The confocal microscope (Leica DM 2700) was crucial to peak the
regions of interest for acquiring the Raman spectra of the medium, the LLPS
microdomains, and the precipitated copolymer. High-confocality mode was used
for all measurements.

According to Renishaw, the laser spot size is <1 um. Then, according to the Mark
Wainwright Analytical Centre [188], the Renishaw inVia Qontor Confocal Raman
Microscope laser spot size is around 1.5 um at 50x magnification for standard
mode. However, a smaller spot size of 0.5 um is possible when using confocal
mode, the one used during our studies.

Since N45-7 and PEG-g-PVAc share some functional groups, their Raman profiles
are similar (Figure 6-6), with main peaks in the region between 2800 and 3100
cm (corresponding to C-H bonds’ stretching). Therefore, the identification of
N45-7 is challenging in an environment rich in PEG-g-PVAc. The largest difference
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between the two profiles is found on the shoulder of N45-7 at 2852 cm™. On the
other side, the relatively intense peak at 1730 cm™ arises from the C=0 vibration
of the ester group of PVAc, clearly not present for N45-7. Based on these
differences, we were able to distinguish the presence of PEG-g-PVAc from N45-
7.

A set of reference samples for PEG-g-PVAc in water (5, 10, 15, 20, 25% w/w) and
N45-7 in water (3, 6, 9, 12, 15% w/w) were measured through confocal Raman
microscopy to get the calibration curves and assess the PEG-g-PVAc/water and
N45-7/water mass ratios, respectively. At least five spectra were acquired for
each sample, focusing the beam on different spatial spots. To build the
calibration curves, three peaks from the Raman profiles of the PEG-g-PVAc
solutions (1730, 2893, and 2940 cm™) and three peaks from the N45-7 solutions
(2852, 2887, and 2922 cm™) were considered. After normalizing all Raman
spectra to the peak of water (at 3420 cm™?), the intensities of each of the three
peaks selected for PEG-g-PVAc and each of the three peaks selected for N45-7
were determined. The average intensity value of each sample, together with its
standard deviation, was used to plot the calibration curves, reported in Figure
6-7A (for PEG-g-PVAc) and Figure 6-7B (for N45-7). These curves were then used
to infer the PEG-g-PVAc/water and N45-7/water mass ratios of other samples. It
is important to notice that the values obtained are not absolute but relative —
ratios of PEG-g-PVAc/water and N45-7/water.

2.2.6 Microfluidics

Samples with RBITC-labelled PEG-g-PVAc coacervates (red) and aqueous
solutions containing R110C (green) were poured in two different glass syringes
(Hamilton gas tight #1001, 1 mL). These were placed on a Nemesys Syringe Flow
Pump to push the sample through PTFE-based tubes (outer diameter of 1/16”
and inner diameter of =300 pm) and finally reach the microfluidics chip.

The microfluidics chips were made of polydimethylsiloxane (PDMS), a
hydrophobic polymer commonly used to fabricate this kind of chips due to its
excellent mechanical and optical properties, with minimal background and
autofluorescence [189]. Moreover, it is inert, non-toxic, and non-flammable. The
procedure to fabricate the meander-type chips was the following:
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1. Design the architecture of the microfluidics chips using a software to later
stamp it through photolithography on a silicon wafer, which will be used
as a mold (this part was done by another research group).

2. Mix 55 g of PDMS with 5 g of curing agent (Sylgard 184) for at least 30
seconds. Later, degas it under soft vacuum for at least 30 minutes.

3. Prepare a recipient with aluminum foil to hold the PDMS mixture on top
of the non-adherent silicon wafer. Be careful to do not let any hole in the
recipient or the PDMS mixture will flow out.

4. Gently cast the PDMS mixture on the silicon wafer surrounded by the
aluminum foil and cure it at 80 °C for 2 hours.

5. Let it cool down at room temperature for 30 minutes before uncasting
the solid PDMS from the silicon wafer.

6. Cut the chips with a bistoury and punch holes with biopsy punchers of 1
mm diameter on a clean, flat and soft plastic surface. Residues of PDMS
can be later removed with tape. Additionally, the chips can be rinsed with
isopropanol in ultrasound to clean them further. In the latter case, the
solvent must be carefully evaporated after the ultrasounds.

7. Add clean glass coverslips (50x24 mm, 170 um thick) and the chips in a
plasma cleaner. Carefully connect the vacuum pump and switch on
plasma for 30 seconds. Then, put in contact the top parts of the cover
glasses and the chips to seal them.

8. Cure the sealed chips at 60 °C for 30 minutes to finish sealing.

The MAESFLO 3.3.1 software was used to control the flow rate, which values
were changed between 0.01 and 0.1 ulL/s depending on the viscosity of the
sample. The meander-type chips employed to assess PEG-g-PVAc coacervates
had only one entrance and one exit, and their dimensions can be found in the
annex (Figure 6-10).

The procedure consisted of first flowing the sample with PEG-g-PVAc coacervates
to hold some of them in the traps of the meander chip. Then, the flow of the
sample with coacervates was stopped to allow the entrance of water.
Fluorescence confocal microscopy was used to observe the microfluidics chip and
distinguish the destabilization of the coacervates (in red) after the arrival of the
water solution (in green).
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2.2.7 UV-Vis spectrophotometry

An Agilent Cary 3500 UV-Vis spectrophotometer with a multicell (8x samples)
holder was employed to measure the absorbance of samples containing
Coumarin6 (=10 mg/mL) between 350 and 650 nm at room temperature. The
supernatants of the previously centrifuged samples were poured in PMMA semi-
micro cuvettes of 1.5 mL with a path length of 1 cm.

A Neya 16R with a Neya Rotor A24-2 was used to centrifuge Eppendorfs
containing no more than 2 mL sample in order to separate all the LLPS PEG-g-
PVAc (including the coacervates) from the solution. To determine the optimal
centrifuging speed, different Eppendorfs containing the same reference sample
(1% w/w PEG-g-PVAc, 5% w/w N45-7, 5% w/w NaCit, and =10 mg/mL Coumarin6)
were centrifuged for 10 minutes at different speeds (500, 1000, 1500, 2500,
5000, 10000, and 15000 rpm). The absorptions of the supernatants were then
evaluated with the UV-Vis spectrophotometer (Figure 6-12) and it was decided
to perform the release experiments centrifuging at 10000 rpm for 10 minutes.
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3.RESULTS AND DISCUSSION

3.1 Liquid-liguid phase separation of PEG-g-PVAc

The results presented in this thesis follow and extend the experimental work
performed by Arianna Bartolini and Paolo Tempesti in our laboratory to
understand the liquid-liquid phase separation (LLPS) of the copolymer PEG-g-
PVAc (Figure 1-9). According to their published work [166], the LLPS of PEG-g-
PVAc can give rise to four different scenarios, depending on the concentration of
salts and surfactants. These four scenarios can be identified as:
1. No LLPS, the copolymer is dispersed in the continuous phase
2. LLPS of PEG-g-PVAc takes place, producing micron-sized coacervates rich
in copolymer, while the continuous phase is depleted of it
3. LLPS of PEG-g-PVAc takes place, producing micron-sized coacervates like
in scenario 2 but with inner polymer-depleted sub-domains
4. LLPS of polymer-depleted micron-sized coacervates in a polymer-rich
continuous phase

Following the instructions of this publication, these four different scenarios were
reproduced in water by mixing PEG-g-PVAc with different concentrations of
sodium citrate (NaCit), non-ionic surfactant (N45-7), and anionic surfactant
(HLAS). The specific concentrations are shown in Table 3-1.

Formulation 1 Formulation2 Formulation 3 Formulation 4

H20 99 79 79 79
NaCit - 5 5 5
N45-7 = 15 9 4
HLAS - - 6 11

Table 3-1: Concentrations in w/w % of the different samples prepared to reproduce the four phases of PEG-
g-PVAc, as described in Bartolini's paper [166].

The concentration of PEG-g-PVAc used in their work was 5% w/w. However, we
noticed that at this concentration much PEG-g-PVAc was remaining dispersed in
the continuous phase even after inducing LLPS; this was due to the different
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molecular weight of the copolymer, coming from a distinct batch despite
nominally being the same copolymer. Instead, when reducing the concentration
to 1% w/w, the amount of PEG-g-PVAc in the medium became negligible. This
can be clearly observed in the fluorescence confocal microscope pictures shown
in Figure 3-1, where PEG-g-PVAc appears in red due to its covalently labelled
rhodamine B isothiocyanate (RBITC) (see section 2.1 Materials for further
details).

5% w/w 3% w/w 1% w/w

Figure 3-1: Fluorescence confocal microscopy pictures showing the effect of reducing the RBITC-labelled
PEG-g-PVAc concentration in a sample presenting coacervation.

Therefore, we decided to work with a PEG-g-PVAc concentration of 1% w/w and
reproduce the four different scenarios described in their paper, as shown in
Figure 3-2.
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Figure 3-2: Fluorescence confocal microscopy pictures of all four different scenarios of RBITC-labelled PEG-
g-PVAC's LLPS.

These first experiments were instrumental to better understand the LLPS of PEG-
g-PVAc by use of salts and surfactants. Among all four different scenarios, the
SAMCAPS project was focused on the PEG-g-PVAc micron-sized coacervates that
appear in the presence of sodium citrate, N45-7, and the absence of HLAS, due
to their capacity to encapsulate active principles. Therefore, this thesis focused
on understanding and controlling the formation and stability of the coacervates
that appear in scenario 2.
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3.2 Effect of additives on the LLPS of PEG-g-PVACc

PEG-g-PVAc is a thermoresponsive polymer that liquid-liquid phase separates
(LLPS) from the medium once a critical temperature is reached. Previous studies
demonstrated that the critical temperature of thermoresponsive copolymers is
affected by the presence of other compounds such as kosmotropes, chaotropes,
non-ionic and ionic surfactants [138—-140,190]. To this regard, the first step was
to determine which compounds increase and which decrease the critical
temperature of PEG-g-PVAc.

First, the Cloud Point Temperature (CPT) of water solutions of PEG-g-PVAc at
different concentrations (0.25, 0.5, 1, 2, 3, 4, 6, 10% w/w, Figure 3-3) were
measured, revealing the LCST-profile of this copolymer, with a critical
temperature of 51 °C at 1% w/w. This concentration, corresponding to
approximately 5.5x10* mol/L, was chosen to investigate the effect of selected
additives. Non-ionic surfactants based on ethylene oxide groups also show LLPS
above a critical temperature [114,121]. Therefore, the CPT of water solutions of
the two non-ionic surfactants used throughout this study at different
concentrations (0.5, 1, 5, 10, 15, 20% w/w, Figure 3-3) were also measured.
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Figure 3-3: Evolution of the cloud point temperature of the copolymer PEG-g-PVAc and the non-ionic
surfactants Neodol 45-7 and Surfonic L24-9 according to their concentrations in water. All three
components show a Lower Critical Solution Temperature (LCST) profile. There is a cut in the scale of the Y
axis for ease of comparison.

