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Voor Ilse, Lyzl en Lien

”In the warriors code, there’s no surrender, though his bodysays stop, his spirit cries, never,
deep in our soul a quiet ember, know it’s you against you, it’sthe paradox that drives us on,

it’s a battle of wills, in the heat of attack it’s the passion that kills.”1

- Burning heart.

1Jim Peterik and Frankie Sullivan; Survivor (1985).
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Introduction 11
1.1 Towards colloidal size control

Colloids are systems that contain particles in the size range between, say, a nanometer and
a micrometer which are dispersed in another substance. Colloidal particles can have differ-
ent geometries including rods, discs, spheres and cubes. Inthis thesis we focus on spherical
colloidal particles. Colloids can be divided in two groups;lyophilic (made of soluble com-
ponents) and lyophobic (made of insoluble components) ones.

Lyophilic colloids with water as the continuous medium are also referred to as hydrophilic
(water loving) and lyophobic colloids as hydrophobic (water fearing). Hydrophilic colloids
form spontaneously upon dispersing them into water and thusare reversible and dynamic.
Well-known examples of hydrophilic colloids are particlescomposed of water soluble sur-
factants, such as micelles or vesicles. To predict their size and composition thermodynamic
equilibrium theories can be employed.

In contrast, hydrophobic colloids are composed of non-water soluble components. These
compounds aggregate or coalesce into colloidal structures. Hydrophobic colloids are only
maintained in the colloidal size range if a stabilizer stopsfurther aggregation or coalescence.
These colloids are irreversible or metastable (implying that the current physical state is not the
most stable state). Particles composed of hydrophobic components and stabilized by surfact-
ants are here referred to as nanoparticles to make a clear distinction with reversible colloids,
such as micelles. Often kinetic models are employed to predict the size and composition of
hydrophobic colloids.

In this thesis also the term dead or frozen micelles is used. Dead micelles are a spe-
cial case of hydrophobic colloids. Upon the formation theirnature switches from lyophilic
to lyophobic. Initially the molecules are dissolved, however, upon changing the nature of
the solvent the molecules become gradually less soluble. During this solvent switch the
molecules have short time frames to assemble into micellar structures. At some point the
molecules become insoluble resulting in non-dynamic or static micelles; these are referred to
as dead or frozen micelles. Since there is a (short) time thatthese micelles are dynamic, ther-
modynamic equilibrium theories might be employed to predict their size and composition.

Precipitation or spontaneous self-assembly is a powerful method to prepare colloids. The
key example is the formation of surfactant micelles, that are assemblies the order of 102 am-
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phiphiles that form spontaneously above a threshold concentration. The size control of these
objects can directly be related to the structure of its constituents. Surfactants are molecules
with two parts. One part is immiscible with water (hydrophobic) and forms the core and one
block that is miscible with water (hydrophilic) and forms the corona of these micelles. These
objects may have potential applications, for example as drug carriers, especially when the
drug molecules are apolar and accumulate in the cores. However, the classical surfactants
are extremely dynamic and typically too fragile for most drug delivery applications. This
thesis deals with the use of copolymers, macromolecular analogues of surfactants, to make
micellar-like nanoparticles with drug delivery as the key application. These colloids can be
considered as being intermediate between lyophilic and lyophobic. The important selling
point for using copolymer micelles is that these are much less dynamic in the sense that they
do not immediately fall apart upon dilution. The same property presents a multitude of ’en-
gineering’ challenges: the properties of the particles (size, shape and composition) depend
in a sensitive way on the preparation protocol. The focus wason the challenge to reprodu-
cibly make these particles. Directly coupled to this, it wasinvestigated whether it is possible
to predict the size characteristics, i.e., of the core and corona of these particles. The first
question is essential and we show and discuss at length that the nanoprecipitation process
can effectively be used for this. The second issue is important as well, because some un-
derstanding on how a particular outcome is expected may helpto tune a particular system to
the desired applications. More specifically the biologicalfate is mainly determined by their
size and thus we need predictive tools for this quantity. We may view the nanoprecipitation
as a guided self-assembly, in other words, the path for the formation of nanosized particles
is strictly controlled. Knowledge of the formation processallowed us to predict the micellar
characteristics using a polymer modeling toolbox.

The remainder of this introductory chapter is to sketch and introduce various essential
concepts of my thesis. At the end of this chapter the reader may find in more detail the aim
of this thesis and the outline of the work done.

1.2 Self-assembly

In order to make structures in the nano domain there are two routes which can be employed.
The first is the top down approach, by dividing a certain macroscopic peice of material into
smaller objects (after many division steps), eventually ending up in the nano domain. The
presence of a stabilizer is needed to avoid that the smaller pieces will aggregate to bigger
pieces again. Methods used are for instance milling, grinding, droplet breaking, etc. In gen-
eral, these treatments give little control over the size andshape of the particles. The closer one
approaches the nano domain the more difficult it becomes to further split small particles [1, 2].
The second approach is bottom up. Here one starts from a (dissolved) molecular state and
by assembling molecules into supramolecular structures itis possible to prepare nanometer
sized or mesoscopic structures, ordered structures of specific molecules. The mesoscopic
structures are the result of so called co- or self-assembly,driven by non-covalent interactions.
Nature creates such nanostructures spontaneously becausethe non-covalent interactions are
attractive. Examples of non-covalent interactions are hydrogen bonding, ionic bonding, van
der Waals forces,π − π-interactions and hydrophobic interactions. These interactions are
the dominant driving forces in molecular systems; they makethe ’bonds’ in supramolecular
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chemistry [3–7]. Although these bonds are individually weak, a large number of them will
have a significant effect. The large variety of these interactions together with the enorm-
ous variation in molecular architectures leads to a rich spectrum of physical properties. An
example is the organization of phospholipids in a biological membrane. A wide span of
mesoscopic structures with different chemical compositions, shapes and functionalities can
be formed via self-assembly processes. In nature the non-covalent interactions often lead to
supermolecular complexes by self-assembly. DNA, RNA, cellmembranes, proteins, crystals,
monolayers, colloids in milk and partially digested fats are naturally occurring self-assembled
complexes/structures held together by these interactions. Many medical treatments involving
drugs rely on the non-covalent interactions of drugs and their targets, proteins, DNA, RNA
and other chemical/ supermolecular entities.

Self-assembly can result in a large number of different structures. Here we will limit
ourselves to the structures that can be formed by non-ionic,uncharged, amphiphilic mo-
lecules, with a head-tail architecture. These molecules are generically known as surfactants
and we will discuss them and their uses below. We refer to the assembled structures as mi-
celles. A remarkable property of micelles is that they are composed of an anisotropically
ordered array of molecules that are densely packed such thatthe tails avoid the contact with
water. Israelachvilli and coworkers realized that due to the close packing of the molecules
it is the size and shape of the molecules that predominantly determine the form of the ag-
gregates [8, 9]. From geometric considerations it seems reasonable that alimited number of
structures such as spheres, rods and plates may be expected.The so-called surfactant packing
parameter (P), see Fig.1.1, is the leading quantity

P=
v

a0× lc
(1.1)

to assess the capability of amphiphiles to form a certain nanostructure. Herev is the volume
of the solvophobic block(s),lc is the length of the tail(s) anda0 is the surface area occu-
pied by the solvophilic fragments at the critical micelle concentration (CMC). ForP< 1/3
spherical micelles are preferred, whereas for 1/3< P< 1/2 cylindrical micelles form. In the
range 1/2< P< 1 vesicles are the optimal structure, forP≈ 1 planar bilayers form and for
P > 1 reversed spherical micelles are expected [8, 9]. The interesting point is that for short
surfactants one can easily make educated guesses forlc, v anda0, so that an estimate forP is
possible. Unfortunately for polymeric amphiphiles the corresponding guesses are less trivial.

1.3 Surfactants; stabilizers of colloidal particles

A surfactant is a surface active agent, i.e., a molecule thataccumulates at interfaces. Sur-
factants can help to stabilize colloids consisting of apolar (e.g. oil based) components into a
polar solvent (e.g. water based) as well as polar componentsinto an apolar solvent. Without
the aid of surfactants a colloidal system is not stable, in time the oil and water will separate
into two phases. Surfactants typically combine two different polarities, polar referred to as
head and apolar referred to as tail, in one molecule. The dualpolarity in one molecule en-
ables these compounds to accumulate interfaces between a polar and apolar phase (water and
oil). As already discussed above, surfactants are also capable of forming different structures
especially in the nano domain. Surfactants, mostly molecules with a low molar mass, are
key elements in nature. In living cells phospholipids are the essential molecules in cell walls.
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Figure 1.1: Schematic illustration of the relationship between a valuefor the surfactant packing para-
meterP and the preferred self-assembled structures, based on Ref.[9].

The cell wall phospholipids form a bilayer that separates the interior of a living cell from
the environment. A specific phospholipid, dipalmitoylphosphatidylcholine (DPPC) [10, 11],
is the most important surfactant which enables infants to take their first breath. Without the
presence of DPPC the lungs of infants suffer from the infant (or neonatal) respiratory syn-
drome meaning that their lungs without external aid cannot supply the body with the needed
oxygen. So one might argue that life as we know it would not exist without these surfactants.

In ancient days humans already noticed and exploited the special behavior of amphiphiles.
The earliest recorded evidence of the manufacturing of surfactants was the use of soap (a salt
of a fatty acid) for washing stones [12] found in ancient Babylon (2800 BC). On a Babylonian
clay tablet (2200 BC) a formulation was written for preparing this soap, consisting of water,
alkali and cassia oil. Later, the Egyptians refined the manufacturing and started using soap for
bathing. Nowadays surfactants are abundantly used in many different applications and tech-
nologies. Companies such as Henkel and Procter and Gamble (mass-)produce surfactants as
detergents and soaps [13–18]. The pharmaceutical industry uses surfactants for drug delivery
purposes as solubilizing agents for non-water soluble drugs and as transfection agents for
DNA-modification therapies [19, 20]. In multinational food and nutrition industries such as
Unilever and Nestle, surfactants are being used as stabilizers for emulsions or dispersions in
food applications [21–24]. Stabilizers for emulsions are called emulsifiers. The paint and
coatings industry, e.g. Akzo Nobel and Rohm & Haas, utilize surfactants to stabilize and
compatibilize their paint products [25–28]. Electronic companies such as ASML and Intel
use surfactants as wetting agents in their chip manufacturing processes [29–32]. The metal
mining industry employs surfactants as flotation agents to recover metals more easily from
the ores [33]. In chemical industry (Dow and 3M) especially in polymer industry surfactants
are used as stabilizers in emulsion polymerization [34–37]. The oil industry uses surfact-
ants to recover more oil from oil wells; enhanced or tertiaryoil recovery [38]. Personal care
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applications, like make-up and many lotions are benefittingfrom the specific properties of
surfactants [39–42]. Human health has been tremendously improved and extendedby using
soaps and detergents in personal and medical care and in foodproducts by avoiding microbi-
ologic contaminations. Many of these products are emulsions.

Many surfactants have to be optimized for their applications. Often, the functionality
for a certain application evolved via a trial and error approach over many years. This ap-
proach does not demand an insight in the function of the surfactant. However, in order to
develop predefined applications one needs to have an understanding of the structure-function
relationship. Meeting higher technology requirements andexpectations demands improved
understanding so that newly developed compounds may outperform the standards of today.
Several approaches may help to satisfy this growing demand for better surfactants. First, there
is organic synthesis, aiming at making new compounds that perform better than existing ones.
Secondly, there is the more natural approach of finding organisms that enable the large scale
production of amphiphilic structures derived from naturally occurring organisms (plants and
micro-organisms; bacteria, yeasts and molds). Thirdly, there is the approach that more or
less combines the previous two. By using naturally occurring organisms and applying dif-
ferent ways of altering/mutating the genetic code aims to achieve optimum performance of
the slightly altered compounds produced by these organisms. Finally, there is the possibil-
ity to optimize the physical properties. This approach focuses on a thorough understanding
between the application/performance and the structure of the used compounds. The most
powerful approach is utilizing models which enable to achieve a deeper understanding of the
relation between the composition of the structures and their performance based on physical-
chemical theories. Such knowledge could lead to insight into desired chemical structures
based on optimized physical functionality.

Many new applications demand a profound knowledge and understanding about the way
compounds act in different environments. For instance in drug delivery, especially in on-
cology treatments, control over chemistry, size and loading of carrier particles is of utmost
importance. The chemical compounds employed need to be biocompatible. Mandatory re-
quirements for drug delivery systems are that they i) shouldbe tolerated by the human body,
ii) being resorbable and/or excretable by the biologic pathways. These conditions should be
met in order to avoid any undesired reactions of the human body. Certain drugs are more po-
tent than others. when using less potent drugs drug deliveryvehicles need to be more loaded
to achieve the desired efficacy, than in case of more potent drugs. However, the desired size
of the delivery vehicles remains the same. Many newly developed drugs are extremely potent,
but are typically hydrophobic. The main disadvantage of these new drugs is their very low
water-solubility which makes it difficult to administer them.

We focus on spherical nanoparticles, they exhibit excellent characteristics for usage in
drug delivery [43]. Their size is characterized by a single length scale, their diameter (or ra-
dius). By tuning the micellar diameter carefully there is some ability to direct these micelles
to certain places in the body, predetermining their biological fate. They can be made so small
that they are capable of passing the blood-brain barrier [19, 44] or accumulating in tumor
cells [45–49]. The outer part of a spherical micelle, termed corona, can be stealthy (is not re-
cognized) for the immune system of most humans (but not all!)if made of polyethylene oxide
(PEO) [50]. Again, the hydrophobic core enables the storage of hydrophobic drugs. These
requirements imply that control over size and loading is demanded and therefore knowledge
and understanding of the physical-chemical properties is essential.
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1.4 Critical micelle concentration (CMC)

Micelles typically reach a well-defined size and the concentration of free amphiphiles remains
constant at a value reached at the first appearance of well-defined, finite sized micelles (the
critical micellisation concentration CMC). Micellar structures composed of surfactants are
in equilibrium with free surfactant molecules (often denoted as monomers or unimers) in
solution. Upon increasing the surfactant concentration relatively more surfactants enter the
micelles. Above the CMC effectively all additional amphiphiles micelles [51–53].

The CMC value is of importance, because it indicates the concentration of free am-
phiphiles: the higher the CMC, the more amphiphiles are freein solution. At and above the
CMC freely dissolved amphiphiles exchange with amphiphiles incorporated into the micelle.
Thus a higher CMC will also lead to an increased rate of exchange of amphiphiles incor-
porated in a micelle with freely dissolved amphiphiles. Theexchange of these amphiphiles
has an impact on the cargo load, encapsulated hydrophobic compounds, incorporated in the
micelles. When there is a high degree of exchange between amphiphiles incorporated in mi-
celles and freely dissolved in the bulk the loaded cargo of a micelle is easier released from
the micelles. The disadvantage of a high CMC is that, upon dilution, existing micelles fall
apart in order to keep the freely dissolved amphiphile concentration constant, resulting in an
instant release of their cargo. A low CMC implies less dynamic micelles. For drug-carriers,
preferably non-dynamic micelles, often called dead or frozen micelles [54], are most desired
because of a virtually non-detectable/existing CMC. Thesedead or frozen micelles show su-
perior stability in time and delayed cargo release profiles due to the lack of exchange between
amphiphiles incorporated in a micelle and freely dissolvedin the bulk.

For extremely stable micelle formulations that do not alterupon dilution the CMC should
be virtually zero. This implies that there is no exchange between surfactants incorporated
in the micelle and dissolved surfactants, due to the lack of the latter. Stability of such for-
mulations is superior upon dilution, which is one of the key requirements for drug delivery
applications. In these kinds of applications only a small amount/volume of therapeutic active
ingredient/drug encapsulated in micelles, the medicine, is injected in the human body. Upon
injection of these small volumes in the human body a huge dilution occurs. If injected into
the blood stream the volume is added to approximately 4 to 6 liters of blood. If the total water
content of the human body is taken into account the dilution factor is even higher because 70
percent of the total weight of a human is water. Using non water-soluble surfactants to form
micelles in aqueous systems enhances the stability of thesestructures upon dilution. This in-
creased stability will also have a beneficial effect on the drug release profile. It will no longer
be dependent on the micellar instability generated by dilution.

1.5 Block copolymers

Polymers are chain-like molecules composed of covalently bound repeating units
(monomers). These chain-like molecules/polymers can for instance be linear, branched or
ring-like. Polymers can be classified in different types. Homopolymers are made up of one
single kind of monomers. Copolymers are composed of repeating units of two (or more)
different chemical compositions. Random copolymers exhibit a random distribution of two
(or more) repeating units along their chain. Block copolymers are composed of organized
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’blocks’ of polymers or copolymers along the chain. Block copolymer for which water is a
selective solvent, good for one block and bad for the other, may be seen as macro-amphiphiles
or macro-surfactants.
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Figure 1.2: Equilibrium radial density profiles of water, total copolymer, PLGA block(s) and PEO
block for diblock and triblock copolymer micelles.ϕ is the volume fraction of the different components
andr is the distance to the center of a micelle. The diblock copolymer micelle, PLGA60PEO30; 7.5-3.0
kDa molar mass, has an aggregation number of 402 and a SF-SCFDh of 44 nm. The triblock copolymer
micelle, PLGA60PEO60PLGA60; 7.5-6.0-7.5 kDa molar mass, has an aggregation number of 237 and
a SF-SCFDh of 45 nm. The diblock copolymer is exactly half of the triblock copolymer. Note the
difference in PEO corona density profile. The PEO corona of the triblock is denser compared to the
PEO corona of the diblock. (SF-SCF = Scheutjens-Fleer self-consistent field).

In the largest part of this thesis the focus is on triblock copolymers [61–63]. Triblock co-
polymers consist of three blocks, having two distinct different chemical compositions. Again,
in order to prepare micelles of triblock copolymers at leastone of these blocks should be hy-
drophilic and the other(s) should be hydrophobic. In this thesis triblock copolymers are con-
sidered that are made of as the hydrophilic block, polyethylene oxide (PEO) and the hydro-
phobic block consists of either poly(lactic-co-glycolic)acid (PLGA) or poly(ε-caprolactone)
(PCL). The hydrophilic block, PEO, is the middle block and the other blocks, both equal in
size, are either PLGA or PCL. The block lengths were chosen such that the triblock copoly-
mer is non-water soluble. The triblock copolymer composition was chosen such that they
self-assemble in spherical, flower-like, micelles [64]. We chose triblock copolymers instead
of diblock copolymers because the PEO corona is more dense for triblock copolymers, see
Fig. 1.2. This is beneficial for pharmaceutical applications. Drug release will be slowed
down which decreases the required frequency of repeating the medical treatment. The poly-
meric PEO blocks are biocompatible, non-degradable and excretable via biologic pathway.
The PLGA and PCL blocks are hydrolytically degradable polymers [65]. Their degradation
products are molecules which occur naturally in the human body so their biocompatibility is
assured.

The choice of these triblock copolymers is also practical from a synthetic point of view.
Using the hydrophilic middle block as a starting precursor in a ring opening polymerization
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of lactic-co-glycolic acid orε-caprolactone it is possible to achieve molar mass control over
the outer hydrophobic blocks of the triblock copolymer resulting in a narrow molar mass
distribution of the synthesized triblock copolymers. Ringopening polymerization [66–68] is
also a fairly easy, controllable and standard polymerization method.

Whether (block(co))polymers dissolve or not depends on thesolvent quality. In a poor
solvent the overall interactions between the segments and solvent molecules are unfavor-
able. This leads to an effective attraction between the polymer segments and phase separ-
ation between polymer molecules and solvent. In a good solvent there are favorable poly-
mer segment-solvent interaction. This leads to an effective repulsion between the polymer
segments. In a theta solvent the excluded volume interactions between the segments and
the solvent induced attraction cancel and the polymer chains behave ideally. Lowering the
solvent quality from theta to poor solvency leads to polymerchain collapse and phase separa-
tion for sufficiently long chains. Increasing the solvency from theta to good leads to swelling
of the polymer chains.

Upon switching from a good to a poor solvent quality a polymerchain goes from the
swollen state to the collapsed state. During this collapse the polymer chains will start co-
alescing resulting in the formation of a concentrated phase. If a surfactant is present during
this collapse and subsequent coalescence the precipitation can be stopped at a certain point
enabling the formation of finite sized colloidal polymeric (nano)particles. These surfactants
act as a stabilizer to keep the finite sized particles separated. Whether or not they will settle
under gravity is dependent on their size and density. If small enough and with a density close
to that of water density the suspension remains homogeneousdue to Brownian motion.

1.6 Nanoprecipitation

In order to prepare polymeric nanoparticles both water soluble and non-water-soluble am-
phiphiles can be employed. The easiest way to prepare nanoparticles is by dissolving a
water soluble amphiphile in water at a concentration that significantly exceeds the CMC,
whereupon the surfactants spontaneously self-assemble into micelles. To this surfactant solu-
tion a small volume of hydrophobic polymer dissolved in a water miscible good but non-
aqueous solvent is added, see Fig.1.3. As the polymers enter the aqueous solution the
solvent quality for these hydrophobic polymers instantaneously turns from good to poor. As
a consequence the polymers collapse and form very small particles which then coalesce.
Meanwhile the water-soluble amphiphile adsorbs on the surface of the growing particles.
This goes on until the surfactant covers the whole surface ofthese spherical particles. This
stops the coalescing of these spherical particles resulting in a stable nanoparticle suspension.

In case of using non-water soluble amphiphiles a different approach is needed because
initially dissolving in water is not possible. In order to prepare particles for these systems the
solvent shift or precipitation method [69] was employed in a different fashion [70–72]. Now
the amphiphilic copolymers are dissolved in a good solvent (e.g. acetone) and subsequently
this solution is added to an excess of aqueous solution, see Fig. 1.4. The shift from good
to poor solvent will force the copolymers to attempt to form spherical particles. Given the
copolymer composition this can be successful (stable dead or frozen spherical micelles) or
not (instability or other self-assembled structures). In case of non-water soluble amphiphilic
triblock copolymers with appropriate length and solvencies of the different blocks this can be
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successful. Then the hydrophobic outer ends of the triblockcome into a hostile environment,
water, they will join in the core that is protected by the corona of hydrophilic blocks that are
solvated in the water environment.

Figure 1.3: Different stages of a nanoprecipitation experiment for water soluble amphiphiles: (a) typic-
ally a polymer solution in good solvent is added to a water based solution of water soluble amphiphiles;
(b) the macroscopic mixing step; (c) the initial state of thesystem considered: polymer spheres are ho-
mogeneously distributed within the experimental volume; (d) end of the experiment: polymer spheres
have coalesced until a protective layer of surfactant protects the individual spheres against coalescence.

Figure 1.4: Cartoon of the nanoprecipitation process for non-water soluble triblock copolymer mi-
celles. Typically a triblock copolymer solution in good solvent is added to water. Upon this mixing the
triblock copolymer shifts from a good solvent to a poor solvent evoking the formation of micelles.

A hydrophobic polymer, a hydrophobic active ingredient or both can be initially co-
dissolved with the triblock copolymers in the solvent whichupon transfer to the aqueous
solution will load the core of the micelle with hydrophobic polymer and/or hydrophobic act-
ive ingredient. This precipitation method is a fast and easyway to prepare spherical micelles
using the triblock copolymers.
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1.7 Aim of this thesis

Only a few polymer nanoparticle preparation methods that allow encapsulation of hydro-
phobic ingredients permit a high level of control of the particle size and particle size dis-
tribution [73]. Nanoprecipitation permits manufacturing nanoparticles in a very simple and
reproducible way [69]. Despite the simplicity of this experimental method, a comprehens-
ive theoretical understanding of nanoparticle formation using copolymers is still lacking. A
rather limited understanding is yet developed on how the particle size depends on the ma-
terials and process parameters, in particular on concentrations of surfactant and precipitated
compounds, and on copolymer chemistry and composition.

Therefore in many experimental situations investigators still resort to simple empirical
correlations [74] or statistical methods such as design of experiments (DOE)[75]. More
advanced theoretical methods, such as Brownian dynamics simulations [76] or population
balance coupled to computational fluid dynamics simulation[77], do provide very valuable
insights into the kinetics of mixing and rapid assembly uponquenching for non-equilibrium
systems. However, these methods do not permit formulation of simple yet physically mean-
ingful relationships between the experimentally relevantparameters and the nanoparticle size.
Relationships between particle size (and loading) and types of compounds and the concen-
trations used would be extremely useful in designing nanoparticles witha priori determined
size as it would allow one to avoid very laborious trial and error investigations and instead
enable a rational design. Also for particles in thermodynamic equilibrium, or close to it, there
is not a workable, quick method that enables a rational design.

The aim of this thesis is to study the possibility of a rational design by modeling of
nanoparticles. Nanoprecipitation will be the chosen processing method for making these
nanoparticles, since it is a fast and easy way to make these systems. The study focuses on
the ability to tune the size and loading capacity of these systems and an assessment of their
stability in time. We study the rational design, by size and loading, of nanoparticles made
both in water-soluble, and non-water-soluble surfactants. Especially for pharmaceutical, drug
delivery, applications a high control over size is of utmostimportance [43, 78]. The size of
the nanoparticles mainly determines the biological fate ofthese particles. For instance for
oncology applications the size (and its distribution) is important for passive targeting of tu-
mors. The enhanced permeation and retention (EPR) effect [45, 46], an accumulation of
nanoparticles of specific size in tumor tissue, is an exampleof passive targeting. To further
increase the efficiency of these drug delivery systems the method of active targeting is em-
ployed. Active targeting is achieved by particles which recognize (= bind preferably to) the
recognized sites also referred to as receptors which shouldbe preferably specific for the dis-
eased tissue. Often diseased cells express receptors on their cell membrane surface which can
be targeted by specific moieties. These targeting moieties are often peptide sequences, which
will have a selective affinity for their receptors. Since many peptide sequences can invoke an
immune response of the human body we theoretically study whether these targeting moieties
can be incorporated within the micellar corona, and so remain invisible for the immune sys-
tem but in such a way that they still can bind. We want to theoretically study if these targeting
moieties will interact/bond with their specific receptors.
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1.8 Outline of this thesis

This thesis consists of four chapters that report research investigations followed by a general
discussion and an overall summary. First we focus on experimental and theoretical work
that aims at rationalization of nanoparticle size for watersoluble surfactants inChapter2.
In Chapter 3 we will use Scheutjens-Fleer Self-Consistent Field (SF-SCF) theory to enable
a priori size and loading predictions for non-water soluble triblock copolymer surfactants.
Thereafter we investigate the relationship between experimental results and theoretical pre-
dictions inChapter 4. Also in Chapter 4 we give an insight in how to tune size and loading
independently and we assess the stability of these systems in time. Finally, inChapter 5 we
theoretically study the possibility of active and passive targeting simultaneously. The active
targeting moieties will be put in the micellar corona, whichpossibly disables immune re-
sponse of the human body, however, at the same time still enable active targeting of specific,
diseased tissue. In the General discussion,Chapter 6, we will reflect on the overall results
and their implications. The results will be put into perspective of drug delivery applications,
focusing on oncology applications. We will discuss research needed in order to assess the
true potential ofa priori size prediction and loading tunable nanoparticle systems for active
and passive targeting with respect to oncology applications.

The chapters in this thesis are written such that they can be read independently; each
chapter has its own abstract, introduction, materials and methods, results and conclusion. At
the end of this thesis a general summary is given for all chapters.
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Abstract

Nanoparticles (NPs) composed of polymers are of great interest since they can add a func-
tionality in many applications, ranging from food and pharma to plastics and electronics. A
key factor that determines the functionality of NPs is theirsize. Nanoprecipitation [T. Niwa
et al., J. Control. Release,1993, 25, 89-98] is a commonly used technique to prepare NPs.
We have performed a combined experimental and theoretical study on the size of NPs formed
by precipitation of polymers into a poor solvent in the presence of a stabilizing surfactant.
Upon quenching a hydrophobic polymer solution in an aqueoussolution of surfactant, co-
alescence of polymeric particles sets in. It competes with adsorption of surfactant onto the
surface of the polymeric particles, which leads to a protective corona layer that finally stops
the coalescence and brings the system in a kinetically frozen state.
We propose an extension of the theoretical framework put forward by Lanniboiset al. [J.
Phys. II France,7, 318-342 (1997)] for nanoparticle formation via nanoprecipitation. This
theory is based upon a kinetic model for diffusion limited coalescence (DLC) in which the
relevant transport and diffusion mechanisms are quantified. We find that the macroscopic
mixing time and the diffusivity of the polymer and surfactant are the main parameters de-
termining the final particle size. The DLC model shows that, at given polymer concentration
and mixing time, the smallest particles can be obtained in the excess of surfactant. This
situation corresponds well to the experimentally used conditions. The mixing efficiency is
predicted to have a profound influence on the final particle diameter: faster mixing results
in smaller particles. The final particle size in the slow mixing regime, which is the typical
situation in experiments, turns out to be independent of themolar mass of the polymer and
scales as a power 1/3 with the initial polymer concentration. An increase of thesurfactant
molar mass is predicted to lead to larger particles, becauseof longer mixing time and lower
surfactant mobility.
We have performed systematic experimental investigationson nanoparticles formation using
various systems but focused on polycaprolactone (PCL) polymers in acetone precipitated
in aqueous solutions containing polyvinyl alcohol as surfactant. The PCL molar mass
and concentration and mixing time were varied. We show that both our experimental
results as well as literature data are in good agreement withour theoretical DLC predictions.
This work therefore provides a solid framework for tailoring nanoparticles with a desired size.

keywords: Nanoparticles, (nano)precipitation, particle size, encapsulation, surfactant, poly-
mer, block copolymers, diffusion limited coalescence.
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2.1 Introduction

Nanoprecipitation [1, 2] is a promising technique for encapsulation hydrophobic species
in nanoparticles (NP) dispersed in aqueous systems [3, 4]. Although the method itself is
quite versatile and can be used for a broad range of hydrophobic polymers [5], until now
it has mainly been applied for the preparation of poly-(lactic-co-glycolic) acid (PLGA) and
polycaprolactone (PCL) particles for drug delivery. The main promise of the technique has
been a possibility to encapsulate a hydrophobic drug in a submicron particle and thereby ef-
fectively increase its water solubility. For a short overview of applications in physics, medi-
cine and chemistry, see [6–9].

A typical set up of a nanoprecipitation experiment is depicted in Fig. 2.1. Hydrophobic
species (a polymer such as PLGA in this example and/or drug) are dissolved in acetone. Note
that PLGA can be replaced with polymers such as PCL. At room temperature, the acetone
solution is injected into an aqueous solution of (polymeric) surfactant such as polyvinyl alco-
hol (PVA). After some short period of time a suspension of submicron particles is obtained.

Figure 2.1: Different stages of a nanoprecipitation experiment: (a) typically 1 mL of a 10 mg/mL
PLGA or PCL solution in acetone is to be added to 10 mL of 1 wt% surfactant (for instance PVA
or Pluronic F127) solution in water; (b) the macroscopic mixing step; (c) the initial state of the system
considered: polymer spheres are homogeneously distributed within the experimental volume; (d) end of
the experiment: polymer spheres have coalesced until a protective layer of surfactant (PVA or Pluronic
F127) protects the individual spheres against coalescence.