The selected additives include kosmotropes (1), chaotropes (2), non-ionic
surfactants (3), and ionic surfactants (4) that are commonly used in beauty and
home care formulations. Since the concentrations used for industrial
formulations are normally reported in w/w %, the results are hereby reported in
the same units. The first group includes sodium citrate (NaCit), sodium chloride
(NaCl), and sodium bromide (NaBr). The second group covers sodium cumene
sulfonate (NaCS), monopropylene glycol (MPG), and urea. Then, the third group
includes Neodol 45-7 (N45-7) and Surfonic L24-9 (L24-9). Finally, the fourth group
includes both cationic (CTAB, CTAC, DTAB, and DTAC), and anionic (HLAS, and
AE3S) surfactants (see Figure 2-1 for chemical structures). The evolution of the
CPT of a 1% w/w PEG-g-PVAc aqueous solution as a function of the w/w %
concentration of these additives is plotted in Figure 3-4, Figure 3-6, and Figure
3-7.
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Figure 3-4: Effect of kosmotropes, chaotropes, and non-ionic surfactants on the CPT of 1% w/w PEG-g-PVAc
in water measured through turbidimetry. A patterned region has been added to indicate where LLPS at
room temperature would be expected. Each point corresponds to the average of at least three
measurements. Some of the error bars are not visible because they fall within the data points drawn.

The kosmotropic additives of group 1 decrease the CPT of PEG-g-PVAc as their
concentration raises, with their effectivity following the order NaCit > NaCl >
NaBr. The same order is followed when their concentration is reported in mol/L
(Figure 6-1). It is known that both anions and cations are responsible for shifts in
the CPT [190], but since the cation is shared among the three selected salts, the
different effect over the CPT must be ascribed to the anions. According to the
Hofmeister series and the salting-out effect [172], their different activity is
related to their hydration. It is generally accepted to say that highly hydrated
kosmotropes are “water structure-makers”, which increase water surface
tension and decrease the solubility of other solutes [140]. Indeed, it has been
observed that kosmotropes affect the solvency of the ethylene oxide groups of
Pluronics [191]. This is in line with the results reported in Figure 3-4, with NaCit
being the most effective additive to reduce the CPT. Some studies have justified
the decreased solvency by a direct interaction of the anions with the solute and
its hydration shell [190,192]. Other recent studies suggest that the effect of these
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anions should not be defined only by their influence on the structure of water,
since the same effects have been observed in non-aqueous solvents [193,194].
Therefore, a more complex interplay between water, PEG-g-PVAc, and
kosmotropic agent should be considered to understand our observations on the
evolution of the CPT.

Assuming the salt effects over the CPT follow a linear trend, a concentration of
5.1% w/w (0.17 mol/L) of NaCit or 13.3% w/w (2.28 mol/L) of NaCl would be
needed to phase separate 1% w/w of PEG-g-PVAc in water at room temperature.
Remarkably, the extrapolated concentration for NaCit agrees with the
experimental results summarized later in Figure 3-8.

On the other side, all the compounds from group 2 increase the CPT of PEG-g-
PVACc as their concentration is raised, with their effectivity following the order of
NaCS > urea > MPG. The same order is obeyed when measured in mol/L (Figure
6-1). The different effect of these chaotropes on the CPT is due to a combination
of both direct and indirect interactions with PEG-g-PVAc, as seen with the
kosmotropic salts. Interestingly, the variation of the CPT follows a non-linear
trend upon addition of NaCS for concentrations below 1% w/w (Figure 3-4). This
non-linear behavior, previously reported for other chaotropes on PNIPAM [192],
can be related to a direct binding of the anion to the copolymer, which results in
a solubility increase of the latter (ion-specific effect). After saturation of the
available binding sites, the effect on the CPT would solely arise from anion-water
interaction, in agreement with a linear dependence. For concentrations above
1% w/w, the chaotropic effect of NaCS can be explained by its low charge density,
which translates into a reduced interaction with water and thus in a salting-in
effect. Studies on the effect of NaCS over the CPT of non-ionic molecules are
rather scarce, but some years ago a similar effect was observed on the CPT of an
ethoxylated non-ionic surfactant (Neodol 25-9) [195].

The effect of urea over water solubility of other compounds has been extensively
described and discussed in the literature. It is accepted that its effect arises from
two main mechanismes: (i) a direct one, in which the formation of hydrogen bonds
between urea and water around the hydrophobic portions of the solute causes
the displacement of some water molecules from the hydration shell, resulting in
a solubility increase; and (ii) an indirect one, whereby urea acts as a water
structure breaker, facilitating the hydration of the solute [140,196,197]. Although
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the latter has been widely employed in literature, several studies have proved
the direct interaction of urea with the solute to be the major contribution to its
increased solubility. Some have suggested that urea binds to the hydrophobic
regions of the copolymer, weakening the hydrophobic interaction [198], while
others have proved that urea preferentially interacts with the PEG blocks of
Pluronics, enhancing its solubility [199—-201]. Regarding the effect of urea over
PEG-g-PVAc, the increase of its CPT is likely due to a combination of both a direct
interaction of urea with the copolymer and an indirect one coming from the
effect of urea over water solubility.

MPG is a short chain alcohol, whose effect on the CPT also arises from a
combination of an indirect mechanism, making the medium less polar and
decreasing the amphiphilicity of the copolymer, and a direct one, due to MPG’s
interactions with the hydrophobic blocks of the copolymer, which loosens the
hydrophobic interaction between grafted chains [140,202,203].

Alkyl chain Ethoxy CMC CMC
Surfactant length groups Charge (10 mol/L) (103 w/w %)

N45-7 14-15 7 / 0.01 [204] 0.546
L24-9 12-14 9 / 0.034 [205] 2.03
AE3S ~12 3 - 0.7 [206] 29.4
HLAS ~12 / - 1.2 [207] 40.3
DTAB ~12 / + 15 [208] 462
DTAC ~12 / + 23 [209] 607
CTAB ~16 / + 1[208] 36.5
CTAC ~16 / + 1.3 [208] 41.6

Table 3-2: Basic characteristics of the eight surfactants used throughout this study. Their CMCs are
expressed both in mol/L and w/w % for ease of comprehension.

The other components that decrease the CPT are the non-ionic surfactants N45-
7 and L24-9 of group 3. Their basic features are summarized in Table 3-2. In line
with the kosmotropes, the addition of either N45-7 or L24-9 causes a depression
of the CPT (Figure 3-4) since both promote copolymer-copolymer over
copolymer-medium interactions. This can be attributed both to the effect of
these surfactants in dropping water solvency and to the formation of copolymer-
surfactant complexes due to hydrophobic interactions [210,211]. Indeed,
previous works have justified this CPT depression with the presence of
copolymer-surfactant mixed micelles interconnected through polymer chain
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bridging [212—-214], also known as the “necklace and bead” model (Figure 3-5).
In regard, the depression of the CPT of PEG-g-PVAc should be mainly coming from
hydrophobic interactions between the non-ionic surfactant and the PVAc grafts
of the copolymer. There is, however, some interaction between the non-ionic
surfactant and the PEG backbone that is likely collaborating on the depression of
the CPT too, as previously demonstrated [215].

Below CPT Above CPT

%} PEG backbone
Free Micelle PVAcgrafts

Figure 3-5: Schematic representation of the necklace and bead model for PEG-g-PVAc
in the presence of surfactant. Adapted from [214].

The higher effectivity of N45-7 over L24-9 in decreasing the CPT of PEG-g-PVAc
can be explained by its shorter ethoxy chain, resulting in a weaker interaction
with water, thus a higher association with the copolymer and an enhanced
stability of the copolymer-surfactant complex [216]. This lower hydrophilicity is
consistent with the lower CMC and LCST of N45-7 (Table 3-2), the latter being
approximately 24 °C lower than that of L24-9 (Figure 3-3). Additionally, the fact
that the mixture of PEG-g-PVAc and either of these non-ionic surfactants
presents CPT values below those of the two individual components (Figure 3-3)
proves the associative polymer-surfactant interaction.

In some copolymer-surfactant systems, a low concentration of surfactant leads
to the formation of mixed micelles, causing a decrease of the CPT, while a higher
concentration of surfactant promotes the formation of surfactant micelles
around single hydrophobic chains of the copolymer, enhancing the water affinity
of the copolymer and increasing back the CPT [216-218]. This effect causes a
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minimum in the trend of the CPT as the concentration of surfactant increases.
However, in the concentration range selected for this work, the CPT decreases
linearly with the addition of the two non-ionic surfactants (Figure 3-4). This
behavior could be ascribed to a higher affinity between PVAc blocks than
between PVAc and non-ionic surfactant. The extrapolation of their linear trend
allows predicting that a concentration of 19.8% w/w (0.363 mol/L) of N45-7 or
28.9% w/w (0.485 mol/L) of L24-9 is needed to phase separate 1% w/w of PEG-
g-PVAc in water at room temperature (see Figure 6-1 for concentrations in
mol/L). Remarkably, the extrapolated concentration for N45-7 agrees with the
experimental results summarized later in Figure 3-8.

The last group of additives includes six ionic surfactants, consisting of four
cationics (CTAB, CTAC, DTAB, and DTAC), and two anionics (HLAS and AE3S).
Among them, DTAB, DTAC, HLAS, and AE3S share the same alkyl chain length (12
carbon atoms) while CTAB and CTAC have a longer alkyl chain (16 carbon atoms).
Their CMCs are reported in Table 3-2. Figure 3-6 and Figure 3-7 show that all six
ionic surfactants increase the CPT of PEG-g-PVAc, and the effect is much stronger
than that observed for the chaotropic additives. The same increased solubility
was previously reported for a PEG-g-PVAc with a Mw = 13100 Da [166]. This
suggests a direct interaction between PEG-g-PVAc and these ionic surfactants.
Indeed, a synergistic interaction has been recently observed at the air-water
interface between an anionic surfactant (sodium dodecyl sulfate) and PEG-g-
PVAc [219].
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Figure 3-6: Effect of the two anionic surfactants (HLAS and AE3S) and the two cationic surfactants with a
longer alkyl chain (CTAC and CTAB) on the CPT of 1% w/w PEG-g-PVAc in water, measured through
turbidimetry. Each point corresponds to a single measurement due to the difficulty in obtaining the same
low concentrations.

Figure 3-6 includes the four ionic surfactants that induced the highest increase
on the CPT of PEG-g-PVAc. The same graph with concentrations in mol/L can be
found in the annex (Figure 6-2). Their effect over the CPT is remarkable: in order
to detect the CPT increase in a measurable temperature range, concentrations
below their CMCs (Table 3-2) had to be used. The two anionic surfactants (HLAS
and AE3S) were slightly more effective in increasing the CPT than the two cationic
surfactants (CTAB and CTAC), even though these latter two have a longer alkyl
chain. The increase of the CPT follows a linear trendline for anionic surfactants,
while a lag phase followed by a rather linear trendline was observed for both
CTAB and CTAC. This trendline evolution has been previously reported for other
polymer-surfactant systems [220,221]. Unfortunately, a Tyndall effect was
noticed once the CPT reached levels above 66°C, which prevented to properly
study the effect of higher concentrations of these ionic surfactants over the CPT.
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Figure 3-7: Effect of the two cationic surfactants with a shorter alkyl chain (DTAC and DTAB) plus NaCS on
the CPT of 1% w/w PEG-g-PVAc in water, measured through turbidimetry. Each point corresponds to the
average of three measurements. Some of the error bars are not visible because they fall within the data

points drawn.