Although seemingly quite straightforward, applying the technique for practical applica-
tions is not free of difficulties. For drug delivery applications, the nanoparticles have to fulfill
strict dimensional criteria and should be stable over sufficiently long times [10]. Although
some particular methods, such as nanoprecipitation, have been studied experimentally quite
thoroughly, there is limited correlation with the underlying physics that determines the final
particle size. A physical picture of the nanoprecipitationprocess of hydrophobic molecules
in water and the role of stabilizing surfactants was described by Lanniboiset al. [11, 12],
and was being extended to high concentrations of polymeric hydrophobic compounds [13]
and applied to obtain rather narrow size distributions [14]. Knowledge of the physics that
governs the nanoprecipitation process could help to rationalize how various experimental
parameters, such as mixing efficiency/time, surfactant andpolymer concentration and molar
masses, affect the final particle size. This tremendously facilitates the design of a smarter
preparation protocol.
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For pharmaceutical applications a hydrophobic polymer (drug carrier) is typically used in
combination with a polymeric surfactant to form water-suspendable particles. Alternatively,
(di)block copolymers can be used that offer the advantage ofa stronger interaction with the
carrier polymer. A vast amount of research has been devoted to this topic, especially exper-
imentally [15–18], see also the reviews [19, 20]. Particle formation using nanoprecipitation
has also been studied using computer simulations and numerical methods, see for instance
[11, 16, 21–23], whereas a simple theoretical model with explicit analytical expressions or at
least a computationally ’cheap’ numerical model for the size is much more helpful in steering
the experimental research. The final size of block copolymermicelles in water, that appar-
ently approaches equilibrium after a solvent switch [24], can be predicted very well by equi-
librium self-consistent field computations [25, 26]. For the systems studied here dynamics
however plays a role.

From an application point of view, the polymeric surfactantsystem is strongly preferable
compared to using copolymers. Therefore it is key to developinsight into the processes that
are operational during micellar precipitation in a polymer/surfactant suspension. Lannibois
et al. [11] have made a first step in understanding the main physics of particle formation, by
realizing that the competition between coalescence of hydrophobic material and adsorption
of surfactants at the water-hydrophobic droplet interfacegoverns the final size.

The goal of this work is to further quantify the relevant diffusion processes during nan-
oparticle formation. Although the realistic applicationsof the nanoparticles always involve
at least three components – surfactant, carrier polymer, and drug – we restrict ourselves to a
system without any drug present. The main question to be answered is ‘what (process as well
as polymer and surfactant) parameters determine the end size of the nanoparticles?’ As an
example, one can think of the mixing intensity and temperature as typical process parameters,
and molar masses and concentrations of the components as typical system parameters, and
how these determine the final result.

The outline of this manuscript is as follows. First, we introduce the theoretical approach
that considers diffusion limited coalescence in a quenchedpolymer solution in a poor solvent.
The aim of this part is to identify the relevant coalescence rate of polymer particles in the
absence of any stabilization. Then, we proceed by incorporating the surfactant into the system
and show that in the limit of strong polymer-surfactant interaction the system arrives at a
kinetically frozen state, in which each polymer particle issurrounded by a surfactant corona.
The size of the particles is shown to depend on the interplay between the particle coalescence
and the surfactant adsorption rates. Secondly, we report our systematic experimental results
and literature data on nanoprecipitation in the light of theproposed theoretical model. This
is followed by discussions on the combined experimental andtheoretical results followed by
the conclusions.

2.2 Theoretical framework

In this section we formulate a theoretical model to describethe nanoprecipitation process.
Our goal is to provide a simple analytical expression for theNP size as a function of the
mixing intensity and the surfactant and polymer propertieswhile accounting for the essential
features of the process. For the sake of simplicity, we restrict ourselves to a bi-component
system and consider the case that a dilute solution of a hydrophobic polymer is injected into
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a water/surfactant solution. Both polymers and surfactants are subject to Brownian motion.
Solvent and water are assumed to be well miscible which implies that a rapid quench of
the hydrophobic polymer in water takes place. The polymers are now dispersed in a poor
solvent so they form collapsed spheres, and these polymer particles start to coalesce upon
encounter, to form larger particles. Simultaneously, the surfactant molecules adsorb onto the
surface of the newly formed polymeric particles. This adsorption progressively hampers the
coalescence process; steric repulsion between the surfactants prevents coalescence. Adsorp-
tion finally fully stabilizes the individual polymer particles against further coalescence and a
stable situation is reached. The NPs formed represent a system in a kinetically frozen state.
Therefore the NP size will depend strongly on the system kinetics, which includes at least
three processes:

• mixing polymer plus solvent with the aqueous surfactant solution on a time scaleτmix;

• coalescence of the hydrophobic polymer particles (nanodroplets) in a hostile water
environment, characterized by a time scaleτcls (we suppose that the collapsed polymer
molecules represent a lquid rather than a solid state);

• protection of the polymeric NPs by surfactants on a time scale τpro. This last step brings
the system into a kinetically frozen state.

Below we address these three processes in more detail.

2.2.1 Diffusion limited coalescence in a polymer suspension

Before considering the process for the multicomponent system sketched in Fig.2.1, let us
address a somewhat simpler problem. Imagine a suspension ofBrownian polymer particles
(collapsed polymer chains) homogeneously distributed in apoor solvent. Such a situation
actually corresponds to the limit of ’very fast mixing’ orτmix → 0, i.e. a very rapid quench
of a polymer solution.

The initial situation is similar to the one depicted in Fig.2.1 (c) with one major dif-
ference – there is no surfactant. Apparently, in the course of time, the particles, subject
to Brownian motion, will meet each other, collide and stick,forming larger particles. If
they were hard (solid) particles, this would lead to fractalaggregates, for which well-known
growth laws have been developed. This case is commonly knownas ’diffusion limited ag-
gregation’ (DLA), leading to fractal clusters. Such an aggregation proceeds until the clusters
meet and a space-spanning gel forms [27–29].

As our particles are liquid-like, they will coalesce to homogeneous spherical particles
rather than forming fractal aggregates, so that we are dealing with ’diffusion limited coales-
cence’ (DLC) [30, 31]. The purpose of this section is to calculate the average particle size as
a function of time.

We assume that the coalescence rate in such a process is only limited by the diffusion time
– the average time needed for particles to cover the interparticle distance to meet each other
– and not by the ’particle fusion’ itself. Then the problem isreduced to a diffusion limited
second order ’reaction’ [32]. Such diffusion limited kinetics were already addressed by von
Smoluchowski [33, 34], who argued that the observed reaction rate constant for this process
reads

K = 4πD′R′ , (2.1)
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whereD′ = DA+DB is the sum of the diffusion coefficients of the reacting species andR′ =
RA+RB is their interaction radius. In the one-componentcase of coalescing polymers, species
A and B both refer to coalescing polymers and an equation for the polymer concentration as
a function of time can be readily written as

dcp

dt
=−Kpphc2

p =−
8
3

kBT
η

hc2
p , (2.2)

where Kpp is the rate constant for polymer-polymer coalescence. In Eq. (2.2), Dp =
kBT/(6πηRp) is the Stokes-Einstein equation for the diffusion coefficient of a sphere with
a radiusRp in a fluid with viscosityη . The subscript ’p’ refers to ’polymer’. The factorh
equals the probability that a collision leads to a coalescence event. We assumeh= 1 in the
absence of surfactant. The coalescence time scale immediately follows from (2.2)

τcls =
3

8cp0

η
kBT

. (2.3)

Since we are dealing with a coalescence process, there is a direct relation between particle
mass and particle radiusRp via the mass conservation law in the form

cp(t)R
3
p(t) = cp0R3

p0 .

Here,Rp0 andcp0 are the size and the number concentration of the polymer particles imme-
diately after mixing took place. The solvent is assumed to bepoor enough not to penetrate
inside the polymer particles, som= 4πρR3

p0cp0V/3. When a certain massm of a polymer
with densityρ has been initially ’suspended’ in a volumeV, Eq. (2.2) can be rewritten in
terms of the average polymer particle radius

dRp(t)
dt

=
2

3π
kBT
η

m
ρV

1
R2

p(t)
(2.4)

leading to the solution

R3
p(t) = R3

p0+
2
π

kBT
η

m
ρV

t , (2.5)

or

Rp = Rp0

(

1+
t

τcls

)1/3

. (2.6)

HereRp0 is the initial size of the polymer particles, i.e. the size just after the mixing step has
been completed. We have neglected the size distribution andderived an equation for the mass

averaged radius,
〈

R3
p

〉1/3
.

In order to quantify the time scaleτcls involved, let us take an example with the following
numerical values of the parameters: polymer massm=10 mg with density of approximately
ρ ∼ 1 g/cm3 is initially suspended inV=10 mL of water with viscosityη ∼ 1 mPa·s atT=300
K. After substituting the numerical values in Eq. (2.5), we obtain

R3
p(t) = R3

p0+2.6 ·106
[

nm3

s

]

· t [s] .

The resulting time evolution of the particle size is depicted in Fig. 2.2 for different initial
values of the polymer particle size. Clearly, the initial radius is important only at the very
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Figure 2.2: Size evolution after a quench of Brownian polymer chains in apoor solvent for different
initial polymer particle sizes.

early stages of evolution. Beyond the initial stage a quite universal behavior is observed
where the size is solely governed by the mobility and the total amount of polymer. It is
also apparent that the coalescence times involved are in thesubsecond region. Indeed, it is
observed that when one starts with an optically clear suspension,Rp0 . 100 nm, within less
than a second the suspension will become turbid,Rp(1 s)∼ 1 µm.

One more important feature of Eq. (2.5), also reflected in Fig.2.2, is that the upper
particle size is unbound. In other words, the polymer particles will continue to coalesce
until one big (in terms of the current model, big means infinite) particle is formed. This is
indeed, what one should expect for a phase separation process in a thermodynamic limit. The
situation will dramatically change in the presence of surfactant as explained in the following
section.

2.2.2 Coalescence in the presence of surfactant

Based on the above consideration, a qualitative picture about polymer coalescencein the
presence of surfactantalso emerges. Parallel to coalescence of polymer particles, surfactant
adsorption on the polymer particles takes place. Although ’hairy-particle’ interaction [35] is
quite a complex topic in itself, one point is clear: a surfactant layer on the particle surface
hinders coalescence because two densely covered particlescannot approach closely enough
to fuse. Steric repulsion between (polymeric) surfactantsthen leads to a repulsive interaction
between two polymer particles.

Thus, in the early stages of the process, polymer particles are ’bald’ and easily fuse
leading to coarser particles (h is 1 is Eq. (2.2)). At the same time, the polymer droplets
get covered by surfactant and above a certain degree of surfactant surface coverage the
coalescence process slows down and stops when the surfaces get saturated with surfactant.
This final state leads to a finite polymer particle size, whichis purely kinetically determined.
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To develop a simple quantitative theoretical model, we makeuse of the following assump-
tions:

1. The solvent in the big vessel in Fig.2.1 is good for the surfactant molecules (in fact,
the surfactant is also a polymer in our experiments). We shall neglect surfactant mi-
cellization by assuming that the surfactant molecules present in surfactant micelles
behave similarly to the dissolved ones, at least in what concerns their agglomeration
with polymeric NPs.

2. Polymer particles and surfactant molecules are both subject to Brownian motion.

3. There is a strong favorable interaction between the polymer and the surfactant. So,
when a polymer particle and a surfactant molecule meet, the surfactant ’sticks’ to the
surface and never desorbs.

4. Polymer particles coalesce when they meet each other, unless they are ’protected’ by
the surfactant molecules (we shall elucidate this assumption more further on). There is
no particle break up.

5. Each surfactant molecule occupies some fixed surface areaa2 when adsorbed. Thus,
for a given polymer particle with radiusRp only a limited number of surfactant mo-
lecules, 4πR2

p/a2, can adsorb on its surface.

6. We use the mean-field continuum approximation.

In what follows, the surfactant effect will be incorporatedin the coalescence model of section
2.2.1.

2.2.2.1 Smoluchowski’s reaction rate

Now, as we have two ’reacting’ species, the reaction rates for a polymer-polymer and
polymer-surfactant reactions have to be determined.

The expression for the polymer-polymer rate constant remains unchanged [see Eq. (2.2)]
and a similar expression for the polymer-surfactant case can be written [11, 13]

Kps= 4π(Dp+Ds)(Rp+Rs) , (2.7)

whereKps is the rate constant that describes surfactant to polymer adsorption. HereRs is the
radius of gyration of the surfactant in solution and the diffusion coefficients are calculated
according to the Stokes-Einstein laws

Dp =
kBT

6πηRp
and Ds =

kBT
6πηRs

. (2.8)

To be precise, using the Zimm expression [36] for the diffusion coefficient of the surfactant
molecules in the solvent would be more appropriate. However, it differs from Eq. (2.8) only
by a numerical prefactor, which is not important given the level of accuracy of the present
model.
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2.2.2.2 Surfactant concentration

An equation for the concentration of the unadsorbedfreesurfactant molecules can be written
using the rate constant from Eq. (2.7)

dcfree
s

dt
=−Kpshsc

free
s cp =−

2
3

kBT
η

(

1
Rp

+
1
Rs

)

(Rp+Rs)hsc
free
s cp . (2.9)

The factorhs appearing in (2.9) expresses a probability for a surfactant molecule to adsorb
upon encountering a polymer particle and is analogous to thefactorh in Eq. (2.2) (for more
details see [32]). An interesting observation from Eq. (2.9) and (2.2) is thatτpro ∼ τcls and,
hence, the collision rate of the polymer particles and theirprotection by the surfactant go at
approximately the same pace.

2.2.2.3 Influence of surfactant on the coalescence rate

Kinetic Eq. (2.2) and (2.9) could be readily solved if the functionsh andhs were specified,
which we will do next. Let us first address the probability of particle fusion upon encounter
h. The surfactant adsorbed on the particle surface influencesh, as it reduces the probability
of a coalescence event to occur. Hence,h is a function of the fraction of the particle surface
protected by the surfactant,h ≡ h

{

(n(t)a2)/((4πR2
p(t)))

}

, wheren(t) denotes the average
number of surfactant molecules adsorbed on a polymer particle with radiusRp at timet, each
surfactant molecule covering a surface areaa2.

Computing the exact form ofh(·) can be quite involved [37], although it is clear that
h(0) ≃ 1 andh(1) ≃ 0. As a simple approximation we assumeh andhs are the same. Such
a choice does not change the scaling of the most relevant quantities but implies that the
coalescence process is hindered by surfactant adsorption,and stops abruptly at full coverage
when n = 4πR2

p/a2. Hence the coalescence probability is slowed down as the surfactant
adsorption increases. It will follow that the exact form ofh andhs do not influence the final
result when these functions are identical. It then also follows the coalescence of particles
continues until the particles are saturated with the surfactant.

2.2.2.4 Final set of equations and solution

Let us recapitulate the theoretical model so far. Based on the considerations above, we have
arrived at a set of two equations. One equation describes theevolution of the number concen-
tration of the polymer particlescp during coalescence via Eq. (2.2) and the other quantifies
the free surfactant concentrationcfree

s given by Eq. (2.9). For further consideration, it is con-
venient to recast the expressions in terms of the particle size Rp = Rp0(cp0/cp)

1/3 and the
concentration of the attached surfactant moleculescatt

s = cs0− cfree
s :

dRp

dt
=

8
9

kBT
η

h(x)
R3

p0cp0

R2
p

, (2.10)

dcatt
s

dt
=

2
3

kBT
η

(Rp+Rs)
2

RpRs
hs(x)(cs0− catt

s )cp , (2.11)
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wherex= na2/(4πR2
p) = (a2Rp/R3

p0)(c
att
s /cp0). The set is ompleted by the initial conditions

catt
s (0) = 0 andRp(0) = Rp0.

Solving Eq. (2.10) and (2.11) simultaneously yields the time evolution of the particle
size. However, we are interested in the final size of the polymer particles only. Upon dividing
Eq. (2.11) by Eq. (2.10) and assuming identical functional forms forh andhs, we arrive at

dcatt
s

dRp
=

3
4
(Rp+Rs)

2

R2
pRs

(cs0− catt
s ) , (2.12)

a2Rp

R3
p0

catt
s

cp0
≤ 1 , (2.13)

where an extra inequality is added to the differential equation to fulfill the boundary condi-
tions imposed by the functionsh andhs.

Eq. (2.12) has a simple solution

catt
s (t) = cs0

{

1−exp

[

−
3
4

(

ln
Rp(t)
Rp0

+
Rp(t)−Rp0

Rs
−

Rs

Rp(t)
+

Rs

Rp0

)]}

. (2.14)

Enforcing the extra condition of Eq. (2.13) onto Eq. (2.14) leads to the inequality

1−exp

{

−
3
4

[

lnζ (t)+α(ζ (t)−1)+
1
α

(

1−
1

ζ (t)

)]}

≤
κ

ζ (t)
, (2.15)

where some dimensionless quantities have been introduced:ζ (t) = Rp(t)/Rp0 is the dimen-
sionless radius of the polymer particles,α = Rp0/Rs is the ratio between the initial polymer
particle size and the gyration radius of the surfactant molecules, andκ = 4πR2

p0cp0/(a2cs0)
is the ratio of the total initial surface area of the polymer particles and the maximum area
surfactant molecules can occupy and block.

It can be shown that the largest value ofζ fulfilling inequality (2.15) corresponds to the
equal sign. Hence, solving the corresponding transcendental equation forζ gives the final
particle size. Although Eq. (2.15) cannot be solved analytically in the general case, explicit
solutions can be derived for the final particle size in the asymptotic limit of excess surfactant,
κ ≪ 1,

Rend
p = Rp0

(

1+
κ

3/4+α +α−1

)

. (2.16)

If surfactant is scarce,κ ≫ 1, an even simpler analytical formula for the end particle size
Rend

p ≡ ζRp0 can be found:

Rend
p = Rp0κ . (2.17)

The approximate solutions of Eq. (2.16) and (2.17) are surprisingly close to the exact one,
as shown in Fig.2.3 (a), where the asymptotic limits are compared to the numerical results
of Eq. (2.15). It is also interesting to point out that the solution is notvery sensitive to the
variations inα, the ratio between the initial polymer particle size and thegyration radius of
surfactant. Indeed, as Fig.2.3(b) shows, only slight variations in the end size values can be
observed even ifα is changed by two orders of magnitude. The interpolation

Rend
p = Rp0(1+κ) (2.18)

smoothly connects the above asympotic limits and actually describes the numerical results
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Figure 2.3: (a) Comparison between the exact (numerical) solution of Eq. (2.15) and the approximation
of Eq. (2.16) for alpha= 1. (b) Sensitivity of the solution of the approximate Eq. (2.16) to the parameter
α.

that can be obtained from Eq. (2.15). The fact thatτcls ∼ τpro, as pointed out above, implies
that the final NP size is independent of the mobility of polymer or surfactant molecules. In the
‘fast mixing’ limit (τmix ≪ τcls) the final size depends mainly on the surfactant concentration.

2.2.2.5 ’Slow mixing’ limit

There is also another limit,τmix ≥ τcls, which is characterized by fast particle coalescence
on the time scale shorter than the typical mixing time followed by stabilization of the NPs,
thereby setting their final size, at timest ≥ τmix. At the onset of the coarsening process,
the polymers are present as isolated chains in a good solvent. As the solvent quality steeply
drops the polymers collapse instantaneously. Subsequent collision of collapsed chains leads
to coalescence following the kinetics prescribed by Eq. (2.10) with h ≡ 1. At this stage
(t < τmix) the surfactants cannot yet adsorb onto the polymer droplets. After full mixing
(t ≃ τmix), the particle size has evolved to

Rmix ≃ Rp0(1+ τmix/τcls)
1/3 ,

as follows from Eq. (2.6). At longer times,t > τmix, there is sufficient time for the surfactant
to adsorb onto the surface of the coalescing polymer-rich particles. As a result the system
then has arrived at a well mixed state and its kinetics obeys the set of Eq. (2.10) and (2.11)
as discussed above, with the constraint thatRmix must be used as the ’initial’ particle size in
Eq. (2.14). This two-step process leads to a final expression for the polymer particle radius
in a kinetically frozen state

Rend
p = Rp0(1+κ)

(

1+
τmix

τcls

)1/3

, (2.19)

which is depicted in Fig.2.4. In Eq. (2.19) we have used a simple interpolation(1+κ)Rp0

of Eq. (2.18) for the size after mixing. The final particle radius (2.19) is characterized by
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Figure 2.4: Particle size as a function of the ratio between mixing and coalescence times for various
amounts of surfactants present expressed viaκ.

a plateau at smallτmix/τcls, where the NP diameter is independent of mixing or encounter
and coalescence time and is totally governed by the surfactant concentration (parameterκ)
with the smallest particles obtained for large excess of surfactant (κ ≪ 1). The other re-
gime,τmix/τcls > 1, shows a typical 1/3 power law behavior and is dominated by the mixing
efficiency. This power law follows from the limit of largeτmix in Eq. (2.19),

Rend
p = Rp0(1+κ)

(

τmix

τcls

)1/3

.

In the practical case of smallκ and largeτmix this provides the scaling result

Rend
p ∼ (cp0τmix)

1/3 , (2.20)

where we used Eq. (2.3) for τcls.

2.2.3 Implications of the model for experiments

Let us first recapitulate the qualitative model behind the calculation presented so far. The
nanoprecipitation can be divided into two important stages: the mixing shown in Fig.2.1(b)
and the polymer/surfactant diffusion shown in Fig.2.1 (c) and Fig. 2.1 (d). Clearly, such
a division is a bit artificial as there is no clear border between the mixing and the diffusion
’regimes’, but we will use it for the sake of simplicity.

At the very beginning of the mixing the polymer ’particles’ have the size of a single
swollen polymer coil because the polymer is initially dissolved in a good solvent. As soon
as the individual polymer chains are solvated by the poor solvent, they collapse to the size
of Rp0 and start coalescing with each other as they are yet not mixedwell with the aqueous
surfactant solution. When the timeτmix is elapsed, acetone and water are mixed and also
some coalescence has taken place leading to the particle size Rmix.

Further coalescence is accompanied by protection of the polymer particles by surfactant.
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As in the experimentally relevant regime there is a large excess of surfactant,κ <<1, the final
particle sizeRend

p is expected to be close to the size at the beginning of the diffusion driven

coalescence process,Rend
p ≃ Rmix ≃ Rp0(1+ τmix/τcls)

1/3. Thus, the final polymer particle
size in a typical experimental situation is mainly determined by the coalescence during the
mixing process and not by the stage after mixing has been completed. The coalescence time
expressed via experimentally measurable quantities reads

τcls =
3
8

η
kBT

Mp

NAcmp
. (2.21)

Mp is the polymer molar mass,NA is the Avogadro’s constant andcmp is the masscon-
centration of polymer in solution. We have used here the initial polymer particle size
Rp0 = (3Mp/(4πNAρ))1/3, whereρ is the polymer density.

The final particle size is plotted in Fig.2.4 as a function of the mixing and the coales-
cence times. Two regimes can be distinguished in Fig.2.4: one for large and one for small
ratiosτmix/τcls. For very fast mixing,τmix/τcls ≪ 1, the final radius is of the order ofRp0

and does not depend onτcls. Hence, the final particle size does not depend on the polymer
concentration in the limit of very fast mixing, but does depend on the molar mass. In the
slow mixing regime,τmix/τcls> 1, a power law scaling of the final polymer particle size with

an exponent of 1/3 is predicted:Rend
p ∼ Rp0(τmix/τcls)

1/3 ∼ τ1/3
mix [kBTcmp/(ηρ)]1/3. Here

the final size will increase ifτcls is decreased, e.g. due to higher concentration.

Let us finally summarize the conclusions and the theoretically predicted trends, which can be
used to control the particle size experimentally:

1. Under the currently used experimental conditions – excess of surfactant – the particle
size at the end of the mixing phase determines the final size ofthe surfactant stabil-
ized NPs. The particles are stabilized by the surfactant corona and the system is in a
kinetically frozen state.

2. In the slow mixing regime, the size of the micelles formed is proportional to the poly-

mer concentration to power 1/3: Rend
p ∼ c1/3

mp [11, 13]. So, the lower the concentration,
the smaller particles can be formed.

3. Fast mixing is essential: smaller particles are obtainedwhenτmix is reduced.

4. In case of relatively slow mixing, as typically encountered in experiment, the end size
is independent of the initial size of the polymer particles.This implies, that the final
size will be insensitive to the molar mass of the polymer.

5. There is no explicit dependence on the molar mass of the surfactants. However, the
mixing time will probably increase if higher molar mass of the surfactant is added at
constant surfactant concentrationφ . Indeed, the (shear) viscosity of the aqueous solu-
tion of surfactant (in our experiments PVA) will scale asηm(1+ φ [η ]), with medium
viscosityηm and where the intrinsic viscosity increases with the molar mass[η ]∼M0.8

s
(we have used the Zimm model in a good solvent, [36]). A higher shear viscosity of
the solution implies longer mixing times and, hence, largerNPs.

6. Another parameter, which possibly plays a role, is the temperature. As many model
parameters (weakly) depend on it, explicitly and implicitly, it is hardly possible to
elucidate what the exact effect of the temperature should be. Apparently, the higher the
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temperature, the lower the coalescence timeτcls, see Eq. (2.21). But also the mixing
time τmix will probably be decreasing upon temperature rise. Although it is hard to
predict what the net effect on the ratioτmix/τcls will be, we mention it as a tool to
adjust the particle size to a limited degree.

2.3 Materials and methods

2.3.1 Materials

Polycaprolactone (PCL) of different molar masses (CAPA 2203; 2 kDa, 2403; 4 kDa, 2803;
8 kDa, 6250; 25 kDa, 6400; 37 kDa, 6500; 50 kDa and 6800; 80 kDa)were purchased from
Solvay (Oudenaarde, Belgium). Poly-(lactic-co-glycolic) acid (PLGA; 1/1 molecular ratio
for lactic and glycolic acid) 20 kDa was purchased from Boehringer Ingelheim (Ingelheim
am Rhein, Germany). Acetone and Pluronic F127 (NF prill polaxamer 407) were purchased
from BASF (Bayern, Germany). Polyvinylalcohol (PVA) of different molar masses (13-23
kDa, 31-50 kDa and 85-124 kDa; all three with a hydrolyzationpercentage of 87-89% and
9-11 kDa 80% hydrolyzed) were purchased from Sigma (St. Louis, USA). Rapamycin was
obtained from Oscar Tropitzsch (Germany).

2.3.2 Particle size analysis

2.3.2.1 Dynamic light scattering

The final hydrodynamic diameter of the particles was determined by Dynamic Light Scat-
tering (DLS) (Zetasizer Nano ZS, Malvern Instruments Ltd.,Malvern, UK) at 25◦C at a
scattering angle of 173◦. Ideally the number of photon counts is large enough to get a good
signal to noise ratio and yet small enough to prevent multiple scattering effects. In dynamic
light scattering the fluctuations in the scattered intensity are analyzed and the resulting auto-
correlation function is related to an averaged diffusion coefficient of the particles that undergo
Brownian motion. Via the Stokes-Einstein relation the diffusion coefficient is converted to
a hydrodynamic particle size diameter,Dh. We note that this diameter is thez-average of
the size distribution. We also report the measured polydispersity index (PdI) that describes
the width of the particle size distribution. The polydispersity index is a parameter calculated
from the cumulant analysis of the DLS measured intensity autocorrelation function. In the
cumulants analysis, a single particle size is assumed and a single exponential fit is applied
to the autocorrelation function. All samples were measuredas processed (undiluted). Size
distributions of the prepared NPs measured with DLS were unimodal.

2.3.2.2 Cryo-TEM

For a few samples we also studied the size using cryo transmission electron microscopy
(cryo-TEM) at the TU Eindhoven in the Netherlands. The aqueous samples were prepared
with a vitrification robot from FEI; Vitrobot Mark III. The used cryo-TEM equipment was a
cryoTITAN from FEI, a 300kV FEG microscope, optimized for both resolution and contrast.
Two samples containing particles made of only active ingredient and a combination rapamy-
cin and PLGA were analyzed using cryo-TEM. The first sample was pure rapamycin; 1.00
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mL of 60 mg rapamycin/mL acetone. The second sample was a rapamycin and PLGA (20
kDa) (1/1 mass ratio); 15 mg rapamycin and 15 mg of PLGA/mL acetone. The samples were
added to an aqueous solution with a volume of 10.00mL (containing 1wt%) PVA (9-11 kDa
80% hydrolyzed) according to the nanoprecipitation procedure followed by cryo-TEM and
DLS analysis were performed.

2.3.3 Rheology of PVA solutions

The shear stress of solutions with PVA were measured as a function of shear rate in order
to investigate the influence of the viscosity on the NP size. We studied solutions containing
three different molar masses of PVA (13-23 kDa, 31-50 kDa and85-124 kDa; all three with
a degree of hydrolysis of 87-89%). The polymer solutions were analyzed at five different
weight concentrations (2.50, 1.00, 0.50, 0.25 and 0.10% (wt%)). The viscosity measurement
was performed on an Anton Paar MCR 300 Rheometer at 25◦C with a double gap cylinder
(DG 26.7). The shear rate was varied between 30 and 300 s−1. At these concentrations the
solutions appeared Newtonian.

2.3.4 Nanoprecipitation / nanoparticle preparation method

Typically, 25.0 mg of polymer (PCL) was weighed and dissolved in 5.00 mL of acetone
resulting in a clear polymer solution after 30 minutes on an orbital shaker. Prior to the nan-
oprecipitation process all solutions were filtered over an Acrodisc LC25 mm Syringe filter
0.2 µm PVDF membrane to remove large dust particles. In Fig.2.1 the basic nanoprecip-
itation process setup was sketched. A volume of 1.00 mL of thepolymer/acetone solution
was added to 10.00 mL of aqueous surfactant (PVA or Pluronic F127) solution with an Ep-
pendorf pipette. The addition with the pipette was carried within one second, after which the
suspension was manually homogenized by swirling the vial around for five seconds. We will
compare our experiments to the proposed theoretical model for diffusion limited coalescence
in the slow mixing regime and with data from literature. For the fast mixing regime we will
test our theoretically predicted trends against data from literature.

Figure 2.5: Scheme of a pressure driven injection device used in Ref. [38] (a) and an impinging jets
mixer used in [15] (b). Fluid A is the organic phase comprising solvent, the carrier polymer and the
drug, fluid B is an aqueous solution containing (polymeric) surfactant.

There are various other ways to perform nanoprecipitation.Two of them are depicted
in Fig. 2.5. One will result in slow mixing times [38]. Experiments using an impinging
jets mixer allow tuning the mixing time scale as to investigate both the fast and slow mixing
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time regimes [15]. The results reported in literature will be used to verify our theoretically
predicted trends:

• in the slow mixing regime,τmix/τcls > 1, a cube root scaling of the final polymer
particle size with polymer concentration is predicted:Rend

p ∼ Rp0(τmix/τcls)
1/3 ∼

τ1/3
mix [kBTcmp/(ηρ)]1/3 and thus:Rend

p ∼ c1/3
mp ,

• in the limit of fast mixing,τmix/τcls≪ 1, the final radius is of the order ofRp0 and does
not depend onτcls. Hence, the final particle size is expected to be independentof the
polymer concentration, but dependent on the molar mass.

2.4 Results and discussion

2.4.1 Cryo-TEM images of NPs

To illustrate what kinds of particle sizes form after nanoprecipitation using real space analysis
we show two (cryo-)TEM pictures. Fig.2.6(a) and2.6 (b) depict the cryo-TEM pictures of
a pure rapamycin particle and a rapamycin/PLGA (1/1 mass ratio) particle, respectively. The
DLS results of the particles are in good agreement with size from the cryo-TEM analysis, see
Fig. 2.6(a) and2.6(b) and their legends. In Fig.2.6(b) a small gold particle can be seen in
the right upper corner, which was added to serve as a reference point to perform tomography,
revealing a spherical shape.