Figure 3-7 shows the effect of the other two cationic surfactants (DTAB and
DTAC) over the CPT. These two ionic surfactants increased the CPT of PEG-g-PVAc
to a minor degree, which allowed the comparison of their effect over the CPT
with NaCS (see Figure 6-3 for concentrations in mol/L). Even though the alkyl
chain length of these two cationic surfactants is as long as that of HLAS and AE3S,
there is a noticeable difference in their effect over the CPT — while around
0.0012% w/w (3x10° mol/L) of anionic surfactant is enough to increase the CPT
of PEG-g-PVAc to 65 degrees, close to 0.05% w/w (2x103 mol/L) of DTAB or DTAC
is needed to obtain the same increase. It can be observed that the evolutions of
the CPT of PEG-g-PVAc as a function of the concentrations of DTAB, DTAC, or
NaCS follow a similar trend: parabolic at low concentrations and rather linear at
higher ones. No Tyndall effect was observed when using these two cationic
surfactants, which permitted assessing the effect of higher concentrations.
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These results agree with the literature on the effect of ionic surfactants on the
CPT of copolymers from the ethylene oxide family [146,203,222—-224]. Generally,
a significant increase on the CPT of water-soluble copolymers is observed after
addition of either anionic or cationic surfactants. This phenomenon was justified
with the formation of a copolymer-surfactant complex, which can be originated
from hydrophobic interactions, following the previously mentioned “necklace
and bead” model (Figure 3-5) [225,226], but also from electrostatic ones,
considering the charged nature of the ionic surfactants’ headgroups
[219,227,228]. This “charged” copolymer-surfactant complex, which could be
considered as a polyelectrolyte [229], leads to both a better solvation of the
copolymer and a higher electrostatic repulsion between complexes, thus
hampering aggregation and consequently raising the CPT.

Following this explanation, the fact that the two anionic surfactants increase
more effectively the CPT than any of the other four cationic surfactants suggests
that the copolymer-surfactant complex of PEG-g-PVAc with anionic surfactants
forms at lower concentrations and possesses a higher solubilizing effect than the
complex formed with cationic surfactants, presumably due to a stronger
interaction of the sulfate group than the trimethylammonium group with PEG-g-
PVAc. Anionic surfactants have proved to be more effective than cationic
surfactants in increasing the CPT of other systems as well [191,230,231].
Additionally, assuming again the formation of a copolymer-surfactant complex,
a longer alkyl chain provides a higher hydrophobicity to the surfactant and
reduces the repulsion factor between close polar head groups of the micelle, thus
strengthening the interaction between the surfactant and the copolymer [232].
This explains why a longer alkyl chain brings a more noticeable increase on the
CPT among the four cationic surfactants studied in this work. The same trend has
been previously reported in other polymer-surfactant systems [146,224,230].

Regarding the effect of counterions, the difference between bromide and
chloride shows a minimum influence on the effect of CTAB and CTAC over the
CPT for the concentration range studied (clearly visible in Figure 6-2), in
agreement with the literature [230,233]. However, a more noticeable difference
is discernible between DTAB and DTAC, which is accentuated at higher
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concentrations (Figure 3-7). Their different effectivity in increasing the CPT of
PEG-g-PVAc can be explained by the different polarizability of bromide and
chloride. It is known that chaotropic counterions bind more strongly to the
micellar surface than kosmotropic counterions do, thus promoting micellar
growth more effectively and reducing the CMC [234-236]. Indeed, the CMC of
DTAB is lower than the one of DTAC (Table 3-2) because bromide interacts more
favorably with the positively charged cationic surfactant than chloride does. A
stronger binding of the counter-ion means a higher screening of the charged
surfactant and thus a lower ionization degree, leading to a smaller solubilizing
effect over the copolymer, hence a smaller increase on the CPT.

Other publications have proved that the addition of salts can counteract the
strong effect of ionic surfactants over the CPT of copolymers, up to a point in
which the polar head is completely screened and they behave like a non-ionic
surfactant, decreasing rather than increasing the CPT [237,238].
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3.3 Compositional range for PEG-g-PVAc coacervates

As observed while reproducing the work of Bartolini [166], the LLPS of PEG-g-
PVAc can give rise to micron-sized domains, or coacervates, rich in copolymer
(scenario 2 of Figure 3-2). These coacervates were obtained by mixing specific
concentrations of PEG-g-PVAc, Neodol 45-7 (N45-7) and sodium citrate (NaCit).
This makes sense since, as explained in the previous section of this thesis,
kosmotropic salts and non-ionic surfactants decrease the CPT of PEG-g-PVAc. The
most effective kosmotrope was NaCit and the most effective non-ionic surfactant
was N45-7. Aiming to identify not a specific concentration of these two
compounds but the range of concentrations at which PEG-g-PVAc coacervates
can be obtained, the phase behavior of PEG-g-PVAc was studied for a range of
NaCit and N45-7 concentrations.

Figure 3-8 presents a mapping of the compositional space of an aqueous solution
of 1% w/w PEG-g-PVAc in presence of NaCit and N45-7. Depending on the
medium composition, four main scenarios occur: homogeneous (monophasic)
dispersion (1); formation of PEG-g-PVAc coacervates with the absence (2) or
presence (3) of precipitated copolymer; and liquid-liquid bulk phase separation
(4). The experimental procedure used to assess the boundaries between regions
of Figure 3-8 is explained in section 2.2.1 Sample preparation. In short, NaCit was
stepwise added to five samples, each containing 1% w/w PEG-g-PVAc and varying
concentrations of N45-7. The blue line separating region 1 from 2 and 3 marks
the appearance of a cloudy suspension, while the upper red line identifies the
boundary from cloudy to biphasic.
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Figure 3-8: An aqueous solution of 1% w/w PEG-g-PVAc shows four different behaviors depending on the
concentrations of both NaCit and N45-7 (A): in region 1, the copolymer is dissolved along the medium,
showing a monophasic system; in region 2, LLPS of the copolymer takes place giving rise to kinetically

stable coacervates; in region 3, coacervates are distinguished together with polymer precipitates; finally, in

region 4, liquid-liquid bulk phase separation takes place with the copolymer being found in the top phase.
Since PEG-g-PVAc is an LCST-type copolymer, a monophasic system was expected
for low concentrations of NaCit and N45-7, where its CPT is still above room
temperature, rendering the copolymer soluble in water. However, after adding
enough of these two components, liquid-liquid phase separation takes place,
caused by the depression of the copolymer’s CPT. In these conditions, the optical
microscope showed the presence of coacervates (Figure 6-4). The difference
between regions 2 and 3, both containing PEG-g-PVAc coacervates, stems from
the absence or presence of copolymer precipitation, respectively. The
simultaneous presence of liquid-liquid and liquid-solid phase separation has also
been detected and investigated for complex coacervates [239-241].
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Interestingly, both additives lower the CPT in ternary systems (Figure 3-4), but
while the addition of only N45-7 gives raise to the liquid-liquid phase separation
of PEG-g-PVAc or coacervation (region 2), the addition of only NaCit induces its
liquid-solid phase separation or precipitation (region 3). We ascribe the different
effect of these two additives to a higher degree of copolymer desolvation in the
presence of NaCit, as later indicated in Figure 3-13. This also indicates that non-
ionic surfactant is necessary to form PEG-g-PVAc coacervates. Moreover, if the
concentrations of both PEG-g-PVAc (1% w/w) and NaCit (6% w/w) are kept
constant and the dispersion is titrated with N45-7, a visible decrease of the
amount of precipitated PEG-g-PVAc is observed (Table 3-3, plotted as grey dots
on region 3 of Figure 3-8). The absence of PEG-g-PVAc precipitation is found for
a concentration of 4% w/w N45-7, marking the boundary between regions 2 and
3.

[N45-7] (% w/w)  [NaCit] (% w/w) Sample state
1 6 Extended precipitation + coacervation
2 6 Precipitation + coacervation
3 6 Scarce precipitation + coacervation
4 6 Coacervation
10 2 Monophasic
10 4 Coacervation
10 6 Coacervation
10 8 Coacervation
10 10 Liquid-liquid bulk phase separation

Table 3-3: Composition of the two sets of samples used to determine the limit between regions 2 and 3
(minimum of N45-7, Figure 3-8), as well as to show the visual differences between regions 1, 2 and 4 (see
Figure 3-9).

According to the linear boundary separating region 1 from regions 2 and 3, 5%
w/w of NaCit or 19.6 % w/w of N45-7 is needed to phase separate PEG-g-PVAc.
These two approximated concentrations are very close to the values obtained
from the results of Figure 3-4 (these being 5.1% w/w and 19.8% w/w,
respectively). The fact that this transition boundary follows a linear regression
suggests that the combined effect of NaCit and N45-7 over the CPT of PEG-g-

PVAc is not synergistic but rather the sum of their individual effects.
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To understand the role of NaCit to obtain the different regions of Figure 3-8, the
phase behavior of five samples with constant concentrations of PEG-g-PVAc (1%
w/w) and N45-7 (10% w/w), but different concentrations of NaCit (Table 3-3),
was assessed. A day after sample preparation, three different scenarios could be
distinguished in this set of samples (Figure 3-9). The sample with 2% w/w of NaCit
was transparent (region 1), the samples with 4, 6, and 8% w/w of NaCit were
cloudy (region 2), while the sample with 10% w/w of NaCit was showing a liquid-
liquid bulk separation (region 4). RBITC-labelled PEG-g-PVAc was used in the
sample presenting bulk phase separation
with the aim to find out its distribution. As
observable, PEG-g-PVAc could only be
distinguished in the top phase. This
phenomenon is attributed to the
kosmotropic-induced phase separation of
the non-ionic surfactant, since a sample of
1% w/w PEG-g-PVAc without N45-7 did not
present this liquid-liquid bulk phase

Region 1| Region 2 I Region 4

>
separation at high NaCit concentrations [NaCit]
(12% w/w), while a sample of N45-7 (10% Figure 3-9: Five samples with constant
. o . _5. concentrations of PEG-g-PVAc (1% w/w) and
w/w) and NaCit (10% w/w) without PEG-g Nas.7  (10%  wjw)  but  different
PVAc did present this liquid-liquid bulk concentrations of NaCit, are shown to
illustrate the optical difference between
regions 1, 2, and 4. From left to right, the first
microscope showed that both phases of sample shows a monophasic system, the next
three show a cloudy system, while the last one
shows a biphasic system. In the latter sample,

However, no further research was RBITC-labelled PEG-g-PVAcis used to prove its
exclusive presence in the top phase.

phase separation. Interestingly, the optical

region 4 present micron-size coacervates.

performed on this region.

To further study the role of the kosmotropic effect on the formation of
coacervates, another set of five samples with a fixed concentration of PEG-g-
PVAc (1% w/w) and different concentrations of sodium chloride (NaCl) was
studied (graph of Figure 3-10). After adding enough N45-7 to induce LLPS, PEG-
g-PVAc coacervates were successfully obtained in all five samples, which
presented the same morphological features as the ones obtained with NaCit
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(images of Figure 3-10). These results demonstrate that NaCit is not specifically
needed to obtain coacervates, but just a kosmotrope (such as NaCl) to decrease
the CPT of PEG-g-PVAc and allow their formation at lower temperatures.
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Figure 3-10: The graph compares the amount of non-ionic surfactant (N45-7) required to obtain LLPS at
room temperature in a 1% w/w PEG-g-PVAc solution when using NaCit (black) or NaCl (red). Below the
trendline the sample is monophasic, while above it is cloudy. On the right, optical microscopy pictures of
coacervates from samples containing PEG-g-PVAc (1% w/w), N45-7, and NaCl. The white bars are
equivalent to 100 um.