(a) (b)

Figure 2.6: Cryo-TEM picture of a nanoparticle prepared by nanoprecipitation). (a): Cryo-TEM picture
of a nanoparticle prepared by nanoprecipitation filled withthe drug rapamycin. The scale bar is 100
nm. The dispersion was prepared by adding 1.00 mL acetone containing 60 mg rapamycin to 10.00
mL with 1.00 wt% aqueous solution of 9-11 kDa PVA. (Corresponding DLS results:Dh = 344 nm and
PdI = 0.10.). (b): Cryo-TEM picture of a rapamycin/PLGA nanoprecipitated particle. Scale bar is 100
nm. A volume of 1.00 mL with 15 mg rapamycin and 15 mg PLGA acetone was added to an aqueous
solution of 10.00 mL with 1.00 wt% 9-11 kDa PVA. (Results fromDLS: Dh = 148 nm and PdI=0.06.).



Results and discussion 35

2.4.2 Influence of polymer concentration on size

To validate Eq. (2.19) we compare its scaling predictionRend
p ∼ c1/3

mp to our experiments as
well as to data available in the literature. In the nanoprecipitation experiments we performed,
PCL (CAPA 6250; 25 kDa) has been used as a carrier polymer and Pluronic F127 as a sur-
factant. 1.00 mL PCL/acetone solution (0.6, 1.0, 6.0 and 10.0 mg PCL (25 kDa)/mL acetone)
was quenched in 10.00 mL, 1.00 wt%, Pluronic F127 aqueous solution with an Eppendorf
pipette, a device similar to the one depicted in Fig.2.5. The hydrodynamic particle diameter
Dh has been measured by DLS.

As can be seen from Fig.2.7, our results compare favorably to the data available in the
literature [6] for the same system. As the experiments are performed in theτmix > τcls regime,
the scaling obeys the 1/3 power law as expected. The data presented only cover theτmix > τcls

regime and neither reach a particle size saturation limit atthe very fast mixing,τmix < τcls,
nor a crossover atτmix ≈ τcls. The spread on the data of Molpecereset alcan be explained by
experimental and analytical standard deviation since the spread is equal to the error bars in
our experiments, see Fig.2.7. Our experiments were repeated on different dates using freshly

prepared solutions. The scalingRend
p ∼ c1/3

mp has been found and confirmed earlier by Cabane
and co-workers [11, 13], for various systems such as cholesteryl acetate molecules dispersed
in water in the presence of the block copolymer polystyrene-polyoxyethylene as surfactant or
hexadecane molecules precipated in water with exthoxylated fatty acids as surfactants.
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Figure 2.7: Polymer concentration dependence of the generated particle size expressed as the measured
hydrodynamic diameter (Dh) with DLS. These particles form after adding 1.00 mL of different PCL
concentrations (molar mass: 25 kDa) in acetone (mg/mL) to 10.00 mL water containing 1 wt% Pluronic
F127 (squares). Each data point results from the average of three measurements. We compare these
results to the theoretical scaling relation of Eq. (2.20) and data from Molpeceres [38] (open triangles).

One may wonder how polymer polydispersity affects the final particle size (distribution).
This was considered by Whitesides and Ross [21] in a numerical study. They found that the
final particle size is quite independent of the starting distribution. Hence it seems that the
final particle size is not senstive to the initial polydispersity.
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2.4.3 NP size dependence on polymer molar mass

In case of relatively slow mixing, typically encountered inour experiments, there should be
no dependence between final particle size and the molar mass of the polymer as follows from
Eq. (2.19). In order to verify this the influence of using PCL polymers with different molar
masses (2, 4, 8, 25, 37, 50 and 80 kDa) on particle size was studied. The PCL polymers were
dissolved at equal concentrations in acetone (5 mg PCL/mL acetone). A volume of 1.00 mL
of the different polymer/acetone solutions were added to 10.00 mL aqueous solution con-
taining 1.00 wt% Pluronic 127 F following the nanoprecipitation procedure. All experiments
were done in triplicate after which a DLS analysis was performed.

In Fig. 2.8 we plotted the measured particle size as a function of the molar mass of the
hydrophobic polymer. It is clear that changing the molar mass hardly affects the final particle
size under the same experimental conditions. The particle size ranges between 130 nm and
150 nm, which can be explained by a slightly different viscosity of the polymer/acetone
solutions. The lower molar masses hardly influence the viscosity of the polymer/acetone
solution while the higher molar masses (80 kDa) of PCL have a more distinct effect on the
viscosity of the polymer/acetone solution. The differencebetween the values for the viscosity
of these solutions hardly alters the mixing times and therefore only modifies the final particle
size to a small degree. Further the data for molar masses (below 10 kDa) could reflect slightly
smaller sizes because the solubility starts to increase a bit for lower molar mass.
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Figure 2.8: Hydrodynamic diameter (Dh) and PdI results (triplicates) as a function of the molar mass
of PCL at fixed concentration. Samples were made by adding 1.00 mL acetone with 5 mg/mL PCL of
different molar masses to 10.00 mL water containing 1 wt% Pluronic F127.

2.4.4 Influence of mixing time on particle size

The end particle size is governed by two relevant time scales; the mixing and the coalescence
time. To assess the influence of the mixing time while maintaining the same experimental
conditions only the phase containing the surfactant was changed. In a first experiment the
surfactant was dissolved in the water phase (0.10 wt% Pluronic 127 F in water). A volume of
1.00 mL acetone/polymer-solution (5 mg PCL (25 kDa)/mL acetone) was added to 10.00 mL
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1.00 wt% Pluronic 127F solution, according to the nanoprecipitation procedure. In a second
experiment the surfactant was co-dissolved with the polymer in the acetone phase (1.00 wt%
Pluronic 127F + 5 mg PCL (25 kDa)/ mL acetone. Then 1.00 mL surfactant/polymer/acetone
solution was added to 10.00 mL Milli Q water according to the nanoprecipitation procedure.
Both experiments were performed in triplicate followed by aDLS analysis. The difference
of surfactant concentration in the acetone phase (1.0 wt%) and the surfactant in the water
phase (0.10 wt%) was chosen such that the final surfactant concentration was the same for
both experiments.

The presence of the surfactant in the aqueous phase or in the solvent (acetone) phase
together with the hydrophobic polymer should have a distinct influence on the final particle
size. This is explained by the mixing time which is decreasedin the latter case. Since the hy-
drophobic polymer and surfactant are dissolved in the same phase the mixing time decreases
resulting in a smaller final particle size. It is the diffusion time of the surfactant molecules to
the coalescing droplets which is mainly decreased, resulting in a smaller final particle size,
as can be seen in Fig.2.9.
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Figure 2.9: Effect of surfactant present in the organic phase or the aqueous phase. Averaged values for
size and polydispersityDh and PdI from triplicates. Results were obtained by adding 1.00 mL acetone
with 5 mg PCL (25 kDa)to an aqueous solution with a volume of 10.00 mL. The surfactant, Pluronic
F127, is either in the water phase (indicated by ’water’) or in the acetone phase (’solvent’). The overall
Pluronic F127 concentration in the final mixture is 0.1 wt%.

In case of relatively slow mixing, typically encountered inour experiments, there should
be no dependence between final particle size and the molar mass of the polymer. To assess
the dependency of the mixing time on the molar mass and the viscosity of the used surfact-
ant solutions different molar masses of PVA (13-23, 31-50 and 85-124 kDa; similar degree
of hydrolyzation of 87-89%) dissolved in water at differentconcentrations (0.10, 0.25, 0.50,
1.00 and 2.50 wt% of surfactant in water). The viscosity of these solutions was measured in
order to grasp the influence of both the molar mass of the surfactant and the viscosity of the
solutions in relation to the final particle size. In all experiments 5 mg PCL (25 kDa)/mL acet-
one was added to 10.00 mL of the different PVA/water solutions. Also here each experiment
was done in triplicate after which DLS analysis was performed.

Besides a comparison of the size between these two extreme cases above we confront
our theoretical predictions to the results obtained by Johnson and Prud’homme [15] who
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have carefully variedτmix. They studied a somewhat different system comprising a methanol
solution of an amphiphilic diblock copolymer (polybutylacrylate-b-polyacrylic acid, each
block 7:5 kg/mol) quenched in water. By using a highly efficient impinging jet mixer Johnson
and Prud’homme [15] succeeded in covering a very broad range of mixing times andobserved
various regimes, Fig.2.10. Their original measured data for the hydrodynamic diameters of
the particles formed as a function of the mixing time are shown in Fig. 2.10. The coalescence
in a dispersion containing diblock copolymers must obey kinetics very similar to the one
described by Eq. (2.1) and, thus, yield scaling Eq. (2.19) for the NP size. This implies that
a master curve must be obtained in Fig.2.10if one shifts the data along the abscissa by the
polymer mass fractionwp. Moreover, a typical diameter scaling(τmixwp)

1/3 is expected to
be observed at long mixing times.
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Figure 2.10: The original data from Johnson and Prud’homme [15].

One important difference between the concentration dependence of the size predicted by
our theory and the work of Johnson and Prud’homme [15] is the fact that our Eq. (2.19)
does not take into account the size of the surfactant layer ontop of a NP. Indeed, such an
approximation certainly holds in case of a polymeric surfactant. In case of diblock copoly-
mers, however, the size of the hydrophilic corona surrounding the hydrophobic core cannot
be neglected. To compute a hydrophobic core diameter from a hydrodynamic diameter of
a copolymer micelle, we use the theoretical result of Daoud and Cotton [39] that the latter
scales as a power 1/5 of the micelle mass. As the core of a micelle consists almost solely of
the hydrophobic polymer segments, the core size scales as a power 1/3 of the mass, yielding

Rcore∝ D5/3
h .

The data obtained by Johnson and Prud’homme [15], see Fig.2.10, are redrawn inD5/3
h

versusτmixcp coordinates in Fig.2.11. Indeed the data follow a master curve obeying Eq.
(2.19): it is characterized by a typical(τmix/τcls)

1/3 scaling at long mixing times and shows
a plateau in the fast mixing regime, exactly as the theory predicts. Note, that the NP size
in Fig. 2.11 is completely determined by the kinetics and is not related to the equilibrium
diblock copolymer micelle size. Indeed the latter would depend solely on the molar mass,
composition, and solvent quality, whereas the NP size is a strong function of concentration.
Although the NP system is not in thermodynamic equilibrium,it is long-lived. As an x-
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Figure 2.11: Master curve of the size of the core of the diblock copolymer NPs vs the rescaled mixing
time, following the scaling predicted by Eq. (2.19), original data from Johnson and Prud’homme [15].
Note that we use the quantitywp as polymer concentration on the abscissa. This is the weightfraction
(dimensionless) which is directly linked to the mass concentration cmp via the density. The quantity
wpτmix is proportional tocp0τmix in Eq2.20.

ray study on a somewhat different diblock copolymer system [40] shows, micellization of
copolymers is a process consisting of two stages. The first rapid stage is totally controlled by
kinetics and leads to the NP formation described in the present work. The second, a several
orders of magnitude slower process, drives the NP system to the thermodynamic equilibrium.
Study of this slow process is outside of the scope of the present work.

2.4.5 Surfactant molar mass influence

To assess the dependency of the mixing time on the molar mass and the viscosity of the
used surfactant solutions the effect of different molar masses of PVA (13-23, 31-50 and 85-
124 kDa with similar degree of hydrolyzation of 87-89%) was studied. These PVA samples
were dissolved in water at different concentrations (0.10,0.25, 0.50, 1.00 and 2.50 wt%
of surfactant in water). The viscosity of these solutions was measured in order to assess
the influence of both the molar mass of the surfactant and the viscosity of the solutions in
relation to the final particle size. In all experiments 5 mg PCL (25 kDa)/mL acetone was
added to 10.00 mL of the different PVA/water solutions. Alsohere each experiment was
done in triplicate, followed by dynamic light scattering measurements of these samples.

In Fig. 2.12the size obtained after nanoprecipitation as measured using DLS is plotted
as a function of the solution viscosity when using PVA varying in molar mass. It is shown
that the size is linearly dependent on the viscosity of the surfactant solution and slightly
increases with the molar mass of the used surfactant. Based on our model, the influence of
the surfactant molar mass can be explained qualitatively. Let us first focus on how particle size
depends on viscosity. As the experiments are performed in excess of surfactant, one expects

the final particle size scalingRend
p ∼Rp0(τmix/τcls)

1/3 ∼ τ1/3
mix [kBTcmp/(ηρ)]1/3. Note that the

viscosity of the medium here refers to a surfactant-free environment where the coalescence of
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polymer droplets takes place before surfactant penetratesinto it at t > τmix. Hence,η in the
last form hardly depends on surfactant properties. The mixing timeτmix, on the other hand,
is expected to be determined by the viscosity of the surfactant solution in the vessel B in Fig.
2.5(a): the higher the viscosity the slower the mixing.

Hence, based on the theoretical picture, one expects the final particle size to increase with
increasing surfactant solution viscosity. As the viscosity has been varied by changing surfact-
ant concentration and/or molar mass, one should anticipatesurfactant solutions of different
concentrations and molar masses but equal viscosities to yield roughly the same final particle
size. As the experimental results in Fig.2.12show, indeed, the particle size is not very sens-
itive to the molar mass of the polymeric surfactant providedviscosity is kept constant. There
is however a slight systematic increase in size with increasing molar mass. This might be due
to a prolonged adsorption time needed for a larger polymericsurfactant to adsorb which is
not accounted for in our theoretical description.
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Figure 2.12: Linear dependence of the final particle size (Dh) and PdI on the surfactant molar mass
and surfactant solution viscosity.

It therefore seems the influence of the molar mass of the surfactant and the viscosity of the
surfactant solution is twofold. Firstly, a higher viscosity will result in a longer mixing time
which increases the final particle size upon mixing. Secondly, using a higher molar mass of
the surfactant will probably increase the adsorption time scale of the surfactant molecules to
some degree. This might lead to the observed slight increaseof the final particle size.

Finally, we remark that we assumed that the equilibrium between free surfactant and
surfactants in the micelles is faster than the typical coalescence time scale. From Eq.2.3 it
follows that for a typical initial polymer concentration of5 mg/mL for PCL with molar mass
of 25 kDa the time scale for coalescence is of the order of 1 s. The typical time scale for
block copolymers exchanging in a micelle is about 1 ms (see refs [41, 42]). This supports
our assumption. Hence we may safely assume there is no effectof the value for the critical
micelle concentration.
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2.5 Conclusions

We have studied nanoprecipitation of polymers in a poor solvent in the presence of (poly-
meric) surfactants. The polymer is first dissolved in a good (organic) solvent, followed by a
solvent switch towards a poor solvent environment in the presence of surfactant. The com-
bined experimental and theoretical results on nanoprecipitation demonstrate that diffusion
limited coalescence is a mechanism that enables an adequatedescription of the NP formation
process. Two relevant time scales, the mixing and coalescence times, can be identified and
their ratio is shown to be of a critical importance for the NP final diameter. It is shown that
the final particle size is determined mainly by the surfactant concentration in the fast mixing
regime. In the case of slow mixing the final particle size is also dependent on the initial con-
centration of the collapsing and coalescing polymers, and the mixing time. In the slow mixing
regime the particle volume scales linearly with mixing timeand polymer concentration.

The theoretical model illustrates that the NP size is predicted to scale in a universal man-
ner; it is predominantly sensitive to the mixing time and thepolymer concentration if the
surfactant concentration is sufficiently high. The molar mass of the carrier polymer is shown
to have little influence. Available experimental data corroborate the predictions of our model
and provide a solid framework for tailoring NPs witha priori determined size, thus avoiding
a laborious experimental trial and error approach.
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Abstract

We have used the Scheutjens-Fleer self-consistent field (SF-SCF) method to predict the self-
assembly of triblock copolymers with a solvophilic middle block and sufficiently long solvo-
phobic outer blocks. We model copolymers consisting of polyethylene oxide (PEO) as solvo-
philic block and poly(lactic-co-glycolic) acid (PLGA) or poly(ε-caprolactone) (PCL) as sol-
vophobic block. These copolymers form structurally quenched spherical micelles provided
the solvophilic block is long enough.
Predictions are calibrated on experimental data for micelles composed of PCL-PEO-PCL and
PLGA-PEO-PLGA triblock copolymers prepared via the nanoprecipitation method.
We establish effective interaction parameters that enableus to predict various micelle
properties such as the hydrodynamic size, the aggregation number and the loading capacity
of the micelles for hydrophobic species that are consistentwith experimental finding.

keywords: Micelle, Scheutjens-Fleer Self-Consistent Field theory (SF-SCF), block copoly-
mers, encapsulation.
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3.1 Introduction

Surfactants, amphiphiles and copolymers in selective solvents are widely used to create mi-
celles. For several applications the size, size distribution, loading capacity and stability (upon
dilution) are requirements of great importance. It is feasible to invoke the statistical thermo-
dynamical machinery on invariably coarse grained models tofind detailed information on
self-assembly phenomena. However, the insights from this have a qualitative rather than a
quantitative character because of a lack of suitable parameter sets for such systems. This
is why in practice the selection of appropriate copolymers capable of forming micelles with
pre-set requirements is still based on trial and error or on experience rather than on theory.
Confronting theory with experiments is the only way to improve this situation.

In this paper our focus is on triblock copolymers in a selective solvent (water). Several
triblock copolymers have been studied both from a theoretical- [1–6] as well as from a prac-
tical [7–10] perspective, see Chapter 4. Many of these polymers, such asthe poloxamers,
were selected to have a finite (reasonably high) solubility in water, implying that if the sys-
tems are diluted below their critical micelle concentration (CMC), the micelles break up into
freely dissolved unimers. When these micelles are used to encapsulate compounds then, upon
dilution below the CMC, their cargo is released. We study biocompatible triblock copolymers
that have a very limited water solubility. The micelles may still be used as drug carriers as
one can employ alternative release strategies [11]. More specifically, we use copolymers
made from PLGA [12] or PCL [13] as the hydrophobic fragment and PEO as the hydrophilic
species. The PLGA and PCL blocks are biodegradable by hydrolysis of the esters and or
are subject to enzymatic degradation [14–17] and the PEO block is mainly excretable via the
renal pathway [18, 19].

The block lengths of the PLGA-PEO-PLGA and PCL-PEO-PCL polymers are chosen
such that they exhibit ultra-low water solubilities. Experimentally one can reproducibly fab-
ricate micellar objects by the precipitation method and thecorresponding micelles may be
referred to as frozen or ’dead’ because after their formation they do not dissolve by dilution.
Our interest is in the modeling of these structurally quenched systems by using an equilibrium
self-consistent field (SCF) theory. This is not a trivial exercise because the micellar system
clearly violates the important prerequisite of equilibration. We may justify our approachpos-
tiori , because for a particular set of interaction parameters it is found that there exists a good
correlation between the predicted micelle structure and experimental observations.

Association colloids composed of molecules in strongly selective solvents have a densely
packed core and a solvated corona. Based on this, particularly in the surfactant literature,
the surfactant packing parameterP = v/(a0 × lc) is used to assess the capability of some
amphiphile to form a certain association colloid. Herev is the volume of the hydrophobic
block(s) (tails),lc is the length of the tail(s) anda0 is the surface area occupied by the polar
fragments (head) at the CMC. ForP < 1/3 spherical micelles are preferred, whereas for
1/3< P< 1/2 cylindrical micelles form. In the range 1/2< P< 1 vesicles, forP≈ 1 planar
bilayers and forP> 1 reversed spherical micelles are expected [20, 21]. For surfactants that
have relatively short tails with little conformational degrees of freedom, the main problem
in using the packing parameter concept is to estimatea0. This quantity can be derived from
experiments. For polymeric self-assembly there are more hurdles to take. In addition to the
issue to know the area per ’head’ group, it is important to account for the conformational
degrees of freedom of the copolymers.
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In the field of polymer self-assembly it is known that the thermodynamic stability of
micelles depend on the size of the core compared to that of thecorona [22, 23]. More spe-
cifically, a particular geometry is stable when the corona islarge compared to the core. Con-
sidering, for example, micelles of which the corona is relatively small, the system is expected
to reduce the curvature. In the cylindrical geometry the ratio between surface area and volume
is less and the corona chains are forced to stretch outward inthe radial direction so that the
size of the corona increases compared to the core. With a similar argument one can envision
the choice of a system for the lamellar phase. In order to use this insight as a predictive tool,
one must get involved in the field of polymer brushes and in particular the physics of curved
polymer brushes. The analytical methods to estimate the core and corona sizes is mostly
limited to scaling relations which must be somehow calibrated.

By using the SF-SCF theory and evoking a molecularly realistic model of the polymers,
we can resolve these problems to a large extend. This gives usthe capability to predict
structural properties of the micelles for given composition of the copolymers.

In the following we will first give a brief introduction on theSF-SCF theory for micellisa-
tion. Subsequently our results are discussed and compared to experimental data presented in
more detail in the companion publication [7], see Chapter 4. In our conclusions we elaborate
on the use of an equilibrium theory to describe micelles formed by the precipitation method.

3.2 SF-SCF Theory

3.2.1 Thermodynamic considerations

Micellar solutions are macroscopically homogeneous. First and second law of thermodynam-
ics for homogeneous solutions withi = 1,2, · · · ,c different molecular components, the total
numbers of molecules of theith componentni, consisting ofc components with a chemical
potential of all componentsµi , give for the change of the internal energy dU for a homogen-
eous phase:

dU = TdS− pdV+
c

∑
i

µidni , (3.1)

where the sum is over all molecular components,S is the entropy andV the system volume.
For systems at a given temperatureT and pressurep it is often better to turn to the Gibbs
energyG≡U −TS+ pV and the change in the Gibbs energy reads:

dG=−SdT +Vdp+
c

∑
i

µidni . (3.2)

Classical thermodynamics cannot account for micellisation as specific correlations between
molecules are fully acceptable from a thermodynamic perspective and the equations in the
presence or in the absence of some finite size aggregates are completely the same. Equations
only start to be different as soon as macroscopic phase changes occur.

Motivated by the knowledge that on some microscopic level the system is inhomogen-
eous, it may be of interest to consider the small system approach advocated by Hill [24]. Hill
suggested that when there is a hidden parameter, here the number of micellesN , there is
an intensive quantityε, which Hill referred to as the sub-division potential, coupled to the
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number of micelles and the change of the Gibbs energy reads:

dG=−SdT+Vdp+
c

∑
i

µidni + εdN . (3.3)

From Eq.3.3 it follows that the sub-division potential is the work (Gibbs energy) needed to
increase the number of micelles for given number of molecules, pressure and temperature. In
equilibrium the Gibbs energy should be minimized. This mustalso apply to the dependence
of the Gibbs energy on the number micelles:

(

∂G
∂N

)

T,p,{ni}

= ε = 0 (3.4)

and the second derivative of the Gibbs energy with number of micelles should be positive.
In words, Eq. 3.4 expresses that in equilibrium there is no Gibbs energy associated to the
formation of micelles and under these conditions Eq.3.3returns to Eq.3.2obviously. Hence
the small system approach is consistent with (macroscopic)thermodynamics. The interesting
point of the small system approach is that Scheutjens-FleerSelf-Consistent Field (SF-SCF)
theory considers the system on the small system level and thesmall system thermodynamics
approach becomes meaningful. In these calculations we focus on one micelle in the center
of the spherical coordinate system of which we can change theaggregation number (by con-
sidering the number of copolymers in the small system). We may use Eq.3.4 to select the
relevant number of polymers per micelle.

Returning to Eq.3.3we notice thatG= ∑i µini + εN . The Gibbs energy per micelle is
thus:G/N = ∑i µini/N + ε from which it follows thatε is interpreted as the excess Gibbs
energy per micelle. This quantity is also referred to as the grand potentialΩ per micelle.
Hence, equilibrium in the SF-SCF protocol for micellisation is defined by the grand potential
of the micelle being zero. Below we will return to this issue obviously.

3.2.2 SF-SCF machinery

We use the classical SF-SCF model for self-assembly, which in the context of surfactant
micellisation has been presented in the literature severaltimes [1, 25–27]. Here we will
only outline the most important features so that the resultsof the modeling can be discussed
properly. We will pay attention to (i) the discretization scheme, (ii) the molecular model, (iii)
the optimization of the free energy, (iv) the propagator scheme and (v) the grand potential in
the following subsections.

3.2.2.1 The discretization

The SF-SCF model is lattice based. This means we have to defineexactly how the lattice sites
are organized. Here and below we focus on the spherical lattice. We consider lattice sites with
linear lengthb and volumeb3. The lattice sites are arranged in lattice layers with spherical
topology. Starting with a central point atr = 0, we have layers of lattice sites at coordinate
r = 1,2, · · · ,M, which are a distancerb away from the center. The number of lattice sites at
coordinater is given byL(r) = 4

3π
(

r3− (r −1)3
)

≈ 4πr2, where the approximation on the
rhs of this equation (which is accurate only for large valuesof r) shows that the number of
sites is related to the area of the shell at distancerb from the center. In this coordinate system
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we need to compute so-called site averages defined by a three-layer average of some spatially
varying quantityΦ(r), for which we use the angular bracket notation defined by:

〈Φ(r)〉 ≡ λr,r−1Φ(r −1)+λr,rΦ(r)+λr,r+1Φ(r +1) . (3.5)

In this equation thea priori step probabilities account for the geometry

λr,r−1 = λ
4π(r −1)2

L(r)
, (3.6)

λr,r+1 = λ
4πr2

L(r)
, (3.7)

λr,r = 1−λr,r−1−λr,r+1 . (3.8)

For a cubic lattice, the limiting values, that is for large values ofr, of the step probabilities
areλr,r−1 = λr,r+1 =

1
6 andλr,r =

4
6. For small values ofr there is curvature information in

the transition probabilities.
The SF-SCF theory makes use of the mean-field approximation.In practice this means

that we are going to average various properties over all sitesL(r) at a particular coordinater.

3.2.2.2 The molecular model

Scheutjens and Fleer promoted the idea that the polymeric species should be expressed in
segments that fit on the lattice. In other words, a coarse-grained description of the polymer
chains is implemented. In this approach the polymers are considered as a string of segments
with linear lengthb. Let us for convenience number the different molecules withthe index
i and focus on linear chains of which the segments have rankingnumberss= 1,2, · · · ,N.
whereN is the total number of segments in the chain. The chain topology is an input for the
calculations. This means that we have to specify exactly what the segment type is of each
segment. Segment types are generically referred with the index X. For example, we may
consider the symmetric triblock copolymersANABNBANA, which has segments of typeX = A
for the ranking numberss= 1,2, · · · ,NA ands= NA+NB+1, · · · ,2NA+NB, andX = B for
the remaining oness= NA + 1, · · · ,NA +NB. Besides polymeric species there may also be
monomeric compounds in the system. These are treated similar to the chains, yet they have
just one segments= 1. Below we will assume that the solvent has a segment typeSand is
monomeric.

For convenience we introduce the so-called chain architecture operators

δ A
s,i =

∣

∣

∣

∣

∣

1 when segmentsof moleculei is of typeA

0 otherwise
. (3.9)

These values of these operators are fully defined by the inputdata.
The target of the SF-SCF equations is to find the equilibrium distribution of all segments

and segment types in the coordinate system. The dimensionless concentration of segments
of type X at coordinater is given by the volume fractionϕX(r), which is given by the ra-
tio between the number of segments of typeX at this coordinate and the number of sites
available:

ϕX(r) =
NX(r)
L(r)

. (3.10)
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The SF-SCF theory is based on a mean-field free energy expression. This expression features
besides the segment volume fractions also segment potentials uX(r). Physically, the segment
potentials should be interpreted as the work needed to bringsegmentX from the bulk to the
coordinater. From this definition it follows that in the bulk the segment potentials are zero.

3.2.2.3 The free energy and the optimization

In the calculation, the volume occupied by theM lattice layers and the number of molecules
are specified. Hence, the Gibbs energy is the primary thermodynamic potential in the system.
Schematically the Gibbs energyG can be presented as

G({ϕ},{u},α) =

− lnQ({u})−∑
r

L(r)∑
X

uX(r)ϕX(r)+F int({ϕ}) (3.11)

−∑
r

L(r)α(r)

(

1−∑
X

ϕX(r)

)

.

Here and below we normalize all energies by the thermal energy kT. The first term on the
rhs of this equation features the mean-field partition function Q, which can be computed
once the segment potentials are known. In the mean-field approximation it is composed of
single-chain partition functions:

Q= ΠX
(qX({u}))nX

(nX)!
. (3.12)

WhereqX is the single-chain partition function of the molecule typeX, which in turn can be
computed once the segment potentials are available. To compute this quantity it is necessary
to specify the chain model. Below we will go in more detail. InEq. 3.12the variablenX is
the number of molecules of typeX in the system.

The third term on the rhs of Eq.3.12 expresses the free energy of interaction in the
system. Again, we will go in more detail below. Here it suffices to mention that it can be
evaluated once the volume fractions are known.

The second term on the rhs transforms the free energy which isspecified in the potential
domain (as expressed by the first term) to the classical free energy in the (n,V,T) ensemble.

The fourth term implements the incompressibility constraint for each coordinate. In other
words, the value of the Lagrange fieldα(r) is coupled to the requirement that on each co-
ordinate the volume fractions add up to unity. In passing we note that in the incompressible
system there is no volume work and the Gibbs energy is the sameas the Helmholtz energy.

Eq. 3.12has dependences on the segment volume fractions, the segment potentials and
the Lagrange field. The free energy as expressed in Eq.3.12not automatically has physical
significance: it needs to be minimized with respect to the volume fractions and maximized
with respect to the segment potentials and the Lagrange field. In equations we are looking
for the so-called SF-SCF point for which:

δG
δϕX(r)

= 0 , (3.13)
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δG
δα(r)

= 0 , (3.14)

δG
δuX(r)

= 0 . (3.15)

Eq. 3.13leads to an expression for the segment potentials in term of the volume fractions.
Here we take a Flory-Huggins [27] type Ansatz, wherein only nearest-neighbor interactions
are accounted for. It implements the Bragg-Williams approximation [28] and use Flory-
Huggins interaction parametersχ to specify the strength of the interactions which has non-
trivial values for the unlike contacts only

uX(r) = α(r)+∑
Y

χXY

(

〈ϕY(r)〉−ϕb
Y

)

, (3.16)

where the summation runs again over all segment types andϕb
Y is the volume fraction of

segments of typeY in the bulk.
Eq. 3.14enforces that system obeys the compressibility constraint, that is:

∑
X

ϕX(r) = 1 . (3.17)

Last, but not least Eq.3.15 leads to the rule to compute the volume fractions from the
potentials. Formally the result is

ϕX(r) =−
1

L(r)
∂ lnQ

∂uX(r)
. (3.18)

The computation of the functional derivative∂ lnQ/∂uX(r) is, in general, rather hard. For
a freely-jointed chain, however, there exist an extraordinary efficient propagator formalism
which exactly computes the volume fraction as specified by Eq. 3.18. This formalism is
outlined in the next paragraph.