The presence of PEG-g-PVAc in these coacervates can be demonstrated through
fluorescence confocal microscopy, as previously shown in Figure 3-1 and Figure
3-2. In this case, three different samples with 1% w/w PEG-g-PVAc (RBITC
labelled), 5% w/w NaCit, and 5, 10, or 15% w/w N45-7, were observed under the
fluorescence confocal microscope (Figure 3-11). This instrument showed the
presence of coacervates rich in PEG-g-PVAc in all three samples, with a typical
diameter around 50 pum. The copolymer appears to be homogeneously
distributed within these coacervates, not following a core-shell structure. Due to
the resolution of this technique, particles with a size below ~500 nm cannot be
distinguished. However, considering previous studies [164], the presence of sub-
micron structures made of PEG-g-PVAc and/or N45-7 is likely. It is relevant to add
that these coacervates are kinetically stable, and thus sedimentation and
coalescence takes place over time (Figure 6-5). The microphase separation was
stable for at least three, five, or seven days at room temperature for the samples
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with 5, 10, or 15% w/w N45-7, respectively. The kinetic stability of this system is
extended by increasing the concentration of surfactant due to the incremented
sample’s viscosity, which slows down the diffusion of these microstructures. The
same effect can be achieved by addition of a structuring agent, as commonly
used in industrial formulations.

Figure 3-11: Fluorescence confocal microscopy pictures of the coacervates from samples containing 1%
w/w RBITC-labelled PEG-g-PVAc, 5% w/w NaCit, and 5 (A), 10 (B), or 15% (C) w/w N45-7.
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3.4 Composition of PEG-g-PVAc coacervates

Fluorescence confocal microscopy (Figure 3-11) suggests that the coacervates
contain PEG-g-PVAc. However, this technique cannot determine the distribution
of N45-7 nor assess the presence of water in the microstructure. Therefore, we
selected a representable sample with coacervates (1% w/w PEG-g-PVAc, 5% w/w
NaCit, and 10% w/w N45-7) for further investigation through confocal Raman
microscopy. The reference Raman spectra of pure PEG-g-PVAc and N45-7 can be
found in the annex (Figure 6-6). As expected, the Raman spectrum obtained from
the coacervates differs with respect to the one from the suspending medium
(Figure 3-12). The presence of PEG-g-PVAc (main peak at 2940 cm™, C-H
stretching), water (broad peak around 3420 cm™, O-H stretching), and N45-7
(little shoulder around 2852 cm™, C-H stretching) can be appreciated in the
coacervate’s spectrum, while the medium shows mainly the presence of N45-7
(with its three diagnostic peaks at 2852, 2887, and 2922 cm, originating from
different C-H stretching modes), and water. We cannot rule out the presence of
PEG-g-PVAc dissolved in the medium, but its occurrence does not emerge in this
Raman analysis. From these results, we can qualitatively conclude that the
coacervates show an enrichment of PEG-g-PVAc, in line with the images from the
fluorescence confocal microscope, while N45-7 is slightly more concentrated in
the medium, as the comparison of the peaks’ intensities at 2852 cm™! indicates
(inset of Figure 3-12).
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Figure 3-12: Raman profiles of a PEG-g-PVAc coacervate (black) and the medium (red) from a sample made
of 1% w/w PEG-g-PVAc, 5% w/w NaCit, and 10% w/w N45-7. The inset shows the three N45-7 diagnostic
peaks, highlighting the different intensity of the one at 2852 cm-! between the two Raman profiles. An
optical microscope picture of a coacervate is enclosed at the top right corner of this figure, where the scale
bar is equivalent to 20 um, marking the spots from where the two Raman spectra were acquired.
Since all the diagnostic peaks from N45-7 are in a spectral range where also PEG-
g-PVAc presents Raman scattering (Figure 6-6), the accurate detection of the
non-ionic surfactant in the coacervates is challenging to achieve. To address this
issue, at least fifty Raman spectra from the coacervates, each normalized with
respect to the main peak of PEG-g-PVAc (2940 cm™), were averaged and
compared to those of two reference samples: (i) 25% w/w PEG-g-PVAc in water,
and (ii) precipitated copolymer from 1% w/w PEG-g-PVAc and 6% w/w NaCit
(Figure 3-13). The spectrum of pure PEG-g-PVAc can be found in Figure 6-6 for
comparison. The Raman profiles of these three samples presented some obvious
differences in the region of the O-H stretching of water (between 3000 and 3700
cmt) and C-H stretching of alkanes (between 2800 and 3100 cm™). Regarding the
water region of the spectra, the coacervates still have a high content of water, as
highlighted by a comparison with the reference samples (PEG-g-PVAc dissolved
in water and precipitated). This result is expected and in line with other reports
pointing that coacervates, even though they result from a liquid-liquid phase
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separation, have a high content of water [242,243]. Moreover, the decreased
water content of the precipitated copolymer sample suggests that this liquid-
solid phase separation is ascribed to a higher desolvating effect of NaCit than
N45-7, as previously commented for the results of Figure 3-8. For the alkane
region, the spectra from 25% w/w PEG-g-PVAc in water and that from
precipitated PEG-g-PVAc are very similar. However, when comparing the
averaged spectrum obtained from the coacervates to these two other profiles,
we can distinguish a shoulder around 2852 cm™ and an increased intensity
around 2887 cm™ (inset of Figure 3-13). These differences are attributed to the
presence of N45-7 inside the coacervates.
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Figure 3-13: Raman profiles of different samples containing PEG-g-PVAc are normalized at 2940 cm for

comparison. The Raman profile of the precipitated copolymer from a sample of 1% w/w PEG-g-PVAc and

6% w/w NaCit appears in blue, the averaged profile of several coacervates is in red, while the one of 25%

w/w PEG-g-PVAc in water is in green.

To better highlight the partition of N45-7 in the coacervates, a two-dimensional
Raman intensity map was performed on the sample containing 1% w/w PEG-g-
PVAc, 5% w/w NaCit, and 10% w/w N45-7 (Figure 3-14A). The collection of
Raman spectra was processed to obtain three different intensity distributions:
one from the most intense Raman peak of PEG-g-PVAc (2940 cm?), one from the
ester peak of PEG-g-PVAc (1730 cm™), and one from the N45-7 peak (2852 cm™)
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— which appear in red, blue, and green, respectively, in Figure 3-14A. The
intensity measured for PEG-g-PVAc at 2940 cm can include a contribution from
N45-7, which also shows Raman scattering in this region, while the intensity at
1730 cm™ is selective for PEG-g-PVAc (see Figure 6-6 for PEG-g-PVAc and N45-7
spectra comparison). These intensity maps show clearly that the coacervates are
rich in PEG-g-PVAg, in line with the fluorescence confocal microscopy images. On
the other side, the intensity map at 2852 cm™ (Figure 3-14A, green profile)
indicates a higher concentration of N45-7 in the medium than in the coacervates,
which agrees with the spectral profiles of Figure 3-12. It must also be noted that
both PEG-g-PVAc and N45-7 have Raman scattering at 2852 cm™. Therefore, the
intensity map of this emission wavelength (in green) originates both from the
copolymer and the non-ionic surfactant. However, as seen from the distributions
at 2940 and 1730 cm’, (in red and blue, respectively), PEG-g-PVAc is mainly
concentrated inside the coacervates. Therefore, we can assume that the intensity
contribution at 2852 cm™ in the medium is mainly from N45-7.

5% w/w NaCit, and 10% (A), 7% (B), or 4% (C) w/w N45-7. The red distribution represents the Raman
intensity measured at 2940 cm™L, the blue represents the intensity at 1730 cm™, and the green represents
the intensity at 2852 cm. The scale bar is equivalent to 20 um in all pictures.
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To better understand the effect of N45-7, we assessed two additional samples
with 7% w/w and 4% w/w N45-7 (Figure 3-14B and Figure 3-14C, respectively),
keeping unvaried the concentrations of PEG-g-PVAc (1% w/w) and NaCit (5%
w/w). These intensity maps confirm again the localization of PEG-g-PVAc in the
coacervates. Interestingly, the main difference between this series of samples is
the intensity map at 2852 cm™ (green), presenting either a higher, similar, or
lower intensity in the coacervates with respect to the medium for the samples
with 4%, 7% and 10% w/w of N45-7, respectively. Clearly, the more N45-7 in the
formulation, the higher its presence in the medium rather than in the
coacervates. This trend suggests that the N45-7/PEG-g-PVAc mass ratio might not
vary much between coacervates, regardless of the bulk N45-7 concentration.

To address this point, the averages of at least fifty Raman spectra from the
coacervates of the 7% and 4% w/w N45-7 samples, normalized with respect to
the main peak of PEG-g-PVAc (2940 cm™), were compared with: (i) the averaged
spectrum of the coacervates in the 10% w/w N45-7 sample (already used in
Figure 3-13), and (ii) a reference spectrum of 25% w/w PEG-g-PVAc in water
(Figure 3-15). This comparison highlights once more the presence of the shoulder
around 2852 cmin the coacervates, not present for 25% w/w PEG-g-PVAc in
water (inset of Figure 3-15). However, the intensity increase provided by N45-7
is small for all three concentrations, hence the amount of N45-7 in the
coacervates must be low. Bearing this in mind, it can be assumed that the Raman
intensity obtained from the inside of the coacervates in the intensity maps
measured at 2852 cm™ is mainly coming from PEG-g-PVAc, not from the N45-7
(shown with a green color in Figure 3-14). Furthermore, considering the
closeness between the Raman profiles of these three samples in the alkane
region (between 2800 and 3100 cm™), we can conclude that the N45-7/PEG-g-
PVAc mass ratio inside the coacervates is very similar for the three different N45-
7 concentrations. Therefore, an increased N45-7 concentration does not result in
its noticeable enrichment inside the coacervates. The same behavior was
described for coacervates made of Cix Eio non-ionic surfactant, where its
concentration in the coacervate phase changed very little with increasing its
initial concentration [244].
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Figure 3-15: Averaged Raman profiles of the coacervates from three different samples consisting of 1%

w/w PEG-g-PVAc, 5% w/w NaCit, and 4 (red), 7 (blue), or 10% (green) w/w N45-7. The reference Raman

profile of 25% w/w PEG-g-PVAc in water (black) is added to notice the effect of N45-7, which is marked

with a vertical black arrow in the inset.

To approximately determine the N45-7/PEG-g-PVAc mass ratio inside the
coacervates, two different methods were employed. First, the software of the
confocal Raman microscope was used to perform peak deconvolution. The
calculated N45-7/PEG-g-PVAc mass ratio varied between 15/85 (0.18) and 10/90
(0.11) among different coacervates obtained from samples with different bulk
N45-7 concentrations. Second, a set of reference samples with a constant
concentration of PEG-g-PVAc (10% w/w) and a varying concentration of N45-7 (O,
0.5, 1, 1.5, 2, 4, 6, 8, 10% w/w) in water was analyzed under confocal Raman
microscopy. The obtained Raman spectra were normalized both at the peak of
water (3420 cm™) and at the main peak of PEG-g-PVAc (2940 cm?), as shown in
Figure 3-16. The effect of increasing the N45-7 concentration can be clearly
observed in this figure as the intensities of its three main diagnostic Raman peaks
(at 2852, 2887, and 2922 cm™) grow. The most noticeable difference is observed
for the N45-7 peak at 2852 cm™, which is not initially present in the sample
containing just PEG-g-PVAc. If the shape of the Raman profiles of these
references is visually compared to the shape of those obtained from the
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coacervates (Figure 3-15), it can be estimated that the N45-7/PEG-g-PVAc mass
ratio in the coacervates should be close to 0.2. Considering this approximation
and the N45-7/PEG-g-PVAc mass ratio values obtained from the peak
deconvolution of the confocal Raman software, the N45-7/PEG-g-PVAc ratio in
the coacervates is likely between 0.1 and 0.2.
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Figure 3-16: Raman spectra used to approximately determine the N45-7/PEG-g-PVAc mass ratio
inside the coacervates. The spectra of 10% w/w PEG-g-PVAc and 0, 0.5, 1, 1.5, 2, 4, 6, 8, or 10%
w/w N45-7 appear normalized at the peak of water (3420 cm™) in (A) and at the main peak of
PEG-g-PVAc (2940 cm™) in (B). There is a cut in the scale of the X axis of graph A for ease of
comparison.

Interestingly, the most noticeable difference between the three samples of
Figure 3-15 is the water/PEG-g-PVAc content of the coacervates, which decreases
as the total concentration of N45-7 increases. This indicates that the non-ionic
surfactant causes a decrease of the hydration within the coacervates. A similar
effect was reported for NaCl on the water content of simple coacervates [242].
This relates to the cloud point trend since, as previously shown in Figure 3-4, the
CPT decreases as the concentration of non-ionic surfactant increases. The lower
the copolymer’s CPT, the lower its affinity for water, which correlates with these
Raman profiles showing a lower amount of water inside the PEG-g-PVAc
coacervates as more N45-7 is present in solution. This suggests that by controlling
the amount of non-ionic surfactant in solution we can modulate the
hydrophilicity of the coacervates and, thus, their affinity for actives with different
hydrophobicity.
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Figure 3-17: Raman spectra obtained from water solutions of (A) PEG-g-PVAc at concentrations of 5%,
10%, 15%, 20%, and 25% w/w, and (B) N45-7 at concentrations of 3%, 6%, 9%, 12%, and 15% w/w. The
colored dots mark the peaks selected to draw the calibration curves of (Figure 6-7).
Finally, aiming to roughly quantify the relative amounts of PEG-g-PVAc and N45-
7 in the coacervates and the medium, a set of reference samples of PEG-g-PVAc
in water and another of N45-7 in water (Figure 3-17) were used to obtain
calibration curves for the PEG-g-PVAc/water and N45-7/water mass ratios
(Figure 6-7), respectively. Taking advantage of their linear trend, the PEG-g-
PVAc/water and N45-7/water mass ratios from the references were extrapolated
to the three studied samples with different N45-7 concentrations (Table 3-4). The
extrapolation is described in detail in section 2.2.5 Confocal Raman Microscopy.
Even though these calibration curves cannot be used to obtain absolute
concentration values, they allow to determine that all studied coacervates have
a PEG-g-PVAc/water mass ratio of at least 0.25, which is equivalent to a sample
made of 20% w/w PEG-g-PVAc in water. This outcome agrees with the results
shown in Figure 3-15, in which the sample containing 7% w/w N45-7 has an
identical Raman profile with respect to the reference sample of 25% w/w PEG-g-
PVAc in water, suggesting that the PEG-g-PVAc/water ratio of these two samples
is very similar. Considering that all samples were prepared with an initial PEG-g-
PVAc bulk concentration of 1% w/w, the concentration of copolymer in the
coacervates is at least twenty times higher. The increase of the PEG-g-
PVAc/water mass ratio in the coacervates at higher N45-7 bulk concentrations is
attributed to the decreased hydration, as previously commented with the results
of Figure 3-15. The results of Figure 3-12 and Figure 3-14 let us assume that the
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amount of PEG-g-PVAc dissolved in the medium is negligible. Consequently, the
extrapolation from these calibration curves also allows to conclude that the N45-
7/water mass ratio in the medium is practically the N45-7 initial bulk ratio in each
of the three different samples (Table 3-4). The outcomes of the extrapolation are
in line with previous observations: (i) the PEG-g-PVAc is highly concentrated in
the coacervates, with a relative concentration over water much larger than the
one set during sample preparation, and (ii) a higher N45-7 bulk concentration
results in its higher presence in the medium rather than in the coacervates, as
suggested by the intensity maps at 2852 cm™! (Figure 3-14).

Initial ratios (%) Measured ratios (%)
N45-7 PEG-g-PVAc N45-7 | PEG-g-PVAc/water NA45-7/water
(w/w %) [/water [/water (in LLPS) (in medium)
4 1.1 4.4 271 45%0.2
7 1.1 8.0 3512 7.7+0.3
10 1.2 11.9 4312 12.2+04

Table 3-4: PEG-g-PVAc/water and N45-7/water mass ratios of 1% w/w PEG-g-PVAc, 5% w/w NaCit, and 4,
7, or 10% w/w N45-7. The initial ratios refer to the ones set during sample preparation for both PEG-g-
PVAc and N45-7 over water. The measured ratios, which have been obtained from extrapolation of the

calibration curves from Figure 6-7, consist of both N45-7 over water in the medium and PEG-g-PVAc over

water in the coacervates and in the medium.

69



Results and discussion

3.5 Fragrance inclusion in PEG-g-PVAc coacervates

The results of the previous sections allow shedding some light on the formation
of PEG-g-PVAc coacervates, specifying the range of NaCit and N45-7
concentrations necessary to obtain them, and demonstrating their composition.
Therefore, the generation of these coacervates at room temperature is properly
controlled and defined. However, these coacervates are aimed to be used as
perfume encapsulation systems, so that fragrant molecules included in the final
product are protected against environmental degradation or early diffusion
[8,128,130]. As described in the introduction, coacervates have the property of
sequestering molecules from the medium where they exhibit a lower solubility,
rendering them as suitable encapsulating tools [8,115]. Indeed, the confocal
Raman microscopy results showed that PEG-g-PVAc coacervates have a high
density of copolymer and a lower water content, suggesting that they present a
more hydrophobic environment that could favorably interact with fragrant
molecules.

To explore the potential of PEG-g-PVAc coacervates as perfume microcapsules,
we used a premix of RBITC-labelled PEG-g-PVAc (1% w/w) and a perfume (1%
w/w) composed of several fragrant molecules with different water affinities
(specifications not given due to intellectual properties). Coumarin6, an
hydrophobic fluorophore, was added to the premix as a tracker of the perfume.
Then, the premix (2% w/w) was added to an aqueous solution containing NaCit
(5% w/w) and N45-7 (10% w/w), which induced the coacervation of PEG-g-PVAc.
After one day, optical and fluorescence microscopy showed the formation of
coacervates together with other smaller structures (Figure 3-18). While no
fluorescence was detected from the medium, coacervates did show co-
localization of the red fluorescence coming from the RBITC-labelled copolymer
and the green one from Coumarin6. This demonstrates that PEG-g-PVAc
coacervates are able to include other compounds from the medium inside their
structure, such as Coumarin6. The signal of this tracker appears homogeneously
distributed along the coacervate, not following a core-shell structure nor a
multiple compartmentalization.
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Optical microscope Coumariné (perfume) RBITC (PEG-g-PVACc)

Figure 3-18: Optical (left) and fluorescence (middle and right) microscopy pictures from RBITC-labelled
PEG-g-PVAc coacervates including Coumarin6 in their internal structure. The fluorescence pictures were
taken some seconds later than the optical one. The scale bar corresponds to 50 um.

We continued by assessing the effect of the copolymer/perfume mass ratio over
coacervation. For that, we prepared five samples containing the same
concentrations of premix (2% w/w), N45-7 (10% w/w), and NaCit (5%), but
different polymer/perfume mass ratios of the premix (1:9, 3:7, 5:5, 7:3, and 9:1).
Fluorescence confocal microscopy revealed differences among the coacervates
of these five samples (Figure 3-19). When the polymer/perfume mass ratio was
low, only a few coacervates were formed, with different shapes, and surrounded
by a greenish matrix likely made of surfactant and perfume. This suggests that
the perfume was not properly internalized into coacervates. Therefore, it is
recommended to do not mix high amounts of perfume with low amounts of
copolymer. On the other side, when the ratio was high, there were more and
larger coacervates and no greenish matrix was observed. In this case, the solution
had a reddish color, indicating that some copolymer was remaining in the
medium, probably as single-chain nanoparticles [164], rather than forming part
of the coacervate phase. There might be a bit of perfume out of the coacervates,
but no Coumarin6 signal is detected in the medium. These results do not provide
definitive evidence of the “perfect” ratio where all of the perfume is properly
internalized in the coacervates and no extra copolymer remains in solution.
However, they demonstrate that the copolymer/perfume mass ratio is an
important parameter to consider for an optimized formation of PEG-g-PVAc
coacervates and a proper perfume encapsulation, and they suggest that a

polymer/perfume mass ratio between 5:5 and 7:3 is optimal.
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19 3.7 5:5 7:3 9:1

Figure 3-19: Fluorescence confocal microscope pictures showing the PEG-g-PVAc coacervates obtained at
different copolymer/perfume mass ratios (from left to right: 1:9, 3:7, 5:5, 7:3, and 9:1). The pictures
combine both the green fluorescence of Coumarin6é and the red fluorescence of RBITC, showing an orange
color for the spaces where both signals are detected.

To further evaluate the potential of PEG-g-PVAc coacervates as microcapsules,
we assessed their stability at dry conditions. For that, we let a droplet of a water
solution made of premix (2% w/w, 1:1 copolymer/perfume mass ratio), N45-7
(10% w/w), and NaCit (5% w/w) dry on a microscope glass for a day. Once dry,
fluorescence confocal microscopy was used to check the presence of PEG-g-PVAc
coacervates (Figure 3-20). Due to dehydration, the fluorescence intensity was
much lower. However, after increasing the gain of the microscope, we observed
the presence of globular domains with both red (RBITC) and green (Coumarin6)
fluorescence. These structures are likely the PEG-g-PVAc coacervates containing
Coumariné that, while drying, deposited on the microscope glass. Remarkably,
the coacervates held stable during water evaporation, which can be ascribed to
the depression of the cloud point temperature (CPT). As previously
demonstrated, N45-7 and NaCit decrease the CPT of PEG-g-PVAc, allowing its
coacervation. With water evaporation, the concentration of these two additives
increases, and thus the copolymer’s CPT lowers. Consequently, PEG-g-PVAc
becomes even less soluble in water, keeping the coacervate stable and the
Coumariné in it. These results suggest that fragrant molecules could be retained
in PEG-g-PVAc coacervates even while drying. However, once dry, the fragrances
would likely start evaporating. The fluorescence confocal microscope pictures of
Figure 3-20 also show RBITC and Coumarin6 outside the coacervates. Although
this could be ascribed to the increased gain of the microscope, it is possible that
some Coumariné diffused out of the coacervates during the drying process. The
dark domains without fluorescence should be coming from bubbles or liquid-
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liquid phase separated surfactant due to the increase in NaCit concentration with
water evaporation.

RBITC (PEG-g-PVAc) Coumariné6 (perfume) Overlay

Figure 3-20: Fluorescence confocal microscopy pictures of a dried aqueous sample containing premix (2%
w/w), N45-7 (10% w/w), and NaCit (5% w/w). They show that PEG-g-PVAc coacervates resisted water
evaporation and kept Coumarin6 concentrated in them.