3.2.2.4 The propagator formalism

Motivated by the close analogy between the diffusion of a Brownian particle and the flight
of a random walk, there exist a diffusion-like equation to evaluate the partition function of
Gaussian chains. Edwards [29] realized that the difference between the diffusion process and
the polymer chain is that the polymer cannot visit previously occupied sites. This is known
as the excluded-volume problem. He came up with a modified diffusion equation, which
corrects, in first order, for the volume interactions which in spherical coordinates reads:

∂G
∂s

=
1
6

(

1
r2

∂
∂ r

r2 ∂G
∂ r

)

−uG , (3.19)

which must be supplemented with initial and boundary conditions. The quantityG= G(r;s)
which obeys to this differential equation is related to the partition function and can be used to
compute the volume fraction distribution for a given chain molecule. We map this differential
equation onto the lattice. Here we cannot go in full details and discuss the resulting formalism
instead. By implementing it, the chain model changes from the Gaussian chain to the freely
jointed one. The fundamental difference being that formally the chain ends can be separated
beyond the contour length in the Gaussian chain, whereas it is not possible in the freely
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jointed model (finite extensibility).
Let’s introduce the free segment distribution function fora segment typeX asGX(r) =

exp[−uX(r)], which is the Boltzmann weight for a segmentX at locationr. We generalize
this quantity to the chain typei and ranking numbers dependent quantity by using the chain
architecture operators:

Gi(r,s) = ∑
X

GX(r)δ X
i,s . (3.20)

We may start for moleculei the propagators by setting the statistical weight for the first
segment to the free segment distribution function:Gi(r;1) = Gi(r,1). End point distribution
functions for segmentss along the chain now depend on similar quantities for segments−1
according to the propagator:

Gi(r;s) = Gi(r,s)〈Gi(r;s−1)〉 , (3.21)

where the angular brackets are defined in Eq.3.5. The end-point distribution of the terminal
segment is related to the single-chain partition function:

qi = ∑
r

L(r)Gi(r;N) . (3.22)

In the general case one has to compute also the complementaryend-point distribution func-
tions before the volume fractions can be evaluated. As in ourcase the triblock copolymers
are symmetric we can make use of a shortcut and compute the volume fractions by:

ϕi(r,s) =
ni

qi

Gi(r;s)Gi(r;N− s+1)
Gi(r,s)

, (3.23)

where a chain fragment withssegments is combined with one withN− s+1 segments. The
normalization with the free segment distribution is neededto correct for the fact that both
walks already have the statistical weight for the connecting segment.

In passing we note that the normalization in Eq.3.23can be used to evaluate the volume
fractions in the bulk. It can be shown thatni

qi
= ϕb

i /Ni . The volume fractions in the bulk for
the various segment typesX follow trivially from the bulk volume fractions per molecule.

The volume fraction profile of the solvent reads:

ϕS(r) = ϕb
SGS(r) , (3.24)

wherein the volume fraction of solvent in the bulk is given byϕb
S = 1−∑′

X ϕb
X; the prime

on the summation sign indicates that in the sumX = S is not included. The latter equation
enforces that the bulk is incompressible.

3.2.2.5 The SF-SCF solution and the grand potential

The previous paragraph outlined how the volume fractions can be computed from the poten-
tials and Eq.3.16 implemented the evaluation of the potentials from the volume fractions.
Numerically we search for the so-called self-consistent field solution for which the potentials
and the volume fractions are mutually consistent (we implemented a precision of at least 7
significant digits), while at the same time the incompressibility constraint is obeyed. When
this solution is found, which typically takes only a few seconds CPU time on a modern PC,
we can evaluate the free energy of Eq.3.12. Starting from the free energy we can extract
various other thermodynamic potentials. Relevant for self-assembly we should compute the
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grand potential. It is possible to evaluate the grand potential Ω from the summation over
the grand potential density:Ω = ∑r L(r)ω(r) and in turn the grand potential densityω(r) is
given by

ω(r) =−∑
i

ϕi(r)−ϕb
i

Ni
−α(r)−

1
2 ∑

X,Y

χXY

(

ϕX(r)〈ϕY(r)〉−ϕb
Xϕb

Y

)

, (3.25)

which may be interpreted as a local tangential pressure in the micelle.
In the section on the thermodynamics of micelle formation wealready mention that the

sub-division potential is related to the grand potentialΩ. The formal difference between these
two quantities is that in the grand potential as found in the SF-SCF model, the translational
entropy of the micelle as a whole is not accounted for, whereas in the sub-division potential
the translational entropy is part of it. We will consider polymer micelles for which the degrees
of freedom in the translation of the micelle as a whole can be ignored with respect to other
contributions, and therefore it is reasonable to equate thegrand potential to the sub-division
potential. Hence, our interest will be in micelles that havea vanishing grand potential only.
As this point is rather subtle, we will pay more close attention to the thermodynamic stability
of micelles at the start of the results section.

3.2.3 The Kuhn lengths

The calculations are targeted to model copolymers with PEO,PCL and PLGA blocks, see Fig.
3.1. For polymeric compounds it is required to describe the chains as Kuhn chains, so that
each segment can assume any position in space with respect tothe previous segment except
for back folding. Since the PEO parts of the copolymers stickinto the aqueous solution, and
the flexibility of the PLGA and PCL parts do not have a very different chain stiffness chains,
we use the Kuhn length of PEO chains, beingb= 0.8 nm [30], as lattice unit in the SF-SCF
computations. Each unit in terms of r thus equals 0.8 nm. For instance for a PEO chain
with a molar mass of 6.0 kDa consists ofN = M/Mmon= 6000/44≈ 136 segments,Mmon

being 44 g/mol for PEO. Each ethylene oxide monomer has a length of 0.36 nm. Hence a
Kuhn segment consists of 0.8/0.32≈ 2.22 real segments. This means the number of Kuhn
segments equals 136/2.22≈ 60 segments [30]. In a similar fashion we can estimate the
effective number of Kuhn segments for PCL and PLGA blocks andwe come to the numbers
listed in Table3.1.

Table 3.1: Number of Kuhn segments (NK) of blocks used in the copolymers studied.

Blocks in copolymers NK

PEO 6.0 kDa 60

PEO 3.0 kDa 30

PLGA 7.5 kDa 60

PLGA 3.75 kDa 30

PCL 1.9 kDa 17
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Figure 3.1: Schematic of the ring-opening polymerization of the triblock copolymers. In our case
x= y, andx+y is the number of D,L-Lactide and Glycolide repeating units randomly distributed in the
hydrophobic end blocks. In the case ofm= 136 ethylene oxide repeating unitsx+ y is 115, referred
to as TBB1, and forn = 68 ethylene oxide repeating unitsx+ y is 58, referred to as TBB2 for the
PLGA based triblock copolymers. For the PCL based triblock copolymer, referred to as TBC1, there
aren= 68 ethylene oxide repeating units withq= 17 caprolactone repeating units.

3.2.4 The Flory-Huggins parameters

A key moment is to estimate the Flory-Huggins parameters between all components in the
mixtures. It must be noted that the values of the interactionparameters should represent the
average solvent quality upon solvent exchange upto the point that the micelles become kinet-
ically frozen. It is known that PEO monomers are well-soluble in water at room temperature
and often aχ-parameter of 0.4 is used for describing PEO chains in water [31]. PCL and
PLGA are not soluble in water. Theχ-parameters of their monomers must be bigger than
0.5. It is also known that the monomers in PCL are more hydrophobic than those in PLGA.
Some preliminary calculations resulted in a set ofχ-parameter summarized in Table3.2. We
note that we did not try to fine-tune theχ-values and mention that the reasonable comparison
with experiments justifies the values used.

Table 3.2: χ-Parameters for the monomer-solvent interaction used in SF-SCF computations (EG: ethyl-
ene glycol, LGA: Lactic-co-glycolic acid and CL: caprolactone. The block lengths and the correspond-
ing Kuhn lengths are collected in Table3.1.

Monomer-solvent interaction χ
EG - water 0.4

LGA - water 1.6

CL - water 3.0

LGA - EG 1.0

CL - EG 1.0
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3.3 Results

Grand potential and equilibrium micelle

The SF-SCF model focuses on the most likely micelle for a system with specified copolymer
chain, interaction parameters and concentration in a selective solvent. In the calculations
there exists one single micelle in the center of the coordinate system bounded byM spherical
lattice layers. For a given number of copolymers in the system, it is possible to compute
the aggregation numberg, defined by the excess number of copolymers in the micelle, i.e.,
g= 1

Ni
∑r L(r)(ϕi(r)−ϕb

i ). Above it was argued that thermodynamically stable micelles obey
to ε = 0. In the SF-SCF model we compute the grand potentialΩ(g) of a micelle that is at the
center of the coordinate system and thus the micelle withouttranslational degrees of freedom.
For not too concentrated micellar solutions we may write

ε = lnϕm+Ω . (3.26)

The quantityΩ is the grand potential of the micelle of which the translational degrees of
freedom are frozen as indicated above. Adding−TS/kBT = −S/kBT ≈ lnϕm takes into
account the mixing entropy. This yields the standard state subdivision potentialε [24] which
equals zero under equilibrium conditions. Note again that all terms are normalized bykT.
Using Eq. 3.26we may compute the volume fraction of micelles from the grandpotential,
i.e. ϕm(g) = exp[−Ω(g)]. Clearly,Ω ≥ 0 or else the micelle volume fraction exceeds unity
and clearly micelles withΩ >> 1 can only exist at extremely low micelle concentrations.

From the above it is evident that it is necessary to analyze the grand potentialΩ of the
micelle as a function ofg [1, 32]. In Fig. 3.2we present, as an example, SF-SCF results for the
grand potential for a spherical micelle composed withg PLGA60PEO60PLGA60 copolymers.
These copolymers contain three blocks of 60 segments each and is described using theχ-
parameters of Table3.2. For a micelle consisting of just a few copolymersΩ increases with
g, analogously to the nucleation of small droplets in an oversaturated solution. These micelles
are thermodynamically unstable due to the large surface-to-volume ratio. Indeed as long as
∂Ω/∂g> 0, the micelle is unstable (free energy has a local maximum),implying that micelles
with this aggregation number will have a vanishing low probability. From Fig. 3.2 it is seen
that forg> 100 the grand potential becomes a decreasing function ofg. This is the signature
of micelles that become thermodynamically stable (free energy has a local minimum).

The first micelles, that is when∂Ω/∂g = 0, that are stable have an aggregation num-
berg= g∗ ≈ 100 and the concentration in solution for this system may be identified as the
CMC. For micelles withg> g∗ the grand potential decreases with aggregation number, that
is ∂Ω/∂g< 0. The chains in the corona of the micelles are packed closer and closer to each
other and this generates a pressure in the corona that opposes the growth of the micelles.

In the example of Fig.3.2the micelle concentration at the CMC is exceedingly low. From
a practical point of view we should therefore focus on micelles that have a higher aggregation
number. In surfactant problems it has been advised to focus on micelles with a reasonable
amount of translational entropy, e.g.,Ω(g)≈ 10kBT, implying a volume fraction of micelles
that are still dilute, but measurable by light scattering.

Using this Ansatz, we extract from Fig.3.2 that most-likely micelles consisting of
PLGA60PEO60PLGA60 copolymers are composed of on average 237 copolymers. Of course
one should expect that in practice there are fluctuations in micelle composition. In other
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Figure 3.2: Grand potential of formation of a micelle consisting of PLGA60PEO60PLGA60 of triblock
copolymers as a function of the number of copolymers per micelle (g).

words that micelles with a smaller or larger aggregation number must be expected. Within
the SF-SCF model it is also possible to estimate the width of the micelle size distribution.

From statistical thermodynamics it follows that∂g/∂ µ =
〈

g2
〉

−〈g〉2 = δg, often referred
to as the dispersion of fluctuations (in our case fluctuationsin the micelle size), whereinµ is
dimensionless. It can be shown that the Sf-SCF equations obey the Gibbs-Duhem relation

∂Ω/∂ µ =−g .

Multiplication of both sides with∂ µ/∂g results in

∂Ω
∂g

=−
g

δg
. (3.27)

We give the resulting micelle size distribution in Fig.3.3, assuming a Gaussian size distri-
bution. The polydispersity, as predicted by the SF-SCF model, is very narrow; the standard
deviation is just 4%. It should be realized that SF-SCF is based on a mean-field approach in
which shape fluctuations are not accounted for and thereforewe expect that the size distri-
bution is somewhat underestimated. As compared to the experimental counterpart we further
expect that the theory underestimates the width of the size distribution because in the exper-
imental samples the polymers are both polydisperse in the overall molecular weight as well
as with respect to the block sizes. A more detailed SF-SCF analysis can be implemented
to account for a distribution of chain lengths. Here we can not do this because the detailed
information about the distributions is not yet available.

In Fig. 3.4we demonstrate what happens when the PEO block length is increased, while
keeping the chain lengths of the PLGA blocks fixed. It followsthat the equilibrium number
of copolymers per micelle is decreasing with increasing chain length of the PEO block. This
effect can easily be rationalized considering the packing arguments. The outside of the co-
polymer micelle must be covered with solvophilic polymer blocks being PEO. Obviously, a
certain amount of PEO on the outside of the micelles is required in order to provide sufficient
stability. As the PEO block length increases at giveng there is more PEO on the outside of
the micelle. Henceg can be lowered to maintain the same stability of a micelle.
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Figure 3.3: Probability distribution of the number of copolymers (g) per micelle for a micelle of
PLGA60PEO60PLGA60 triblock copolymers.
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Figure 3.4: Grand potential of formation of a micelle consisting of PLGA60PEONX PLGA60 triblock
copolymers with varying PEO chain lengthsNX for NX = 60 and larger.

In Fig. 3.5we show stability curves for the case of decreasing the PEO chain length. The
most like micelle size, that isg-value, increases with decreasing PEO chain length, as can
be expected from the results in Fig.3.4. When the length of the PEO moiety is decreased
there exists a limit below which spherical micelles can no longer find their tensionless state.
This is illustrated in Fig.3.5. When the length of PEO is decreased towards a value of 30
segments, the grand potential does not drop to values nearΩ = 0, but start to increase with
g above someg > g∗∗. This implies that the theory predicts that there is an upperlimit in
the micelle concentration. Spherical micelles withg> g∗∗ are unstable and micelles with a
cylindrical or lamellar topology are expected instead. In other words, the overall composition
of the copolymers is simply too solvophobic to self-assemble in stable spherical micelles.
Obviously, there is a limit to the composition of the block copolymers that can self-assemble
into spherical micelles. We have rationalized this limit ina patent application draft [33].
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Figure 3.5: Grand potential of formation of a micelle consisting of PLGA60PEONX PLGA60 triblock
copolymers with varying PEO chain lengthsNX for NX = 60 and smaller.

3.3.1 Radial density profiles and micelle size

Once the most-likely number of copolymersg in the micelle is known, the radial segment
density profiles of all components composing the spherical micelle can be analyzed. In Fig.
3.6 we show the radial density profiles of copolymer segments, solvent, and separate PEO
and PLGA blocks for a PLGA60PEO60PLGA60 triblock copolymer micelle that corresponds
to using 7.5-6.0-7.5 kDa, see Table3.3. This micelle consists of 237 copolymers, see Table
3.4. The density profile as a function of the radial distancer, commences atr = 0, the center
of the core towards larger values, far from the micelle. It is noted thatr is given in lattice
units. Each lattice unit thus corresponds to 0.8 nm; the Kuhnlength for PEO.

Table 3.3: Comparison of experimental and theoretical SF-SCF hydrodynamic diametersDh of co-
polymeric micelles prepared using the nanoprecipitation method using copolymers of compositions as
indicated. Dht = Theoretical hydrodynamic diameter, according to SF-SCF.Dhp = Practical hydro-
dynamic diameter measured by DLS [7], see Chapter 4.|∆I | is the percentual deviation between what
is practically measured and theoretically calculated. Forcopolymer ID see Table3.4.