As observed through fluorescence confocal microscopy, PEG-g-PVAc coacervates
do not follow a core-shell structure. Instead, the internal structure of these
coacervates resembles a bicontinuous phase [165,166], such as the one of other
polymer-nonionic surfactant systems [121]. There is no hard shell around these
microstructures, contrary to the commonly used melamine formaldehyde
microcapsules [13,14]. Therefore, perfume or, in this case, Coumarin6 is not
physically trapped in the coacervates, rather concentrated in them due to a
preferred interaction with the LLPS copolymer than with water. To better
understand the perfume retention potential of PEG-g-PVAc coacervates, we
decided to add the perfume (with Coumarin6) after PEG-g-PVAc coacervation.
Therefore, first a sample with PEG-g-PVAc (1% w/w), N45-7 (10% w/w), and NaCit
(5% w/w) was prepared to get coacervates and, after checking their formation,
perfume (1% w/w) with Coumariné was added. Interestingly, the fluorescence
signal of the Coumariné was detected inside the coacervates, proving the
permeation of this fluorophore inside the coacervates even after their formation
(Figure 3-21). This result does not only prove the permeability of PEG-g-PVAc
coacervates, but it also suggests that perfume added to the medium after
coacervation could be spontaneously absorbed by them (later demonstrated in
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Figure 3-31). This also eliminates the need of preparing a premix of copolymer
and perfume first.

RBITC (PEG-g-PVAc) Coumariné (perfume) Overlay

Figure 3-21: Fluorescence confocal microscopy pictures of RBITC-labelled PEG-g-PVAc coacervates that
absorbed Coumarin6 even though this latter was added at a later stage, after coacervation.
Considering the aim of PEG-g-PVAc coacervates is to be used as perfume
encapsulating agents in beauty and home care formulations, we assessed their
formation and perfume retention capability in detergents. These formulations
are composed of dozens of additives, but their main ingredients are salts, and
both non-ionic and anionic surfactants. As previously demonstrated,
kosmotropic salts and non-ionic surfactants decrease the CPT (Figure 3-4),
favoring PEG-g-PVAc coacervation, while anionic surfactants increase it (Figure
3-6), hampering coacervation. Therefore, coacervation is more likely to take
place in a detergent where the concentration of kosmotropes and non-ionic
surfactant is high while the concentration of anionic surfactant is low. To this
regard, PEG-g-PVAc coacervation was assessed in three detergent formulations
containing different concentrations of salts and surfactants. Two samples were
prepared for each detergent, one with only PEG-g-PVAc (1% w/w), and the other
with both PEG-g-PVAc (1% w/w) and the same perfume (1% w/w) containing
Coumariné. No extra salts nor surfactants were added. Coacervation was
achieved only in one of the three detergents (Figure 3-22), precisely the one with
(i) the highest concentration of kosmotropic salts, (ii) the highest concentration
of non-ionic surfactant, and (iii) the lowest ionic to non-ionic surfactant mass
ratio. Therefore, the composition of the detergent is crucial to use PEG-g-PVAc
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coacervates as perfume microcapsules. The sample with PEG-g-PVAc but no
perfume proved that PEG-g-PVAc coacervation takes place in this detergent
regardless of the perfume presence. However, due to the presence of ionic
surfactant, some copolymer remains soluble in the medium giving it this reddish
color (Figure 3-22). The sample with both PEG-g-PVAc and perfume showed the
presence of coacervates with Coumarin6é, demonstrating the successful
formation of these microstructures in a detergent and suggesting perfume
inclusion. The nature of the other microstructures with a lower content of PEG-
g-PVAc that can be observed in the fluorescence confocal microscope pictures
(Figure 3-22) was not studied due to the complexity of these formulations.

RBITC

(PEG-g-PVAC) RBITC (PEG-g-PVAc) + Coumarin6 (perfume)

Figure 3-22: Fluorescence confocal microscopy pictures of RBITC-labelled PEG-g-PVAc coacervates without
(left) and with (right) perfume containing Coumariné in a detergent formulation.
Unfortunately, the internalization of Coumarin6 in PEG-g-PVAc coacervates does
not demonstrate the internalization of the perfume itself. It does suggest that
other hydrophobic compounds could possibly be internalized and contained in
these coacervates, but it does not prove it. Moreover, perfumes are made of
several fragrant molecules characterized by different functional groups and
water affinities. Therefore, each fragrance could have a different interaction with
the coacervated PEG-g-PVAc, leading to different encapsulation efficiencies. To
explore the importance of this individual interactions, seven fragrant molecules
were chosen: phenyl ethanol, carvone, linalool, florhydral, citronellol, pinene,
and limonene (see section 2.1 Materials for further details). Their water affinities,
expressed by the octanol/water partition coefficient (log Kow, commonly referred
to as log P [245]) are 1.36, 2.74, 2.97, 3.02, 3.30, 4.44, and 4.57, respectively. The
higher the value of this coefficient, the more hydrophobic the fragrance is. Then,
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aqueous solutions of PEG-g-PVAc (1% w/w) and fragrance (1% w/w) were
assessed through fluorescence confocal microscopy. No Coumariné was added,
so the only fluorescence detected was that of the RBITC-labelled copolymer. The
pictures of Figure 3-23 show the different assemblies obtained for each
fragrance, ascribed to the amphiphilicity of PEG-g-PVAc and its specific
interactions with the fragrance. Four different scenarios were identified: (i) with
phenyl ethanol, the copolymer and the perfume remain dispersed in the
medium, (ii) with carvone, florhydral, and citronellol, the copolymer forms
globular micron-sized assembilies, (iii) with linalool, precipitate-like assemblies of
copolymer appear, showing different non-globular shapes, and (iv) with pinene,
and limonene, the copolymer remains dispersed in the medium while the
perfume phase separates as droplets. Regarding the partition coefficient, the
most hydrophilic fragrance remained dissolved in the aqueous medium, the ones
at the middle range showed some favorable interaction with PEG-g-PVAc and
generated different assemblies, while the most hydrophobic ones phase
separated as droplets. This suggests that fragrances with a logP between 2.74
and 3.30 could interact better with PEG-g-PVAc and thus be easier to
encapsulate. However, the different structures obtained for linalool (logP = 2.97)
and florhydral (logP = 3.03) demonstrate that the octanol/water partition
coefficient is not enough as to predict copolymer-perfume assemblies.
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Phenyl Ethanol Carvone Linalool Florhydral

0 um 100

Citronellol Pinene Limonene

0 um 100

Figure 3-23: Fluorescence confocal microscopy pictures of PEG-g-PVAc (1% w/w) with different fragrances
(1% w/w) in water. Different PEG-g-PVAc assemblies take place depending on its interaction with the
fragrance.

Overall, these results prove that depending on the fragrance different
interactions with the copolymer take place, giving rise to different assemblies
and affecting the encapsulation efficiency. Similar studies can be found in the
literature remarking the relevance of these specific interactions with different
fragrances [170,246,247]. Therefore, although Coumarin6é was internalized in
PEG-g-PVAc coacervates, an individual study for each fragrance should be
performed to assure it is properly retained in the coacervate, possibly through
confocal Raman microscopy [248]. Another option would be to use the Hansen
solubility parameters and compare the ones of the copolymer with the ones of
the fragrances [249]. These parameters consider the chemical features of the
molecule and give it a combination of three values — 6D for Dispersion (van der
Waals), 6P for Polarity (related to dipole moment) and 6H for Hydrogen bonding.
Depending on how close the values of two different molecules are, one can

approximately predict how miscible or interacting they will be.
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The globular microstructures distinguished in the samples containing carvone,
florhydral, or citronellol have some similarities with PEG-g-PVAc coacervates, but
they are not the same system. On the one hand, these fragrance-induced
microstructures showed the RBITC-labelled PEG-g-PVAc homogenously
distributed within them, except for few cases of the citronellol sample in which
inner copolymer-depleted domains were observed. This resembles PEG-g-PVAc
coacervates and denies a possible core-shell structure. On the other hand, these
fragrance-induced microstructures share some properties with emulsions, since
no coalescence was observed, even after being close to each other for long
(Figure 3-24, left). Moreover, they do not hold stable after water evaporation nor
the addition of non-ionic surfactant (N45-7). In the case of water evaporation,
they explode once not enough water is around them, like if the pressure inside is
too high to keep the structure together. Instead, after N45-7 (1% w/w) addition,
they immediately start dismantling into smaller microstructures, like an
effervescent pill in water (Figure 3-24, right). This kind of behavior has previously
been ascribed to the different surface activity of the surfactant and the
copolymer [250]. Therefore, these structures are unlikely to hold stable in a
surfactant-rich formulation such as liquid detergents. All these differences
showcase that PEG-g-PVAc coacervates and fragrance-induced PEG-g-PVAc
microstructures are not the same.

Figure 3-24: Florhydral-induced PEG-g-PVAc microstructures (1% w/w florhydral and 1% w/w PEG-g-PVAc
in water) showing their lack of coalescence under the fluorescence confocal microscope (left), and their
destabilization after N45-7 addition under the optical microscope (right). The scale bars on the optical
microscope pictures correspond to 20 um.
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3.6 Destabilization of PEG-g-PVAc coacervates

PEG-g-PVAc coacervates have shown their ability to spontaneously absorb
Coumariné from a complex surfactant-rich agueous medium, suggesting their
potential as microcapsules of compounds with a lower water solubility. However,
these compounds also need to be released at a certain point. Considering the
LCST thermoresponsive nature of PEG-g-PVAc, this copolymer becomes
hydrophilic enough to dissolve once the CPT is above room temperature. This
increased solubility leads to coacervate disassembly and release of any
compound retained in it. Therefore, the destabilization of PEG-g-PVAc
coacervates can be achieved by increasing the CPT to values above room
temperature (Figure 3-25). In regard, the addition of any additive that increases
the CPT, such as chaotropic molecules, or a mere decrease of the room
temperature, can induce the destabilization of these coacervates and
consequently trigger the release of their contained compounds.

To study the destabilization and Interaction polymer- Interaction polymer-
polymer stronger than polymer weaker than

release of PEG-g-PVAc coacervates, polymer-medium polymer-medium

two different techniques were
employed. First, fluorescence confocal

microscopy together with microfluidics 6 —
provided a qualitative study of their
destabilization profile. Then, UV-Vis CPT < Room CPT > Room
spectrophotometry determined in a temperature temperature
more quantitative way the

Figure 3-25: Schematic representation of the

encapsulation and release of formation and destabilization of PEG-g-PVAc

. coacervates.
Coumariné.

Coacervates were generated by mixing an aqueous solution of RBITC-labelled
PEG-g-PVAc (1% w/w), N45-7 (5% w/w), and NaCit (5% w/w). After formation,
Coumarin 6 (» 10 mg/L) was added to be able to track the release of an
encapsulated compound. Fluorescence confocal microscopy was used to check
the presence of PEG-g-PVAc coacervates containing Coumarin6 (Figure 3-26).
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Once more, the fluorescence of Coumariné is homogeneously detected from

within the coacervate, together with the fluorescence of the labelled copolymer.

. RBITC .
Optical (PEG-g-PVAC) Coumarin6 Overlay

Figure 3-26: Optical and fluorescence confocal microscopy pictures of RBITC-labelled PEG-g-PVAc

Then,

coacervates with Coumarin6 before triggering their destabilization.

around 50 mg of urea were added on top of the sample (around 4 droplets,

so 0.2 mL) deposited over the microscope glass. With the dissolution of this urea,

the PEG-g-PVAc becomes more soluble, and thus the CPT of the sample on the

microscope glass raises. The consequent destabilization of the coacervates was

observed through fluorescence confocal microscopy, identifying seven different

stages:

1. Stable coacervate, with fluorescence homogenously distributed within it.

2. Some polymer and perfume depleted domains start appearing around
the coacervate, indicating the beginning of the destabilization process.

3. The polymer and perfume depleted domains appear all over the
coacervate.

4. These inner domains enlarge, changing the globular shape of the
coacervate. Surprisingly, this stage lasts for long in some destabilization
assays (Figure 6-8). A similar phase was reported for pH sensitive
coacervates [163].

5. The large internal domains diffuse along the coacervate, slightly reducing
the fluorescence intensity of the core of the coacervate. At this point, the
fluorescence distribution resembles a core-shell structure.

6. The “shell” or surrounding of the coacervates breaks and retracts.
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7. Both the core and the broken “shell” of the coacervate dissolve along the
medium.

Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7

Figure 3-27: Fluorescence confocal microscopy pictures and schematic representation of the PEG-g-PVAc
coacervates destabilization. The yellow-colored fluorescence comes from the overlay of the red RBITC-
labelled PEG-g-PVAc and the green Coumarin6. The stage 1, which is not represented in this figure,
corresponds to the stable coacervate. The scale bar is equivalent to 20 um.

The different stages of PEG-g-PVAc coacervate destabilization are shown in
Figure 3-27, demonstrating that both PEG-g-PVAc and Coumarin6 end up being
released to the aqueous medium. This suggests that any compound contained in
these coacervates would also be released upon destabilization. The same seven
stages were observed after adding around 4 water droplets to the sample on the
microscope glass (Figure 6-9). The addition of water decreases both NaCit and
N45-7 concentrations. Once their concentration is low enough as to raise the CPT
above room temperature, the copolymer becomes more soluble and the
coacervate destabilizes. This suggests that PEG-g-PVAc coacervates could be

used in formulations to release all its contained perfume upon water dilution.

The destabilization of PEG-g-PVAc coacervates was also observed using
microfluidics. PDMS meander chips, with dimensions close to the average size of
PEG-g-PVAc coacervates (see specifics in Figure 6-10), were employed to trap and
observe their destabilization. Due to the viscosity of these microstructures, it was
challenging to keep them for long in the meander traps. Even though the flow
rate was very low (0.01 - 0.1 ulL/s), it was enough to slowly deform them and,
after a short time, push them through the microfluidics trap hole. However, as
Figure 3-28 shows, we were able to capture the destabilization of PEG-g-PVAc

81



Results and discussion

coacervates upon water addition. As expected, once pure water (in green,
containing ~0.01% w/w of R110C) reaches the trapped PEG-g-PVAc coacervate
(in red, due to the RBITC-labelled copolymer), an immediate destabilization and
dissolution takes place. This is ascribed to the abrupt decrease of NaCit and N45-
7 concentrations. Another example of this destabilization can be observed in
Figure 6-11.

Figure 3-28: Destabilization of RBITC-labelled PEG-g-PVAc coacervates (in red) with the addition of water
(in green, due to its content of R110C). The pictures of the meander microfluidics chip, taken every 0.5
seconds, were captured using fluorescence confocal microscopy.

The qualitative study performed with fluorescence confocal microscopy
demonstrated how PEG-g-PVAc coacervates destabilize and release the
compounds contained in them. To assess the release of Coumarin6 in a more
guantitative way, UV-Vis spectrophotometry was used to analyze a sample
containing N45-7 (5% w/w), NaCit (5% w/w), and Coumarin6 (~ 20 mg/L).
Coumariné does not dissolve in pure water, but it does in presence of surfactants
[251]. This fluorescent monophasic sample was used as reference to determine
the absorbance of Coumarin6 in the absence of PEG-g-PVAc coacervates, which
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resulted to be equal to 1.4 absorbance units (Figure 3-29). Then, PEG-g-PVAc (1%
w/w) was added to this solution and coacervation took place. Consequently, part
of the total Coumarin6 in solution should be spontaneously absorbed into the
PEG-g-PVAc coacervates, as suggested by Figure 3-21.

After assessing different centrifugation programs (see section 2.2.7 UV-Vis
spectrophotometry for further details), we concluded that a centrifugation of
10000 rpm for 10 minutes was enough to obtain a supernatant without LLPS PEG-
g-PVAc (Figure 6-12). Therefore, part of this sample containing PEG-g-PVAc
coacervates was centrifuged at 10000 rpm for 10 minutes, and the supernatant
was then assessed through UV-Vis spectrophotometry. This time, the absorbance
of Coumariné dropped to 0.97 (Figure 3-29). This reduction in absorbance proves
the spontaneous enrichment of Coumarin6 in the PEG-g-PVAc coacervates.
Centrifugation induced the sedimentation of these coacervates, sequestering the
Coumarin6 within coacervates from the supernatant. Considering the different
absorbances of the sample before (1.4) and after (0.97) PEG-g-PVAc
coacervation, we can say that the coacervates absorbed approximately 30% of
the Coumariné in solution. The rest is likely interacting with the N45-7 dissolved
in the medium. This means quite a large amount of the Coumarin6 in the medium
was spontaneously internalized in the PEG-g-PVAc coacervates, by using a
copolymer concentration as low as 1% w/w. Even though it was not addressed in
this thesis, the total internalization of Coumariné could probably be enhanced by
increasing the number/size of coacervates.
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Figure 3-29: UV-Vis spectra showing the absorption of Coumarin6é from the supernatants of a centrifuged
sample before (black) and after (red) PEG-g-PVAc coacervation.

Two additional studies were performed using the same sample containing PEG-
g-PVAc coacervates. The first one aimed to relate the destabilization of PEG-g-
PVAc coacervates and the release of Coumariné to the increase of the CPT.
Considering the concentrations of N45-7 (5% w/w) and NaCit (5% w/w), this
sample should have a CPT around 18 °C (Figure 3-4). To study the effect of the
CPT over PEG-g-PVAc coacervate stability, 2% w/w urea was stepwise added to
increase the CPT around 2 °C. After each addition, the sample was centrifuged at
10000 rpm for 10 minutes and the supernatant assessed through UV-Vis
spectrophotometry. The acquired UV-Vis spectra show an increase in the
absorbance of Coumarin6 after each urea addition (Figure 3-30). This suggests
that the addition of urea destabilizes PEG-g-PVAc coacervates, which are then
releasing its retained Coumarin6 and consequently increasing the UV-Vis
absorbance of the supernatant. As the inset of the graph of Figure 3-30 shows,
the steepest absorbance increase takes place when the CPT is in the room
temperature range. This is in line with the PEG-g-PVAc coacervates destabilizing
once the CPT is above room temperature. The increase of absorbance does not
take place abruptly but progressively due to the acceptable polydispersity of PEG-
g-PVAc, which means that the CPT falls on a range of temperatures rather than
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on a single one. Moreover, considering that the absorbance of this sample was
equal to 1.4 absorbance units in the absence of PEG-g-PVAc (Figure 3-29), we
know that the release of Coumarin6 from the coacervates must be total after the
sixth addition of urea. Additionally, no pellet was found in the sample after the
sixth urea addition, suggesting the absence of LLPS PEG-g-PVAc. These results
demonstrate in a quantitative way what was previously observed under
fluorescence confocal microscopy: (i) urea addition can destabilize PEG-g-PVAc
coacervates, and (ii) their destabilization leads to a complete release of the
Coumariné contained in them.
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Figure 3-30: Schematic representation of the urea addition process (left) and UV-Vis spectra of the same
sample after consecutive additions of urea (right). The inset shows how the Coumariné absorbance
increases as the CPT raises, mainly in the room temperature range.

The second study focused on the spontaneous absorption and release of
Coumariné after the formation and destabilization of PEG-g-PVAc coacervates,
respectively. This time, 12% w/w of urea and 2.4% w/w of NaCit were
alternatively added to the sample. Considering the CPT of this sample (1% w/w
PEG-g-PVAc, 5% w/w N45-7, 5% w/w NaCit) is around 18 °C, these amounts of
urea and NaCit should be enough to alternatively destabilize and form PEG-g-
PVAc coacervates (Figure 3-4), respectively. After each addition of either urea or
NaCit, the sample was centrifuged at 10000 rpm for 10 minutes and the
supernatant assessed through UV-Vis spectrophotometry. Interestingly, the
samples after urea addition did not form a pellet after centrifugation, while the
samples after NaCit addition did form it, suggesting the absence or presence of

85



Results and discussion

LLPS PEG-g-PVAc after urea or NaCit addition, respectively. The UV-Vis spectra of
the supernatants clearly show the effect of PEG-g-PVAc coacervation over the
supernatant absorbance (Figure 3-31). After each addition of urea, the total
Coumariné absorbance grows, while after each addition of NaCit, the absorbance
decays. Since all the additions of urea and NaCit were performed in the same
sample, this demonstrates both the reversible formation of PEG-g-PVAc
coacervates and their spontaneous absorption of Coumariné. The UV-Vis spectra
also showed a lower Coumarin6 absorption after each addition cycle. This can be
ascribed to the decrease of the Coumariné concentration in sample after each
urea or NaCit addition. The inset of the graph of Figure 3-31 shows in a more
visual way the abrupt increase and decrease of Coumarin6é absorbance after each
addition cycle, as well as the decay in the maximum absorption. A similar trend

was reported for pH sensitive coacervates to which the same
formation/deformation cycle was applied [163].
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Figure 3-31: Schematic representation of the urea/NaClt addition process (left) and UV-Vis spectra of the
same sample after alternative additions of urea and NaCit (right). The inset shows how the Coumarin6

absorbance increases or decreases abruptly after each addition of urea or NaCit, respectively.

The overall of these results demonstrates the feasibility of PEG-g-PVAc
coacervates to spontaneously absorb and then release hydrophobic molecules in
a triggered way. The release is total, and it takes place once the CPT is above
room temperature. Therefore, it can be triggered by water dilution, addition of
chaotropic agents, such as urea, or by merely decreasing room temperature.
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4.CONCLUSIONS AND FUTURE
PERSPECTIVES

The goal of this thesis was to provide a contribution to the current quest for bio-
degradable materials and efficient encapsulating agents for home and beauty
care products. Several previous studies addressed the self-assembly and perfume
encapsulation properties of an amphiphilic LCST-type thermoresponsive graft
copolymer (poly(ethylene glycol)-g-poly(vinyl acetate), or PEG-g-PVAc) [164—
166,170], suggesting it to be a good candidate for the aims of this project. This
thesis expands these previous studies on the LLPS (liquid-liquid phase separation)
of PEG-g-PVAc and specifically explores the controlled formation of coacervates
to be applied as perfume microcapsules in consumer good products.

First, we addressed the conditions for the LLPS of PEG-g-PVAc in water, to
understand and control the formation of coacervates at room temperature. We
determined the effect of several additives over the cloud point temperature
(CPT) of PEG-g-PVAc, showing that kosmotropes decrease the CPT (NaCit > NaCl
> NaBr), while chaotropes increase it (NaCS > urea > MPG). The addition of non-
ionic surfactants also reduces the CPT, with the most hydrophobic surfactant
showing a higher effectivity (N45-7 > L24-9). Conversely, ionic surfactants
markedly increase the CPT, with anionic surfactants being the most effective
(HLAS ~ AE3S > CTAC ~ CTAB > DTAC > DTAB). These results are in line with the
literature reporting the CPT evolution of other LCST (Lower Critical Solution
Temperature) copolymers [140,190,224,252].

This set of results suggested that a combination of kosmotropes and non-ionic
surfactants is optimal to promote the phase separation of PEG-g-PVAc at room
temperature. Therefore, we then investigated the phase behavior of PEG-g-PVAc
aqueous solutions in presence of N45-7 and NaCit to monitor the formation of
coacervates. We observed that PEG-g-PVAc coacervates can be easily obtained
at room temperature, provided that three conditions are met: (i) the CPT of PEG-
g-PVAc is decreased below room temperature, (ii) enough N45-7 (at least 4% w/w
for a 1% w/w of PEG-g-PVAc) is added to avoid PEG-g-PVAc precipitation, and (iii)
the concentration of NaCit is kept below a threshold value to prevent liquid-liquid
bulk phase separation. The easy formation of these coacervates at room
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temperature in the presence of salts and surfactants confirms PEG-g-PVAC’s
potential for consumer good products.

Then, we used confocal Raman microscopy to define the composition of these
coacervates, finding that their main constituent is PEG-g-PVAc, but they also
contain water and N45-7. Interestingly, the amount of non-ionic surfactant in the
coacervates did not significantly change when increasing its bulk concentration.
This is beneficial for home care products, where it is preferred to maintain
surfactants in the dispersion medium to maximize the detergency. We also
observed that the hydration of the coacervates decreases as the total
concentration of N45-7 increases. This suggests that the amount of non-ionic
surfactant can modulate the hydrophilicity of these microdomains, and thus their
affinity for fragrant molecules with different water affinities.

We continued by studying the fragrance inclusion in PEG-g-PVAc coacervates.
Fluorescence confocal microscopy showed Coumariné, a hydrophobic
fluorophore, to be spontaneously absorbed by previously generated coacervates.
This indicates that these coacervates can absorb hydrophobic molecules from the
medium even after formation. The self-assembly of these coacervates and the
Coumarin6 encapsulation were also demonstrated in a detergent formulation
presenting a favorable concentration of salts and surfactants, proving they can
be used as encapsulating agents in consumer good products. Additionally, we
showed that PEG-g-PVAc self-assembles in different ways depending on the
fragrant molecule, suggesting that the fragrance selection is of utmost
importance to optimize the perfume encapsulation.

Finally, we demonstrated that the destabilization of PEG-g-PVAc coacervates
takes place once the medium conditions are modified to shift the system’s CPT
above room temperature. This can be achieved by simply lowering the room
temperature, but also by dilution in water, which decreases the concentration of
NaCit and N45-7, and addition of chaotropes, such as urea. Fluorescence confocal
microscopy showed the destabilization follows seven stages, ending up with a full
disassembly of the coacervate and the consequent release of any active
contained in them. UV-Vis spectrophotometry proved the spontaneous
absorption of Coumarin6 from the medium upon coacervate formation as well
as its full release after increasing the CPT with urea addition. The capacity of PEG-
g-PVAc coacervates to release their absorbed content in a triggered way after
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water or urea addition renders them as suitable encapsulating systems for body
and beauty care formulations.

Overall, the results here gathered expand the knowledge on self-coacervation of
grafted copolymers and define the conditions at which PEG-g-PVAc coacervates
can be obtained in a surfactant-rich medium. Additionally, the encapsulation and
release properties of these micron-sized domains demonstrate their feasibility as
encapsulating agents for some consumer good products applications. The
stability dependence of these coacervates on the CPT can be used as an
advantage to disassemble them and release their content upon water dilution in
formulations such as shampoos or detergents. However, it is also a drawback for
applications that aim to keep the microcapsules stable during the washing
process and release their content at a later stage, such as softeners.

For this latter case, additional fundamental studies are needed. Based on these
results, we would recommend exploring the coacervation of other
thermoresponsive copolymers presenting either:

e An LCST profile with a very low critical temperature. This could lead to
self-coacervation at room temperature without the need of additives to
decrease the CPT, providing the resulting coacervates with a higher
resistance against water dilution

e A combination of LCST and UCST blocks in the same copolymer [78]. This
could give rise to a copolymer which coacervation takes place for a broad
range of temperatures and destabilizes only at quite high or low
temperatures. However, the coacervate stability would probably depend
on the copolymer concentration too.

Smart copolymers with a sensitivity other than thermal can also be considered.
For instance, light sensitive copolymers could be employed to form a stable
microcapsule that destabilizes upon UV irradiation. In consumer products, this
would lead to microcapsules that would only release their content once
illuminated with sunshine.

Since the project aimed to develop fragrance microcapsules for an industrial
application, the focus of this thesis has been on the practical utilization of these
polymeric coacervates. Therefore, some theoretical foundations on the
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thermodynamics of the system would add relevant information and ease the
comprehension of the system. It would also be useful to relate the nucleation
and growth mechanism to the morphology of this polymeric coacervates. At the
same time, it would be interesting to measure the size of these coacervates once
formed and observe its evolution over time, which could be explained through
the coarsening of the droplet size. We did try particle size analysis in P&G, but
unfortunately it did not yield reliable results due to difficulties with the viscosity
of those samples. As a future development, we believe all these should be a
priority.

Additionally, running some more turbidimetry experiments with different
heating/cooling rates could be useful to determine whether the CPTs have a
thermodynamic or a kinetic origin. Finally, regarding the inclusion of fragrance
into these coacervates, it would be convenient to study the effect of the polymer-
depleted internal areas appearing in the microstructures that contain Florhydral
and Citronellol, since they can possibly affect release kinetics. For further
information, | refer to the PhD thesis of Constantina Sofroniou, another PhD
student of the SAMCAPS project, who assessed the interaction of different
fragrances (including Florhydral and Citronellol) with Soluplus, an amphiphilic
copolymer with similar properties to PEG-g-PVAc.

“Sapere aude”
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Appendix

6.APPENDIX

First, we are proud to add that part of the results presented in chapter 3 have
recently been published in the Journal of Colloid and Interface Science (JCIS), a
premier journal in the field of colloid science. The details of the research article
are the following:

Xavier Castellvi Corrons, Jeremie Gummel, Johan Smets, Debora Berti
Liquid-liquid phase separated microdomains of an amphiphilic graft copolymer in
a surfactant-rich medium

Journal of Colloid and Interface Science; Volume 615, 2022; Pages 807-820

ISSN 0021-9797

https://doi.org/10.1016/].jcis.2022.02.020.

In this final section of the thesis, the reader can find additional figures that
provide extra information to ease the comprehension of the results described
above.
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Figure 6-1: Effect of kosmotropes, chaotropes, and non-ionic surfactants on the CPT of 1% w/w PEG-g-PVAc
in water measured through turbidimetry and expressed in mol/L. Each point corresponds to the average of
at least three measurements. Some of the error bars are not visible because they fall within the data points

drawn.
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Figure 6-2: Effect of anionic (HLAS, AE3S) and cationic (CTAC, CTAB) surfactants on the cloud point
temperature of PEG-g-PVAc (1% w/w in water), expressed in mol/L and measured through turbidimetry.
Each point corresponds to a single measurement due to the difficulty in obtaining the same low
concentrations.
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Figure 6-3: Effect of cationic surfactants (DTAC, DTAB) and the chaotrope NaCS on the cloud point
temperature of PEG-g-PVAc (1% w/w in water), expressed in mol/L and measured through turbidimetry.
Each point corresponds to the average of three measurements. Some of the error bars are not visible
because they fall within the data points drawn.
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Figure 6-4: Optical microscope pictures of PEG-g-PVAc coacervates. Each picture corresponds to a different
sample with concentrations of N45-7 and NaCit within the region 2 of Figure 3-8. The white bars are
equivalent to 100 um.
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Figure 6-5: Fluorescence confocal microscopy pictures of RBITC-labelled PEG-g-PVAc coacervates
coalescing. Pictures were captured every ten minutes.
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Figure 6-6: Reference Raman spectra of PEG-g-PVAc (black) and N45-7 (red) when analyzed as pure solids
(A) and dissolved in water (B). Spectra normalized at their highest peak intensity in both figures for ease of
comparison.
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Figure 6-7: (A) Calibration curves of the PEG-g-PVAc/water ratio, obtained from the relative intensities of
three different Raman peaks of PEG-g-PVAc (1730, 2893, and 2940 cm™) in comparison to the peak of
water (3420cm) (see Figure 3-17A). The linear equations (y = Ax + B, B=0) are as follows: y = 0.00450x, R?
=0.9939 (1730 cm™); y = 0.0182x, R?2 = 0.9998 (2893 cm™), and y = 0.0552x, R? = 0.9988 (2940 cm™); where
“y” is the relative intensity and “x” the concentration of PEG-g-PVAc in w/w %. (B) Calibration curves of the
N45-7/water ratio, obtained from the relative intensities of three different Raman peaks of N45-7 (2852,
2887, and 2922 cm) in comparison to the peak of water (3420cm™) (see Figure 3-17B). The linear
equations (y = Ax + B, B=0), are as follows: y = 0.0438x, R? = 0.9985 (2852 cm™); y = 0.0470x, R? = 0.9987
(2887 cm™), and y = 0.0431x, R?2 = 0.9990 (2922 cm); where “y” is the relative intensity and “x” the
concentration of N45-7 in w/w %.
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Figure 6-8: Fluorescence confocal microscopy pictures of the very same RBITC-labelled PEG-g-PVAc
coacervate at the fourth stage of its destabilization (see Figure 3-27). The top pictures show the
fluorescence of the RBITC-labelled PEG-g-PVAc (in red), while the bottom ones show the fluorescence of
Coumariné (in green). These pictures demonstrate the mobility of the dark copolymer-depleted inner
domains that appear in these coacervates once they are unstable in the medium.

116



Appendix

Figure 6-9: Fluorescence confocal microscopy pictures showing the destabilization of RBITC-labelled PEG-g-
PVACc coacervates containing Coumariné after water addition. The yellow color is attributed to the
fluorescence overlay of the RBITC-labelled PEG-g-PVAc (red) and Coumarin6 (green).
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Figure 6-10: Schematic representation showing the shape and dimensions of the meander microfluidic chip
used to trap PEG-g-PVAc coacervates and observe their destabilization after water addition.
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Figure 6-11: Fluorescence confocal microscopy pictures showing the destabilization of trapped liquid-liquid
phase separated RBITC-labelled PEG-g-PVAc (in red) after water reaches them (in green, due to its content
of rhodamine 110 chloride). The pictures were obtained from a meander microfluidic chip every 0.5
seconds.
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Figure 6-12: UV-Vis spectra of the supernatants obtained after centrifuging at 500, 1000, 1500, 2500,
5000, 10000, or 15000 rpm for 10 minutes from a sample containing PEG-g-PVAc coacervates (1% w/w
PEG-g-PVAc, 5% w/w N45-7, and 5% w/w NaCit), and Coumarin6 (=~ 10 mg/mL). As the inset shows, the

scattering coming from PEG-g-PVAc coacervates diminishes by increasing the centrifuging speed,
suggesting that from 10000 rpm there are no coacervates in the supernatant.
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