Copolymer ID Dhp (nm) Dht (SF-SCF) (nm) |∆I |

TBB1 45.2 45 0.44

TBB2 31.3 28 10.54

TBC1 27.2 26 4.41

In the center of the micelle, or core, there is a nearly constant volume fraction of copoly-
mers of (in this case) aboutϕ ≈ 0.87 and about 13 vol% of water molecules, also confirmed
in various other publications [34–37]. The amount of water is substantial for mixing entropy
reasons: full exclusion of water is unlikely as this costs a lot of mixing entropy. Theχ-value
between PLGA monomers and water molecules is taken as 1.6, which causes demixing, but
is not that extreme. Indeed the core will dry up with increasing χ-value. The slight increase
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Table 3.4: SF-SCF determined averaged number of copolymers per micelle g.

Copolymer Molar masses (1
kDa = 1000 g/mol)

Kuhn seg-
ments

g Copolymer ID

PLGA-PEO-PLGA 3.75-3.0-3.75 kDa 30-30-30 132 TBB2

PLGA-PEO-PLGA 7.5-6.0-7.5 kDa 60-60-60 237 TBB1

PCL-PEO-PCL 1.9-3.0-1.9 kDa 17-30-17 155 TBC1
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Figure 3.6: Equilibrium radial density profiles of water, total copolymer, PLGA blocks and PEO block
as a function of the center from a miceller. The micelle consists of PLGA60PEO60PLGA60 triblock
copolymers.

of water towards the core is caused by the presence of more PLGA end segments in the core.
Near such end groups it is somewhat less unfavourable to havewater molecules. Moreover
the chains have to stretch to reach the micelle center. By having slightly more solvent in the
core, the stretching of the chains can be reduced somewhat.

Around r = 20 the water concentration (dash dot line) increases significantly and the
copolymer concentration drops correspondingly. The distribution of the PLGA (dash line)
and PEO blocks are also plotted (dot line). The hydrophobic PLGA monomers are in the
core, while the PEO segments are completely expelled from the core and are all located in
the micellar corona. The PEO density goes through a maximum of about 25 vol% of segments
providing steric stabilization. A rough estimation of the size can already be made based on
these density profiles. Nearr = 30 the density profile of copolymer segments drops to such
low values that these can not be seen in these coordinates. This means an effective radius of
about 30 times 0.8 nm= 24 nm or a diameter of 48 nm.

Since we measure the averaged hydrodynamic diameterDh using dynamic light scattering
we also computed the hydrodynamic diameter of the micelles using Brinkman-Debye theory
[38, 39], for which the copolymer density profile is needed as input.The resulting values for
Dh are plotted in Fig. 3 of the companion publication [7], see Chapter 4, soDh = 45 nm for
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the copolymer density profile in Fig.3.6. This value corresponds very well to the predicted
hydrodynamic diameter given in Table3.3. In view of polydispersity effects and uncertainties
in estimating the properties of the micelles for the SF-SCF computations we may only claim
that the micellar size can be well predicted. It seems therefore that the micelles can be
described by an theory that focuses on equilibrium structures.
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Figure 3.7: Equilibrium radial density profiles of water, total copolymer, PLGA blocks and PEO block
as a function of the center from a miceller. The micelle consists of PLGA30PEO30PLGA30 triblock
copolymers.

In Fig. 3.7 we show the radial density profiles of a PLGA30PEO30PLGA30 triblock co-
polymer micelle composed of 3.75-3.0-3.75 kDa PLGA-PEO-PLGA triblocks (Table3.3).
This micelle consists of 132 copolymers (Table3.4).

In comparison to the profile in Fig.3.6for the micelle with larger copolymers we observe
the density profile inside the core of the micelle varies morestrongly. Also the size of the
micelles is smaller as can be expected; the hydrophobic chains are only 30 segments long,
so the cores are smaller, and the stabilizing PEO chains on the outside are smaller as well.
As a rough estimation one might speculate thatg is half of the value for micelles composed
of PLGA60PEO60PLGA60 micelles (g= 237). Indeed theg value of 132 is only a bit larger
than an estimated 119. As a consequence the size should in a naive picture scale asd1 ≈
d2(1/2)1/3, implying a diameter of about 36 nm ford2 = 45 nm. Still, the SF-SCF size of 28
nm (Table3.3) is even smaller. Hence more copolymer as expected is neededto stabilize a
smaller particle as the molar mass decreases.

Next, we discuss the effect of encapsulation of hydrophobiccompounds in the triblock
copolymer micelles. Here we choose PLGA (homopolymer) chains with a molar mass of 20
kDa , corresponding to 180 segments, as the guest molecules.These will be fairly insoluble
in the aqueous bulk and will prefer to be encapsulated in the core of the micelle because of the
PLGA environment. The composition of the micelle with 7.6% encapsulated free PLGA in a
micelle composed of identical copolymers as in Fig.3.6is plotted in Fig.3.8. The number of
copolymers per micelle now increased from 237 to 337 and the diameter increases from 45
to 51 nm. As expected we see that, whereas the PLGA monomer concentration in the core is
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Figure 3.8: Equilibrium radial density profiles of water, total copolymer, PLGA blocks and PEO block
as a function of the center from a miceller. The micelle consists of PLGA60PEO60PLGA60 triblock
copolymers with added free PLGA180 copolymers.

constant, the free PLGA is more concentrated close to the centre of the micelle and the PLGA
monomers connected to the triblocks concentrate in the outer core region. Not shown is the
finding that the influence of molar mass of the free PLGA is nearly imperceptible. SF-SCF
obviously enables to study encapsulation effects and efficiencies. Once all Flory-Huggins
χ-parameters are known between any drug molecule, the polymer segments and the solvent,
SF-SCF allows studying encapsulation equilibriums. This computation inspired us to make
the study leading to the results that will be presented in thecompanion publication [7], see
Chapter 4.

We have also studied triblocks with the hydrophobic polymerPCL, replacing PLGA. In
Fig. 3.9we have plotted SF-SCF results for a micelle composed of PCL17PEO30PCL17 trib-
lock copolymers using 1.9-3.0-1.9 kDa PCL-PEO-PCL triblocks (see again Table3.3for the
χ-parameters used). For this micelle we find it consists of 155copolymers per micelle (Table
3.4). Since theχ-parameter is estimated to be substantially larger (3.0) the core now hardly
contains water and can merely be viewed upon as a PCL melt environment. In the corona the
PEO again goes through a maximum volume fraction that now reaches a maximum value of
nearly 50 vol% of PEO segments. It seems the PEO segments herescreen the hydrophobic
core more strongly. They interact as a ’mediator’ between water and the very hydrophobic
core and in this case the peak is more sharp due to a more hydrophobic core environment.
This might also have consequences for drug release; once thedrugs leave the hydrophobic
core the drugs need to pass the PEO barrier before they are released from the micelle.

In summary, we have shown that the SF-SCF theory may be used asa tool to unravel the
structure-function relationship between copolymer composition and micellar size and mor-
phology, also for situations that the resulting micelles are structurally quenched. Hence, using
SF-SCF predictions allow for more efficient experimentation. As discussed more thoroughly
in the companion publication [7], see Chapter 4, by utilizing this approach we were able to
prepare nanosized particles consisting of PLGA-PEO-PLGA (7.5-6-7.5 kDa and 3.75-3-3.75
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Figure 3.9: Equilibrium radial density profiles of water, total copolymer, PEO blocks and PCL block
as a function of the center from a miceller. The micelle consists of PCL17PEO30PCL17 triblock
copolymers.

kDa) or PCL-PEO-PCL (1.9-3-1.9 kDa) block copolymers in which (several) hydrophobic
compounds can be encapsulated, see Chapter 4. One of the reasons to do this is that Ostwald
ripening was minimized. Stabilization of micelles by blockcopolymers prevents particle ag-
gregation, but the stabilizing polymer layer is open enoughto allow solute mass transfer. In
order to prevent/minimize solute transfer it is desired to tune the particle core composition to
prevent this mass transfer. Additionally, the solubility of the encapsulated compound can be
decreased by antisolvent addition to the bulk resulting in asignificant slow down of Ostwald
ripening. The extremely low solubility of the used triblockcopolymers limits copolymer ex-
change between micelle and bulk again minimizing solute mass transfer and slowing down
Ostwald ripening. There is no need to use surfactant in this process, conventional nanoprecip-
itation processes need an excess of surfactant, mostly verywater soluble with relative high
CMC’s. Since we incorporated the surfactant function in thepolymer backbone no exchange
of adsorbed and free surfactant is needed for stable suspensions. This also avoids wash-
ing the nanoparticle suspension to remove excess of free surfactant used in the process and
limits Ostwald ripening. We were able to synthesize different kinds of triblock copolymers
allowing simultaneous tuning of the size and loading. When performing the nanoprecipita-
tion process there is hardly an influence of temperature and triblock copolymer molar mass
polydispersity. However, using these micelles in electrolytes, e.g. in vivo, care must be
taken to avoid destabilization of the micelles due to electrostatic interactions. Non reported
data shows that it is feasible to perform the nanoprecipitation process, using the mentioned
triblock copolymers, in different electrolytes at different pH’s and that the suspension stays
stable in time.
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3.4 Conclusions

We have shown that SF-SCF predictions provide an accurate prediction of structural prop-
erties of micelles processed via nanoprecipitation and composed of PCL-PEO-PCL and
PLGA-PEO-PLGA copolymers. The hydrodynamic size that follows from these computa-
tions matches surprisingly well with the measured particlesizes from dynamic light scatter-
ing. From the computations it follows that the size of the nanoparticles is determined by the
number-averaged molar mass of the block copolymers; polydispersity hardly affects the size
of the micelles. We may speculate about reasons why an equilibrium theory can be used for
an intrinsically off-equilibrium micelle formation process. One must realize that in the mi-
celle formation procedure the solvent quality goes from a good solvent to a selective solvent.
We may suggest that this solvent exchange is sufficiently slow so that chains can respond
for some time to a local equilibrium, which we can mimic usingsome effective (intermedi-
ate) parameters. When the solvent quality subsequently becomes more extreme, the cores
solidifies and the aggregation number is quenched. The latter may occur relatively suddenly
in the process, so that the chains effectively cannot respond to these more selective solvent
conditions. The prediction of the aggregation number corresponding to the quench point is
apparently possible using a set of effective interaction parameters. For given aggregation
number, the theory can then predict accurate radial distribution functions and corresponding
hydrodynamic sizes. Modifications of the nanoprecipitation method, for instance by chan-
ging the initial solvent quality and/or the exchange time for the solvent going from good to
selective, is expected to have an influence on the best valuesfor the interaction parameters
that should be used in subsequent SF-SCF modeling. However,once calibrated for given
process conditions, one can proceed also for these new conditions to predict by the SF-SCF
theory a value for the aggregation number, the hydrodynamicsize and loading capacities.
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Abstract

We report on the formation of polymeric micelles in water using triblock copolymers with
a polyethylene oxide middle block and various hydrophobic outer blocks prepared with the
precipitation method.
We form micelles in a reproducible manner with a narrow size distribution. This suggests that
during the formation of the micelles the system had time to form micelles under close-to ther-
modynamic control. This may explain why it is possible to usean equilibrium self-consistent
field theory to predict the hydrodynamic size and the loadingcapacity of the micelles in
accordance with experimental finding.
Yet, the micelles are structurally quenched as concluded from the observation of size
stability in time. We demonstrate our approach enables to prepare rather hydrophobic block
copolymer micelles with tunable size and loading.

keywords: Micelle, (nano)precipitation, particle size prediction,encapsulation, block co-
polymers.
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4.1 Introduction

Encapsulating active compounds in a controlled fashion is of paramount importance for ap-
plications in food [1–3] and pharmaceutical technology [4–6]. One can use nanosized mi-
cellar structures formed by amphiphilic molecules in a selective solvent. Here we focus on
water as the (selective) solvent and consider block copolymers with two apolar and one po-
lar block, the so-called ABA block copolymers where A is an apolar block and B a polar
block. The hydrophobic entities are collected in a compact core, whereas the water soluble
compound remains hydrated and forms a corona. Flavors, vitamins and drugs are often rather
hydrophobic ingredients for which polymeric micelles are promising carriers, with potential
for controlled encapsulation of compounds at high loadings. Additionally, using polymeric
micelles offers routes to control release, stability and bio-distribution of active agents in the
body. The bio-distribution mainly depends on the micelle size and corona structure [7–10].
It is known that small sized micelles, e.g., below 30 nm, distribute freely in the human body
due to a lack of tissue retention/obstruction. Larger sizedobjects, i.e., exceeding 400 nm,
may cause problems in the vascular system, especially in thecapillaries which can easily be
obstructed by such particles. Indeed, sizes below 100 nm result in relatively long circulation
times and these objects can accumulate in inflammatory or tumor tissues by the enhanced
permeability and retention (EPR) effect [11–15]. This phenomena can be exploited to give
passively targeted drug delivery systems. There is ample evidence that the average size and
its size distribution mainly determine the biological fate, and therefore also the efficiency of
a treatment, when nanoparticles/micelles are used for drugdelivery purposes. The corona
composition is also of importance for the distribution and tissue uptake of the particle. It
has been shown that PEGylated entities, sometimes called stealth or ’disguise’ particles, have
even longer blood circulation times [16]. Furthermore, presence of the cationic surfactant
dimethylammonium bromide on the surface of a particle was shown to improve uptake by
arterial tissue [17, 18].

There is a broad range of amphiphiles, for instance poloxamers and PEO-PCL or PEO-
PLGA (di- and tri-) block copolymers, that can be used to prepare micelles with encapsulated
hydrophobic compounds [19–29]. Relatively polar copolymers and surfactants that readily
dissolve in water form rather dynamic micelles with unimeric exchange rates up to the micro-
second time scale [30, 31]. Encapsulated compounds in such micelles will also be released
rapidly because usage as drug delivery systems is always accompanied with significant di-
lution. A fast unimer exchange implies a high CMC and therefore a fast release, almost
instantaneously upon administration.

We may distinguish thermodynamically stable systems, which have an equilibrium size
and typically a narrow size distribution that do not depend on the route of how the micelles
are formed, from kinetically frozen aggregates. For the latter the route of formation becomes
important. Kinetically frozen aggregates may show Ostwaldripening, a phenomenon that
over extended periods of time large particles grow at the expense of smaller ones [32], sim-
ilarly as emulsion droplets. The growth of large particles at the expense of smaller ones is
facilitated by the solubility of the constituent moleculesin the solvent. Copolymers with a
sufficiently long hydrophobic block form micelles at very low critical micelle concentrations.
The micelles have a compact hydrophobic core and a hydrated corona. Although the chain-
parts in the corona continuously change conformations due to thermal motion, the chainparts
that form the core are much less dynamic. Indeed, very often the core is in the glassy state.
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The combination of a low (unimeric) polymer concentration in the bulk (low CMC) and the
slow dynamics in the core (glassy core), results in marginalOstwald ripening. Micelles with
limited Ostwald ripening have a long shelf life.

A complication is that such ’frozen’ micelles cannot be prepared by simply dissolving the
copolymer in water, since water is a non-solvent for the relatively long hydrophobic blocks
of the copolymers. We apply he ’solvent shifting’ or nanoprecipitation procedure [33–36]
to prepare micelles in aqueous solutions composed of otherwise water-insoluble polymers.
In this procedure, the (co)polymers are first dissolved in anorganic (good) solvent for both
blocks. The solvent should also have a reasonable miscibility with water. This solution is
subsequently added, rapidly, to an excess of water. During the mixing procedure the block
copolymers gradual goes from a good solvent to selective solvent conditions, because the
organic phase is dispersed in the water phase. As a result, the core-forming blocks aggregate
(as they are insoluble) and form the micellar cores. The solvophilic blocks remain solvated
during the solvent exchange process and accumulate outsidethe core to form a corona. It
is expected that in the core the organic phase will preferentially accumulate. This keeps the
micelles mobile for some time. Depending on the conditions,however, the organic phase
may be lost for the micelles and then the polymeric micelles go into a ’frozen’ or ’dead’
state, meaning that they no longer can exchange copolymers between each other. One may
intuitively expect that the solvent exchange is very fast and the micelles become very quickly
trapped in a frozen state. However, this is not always the case and one can, alternatively,
imagine that the micelles have sufficient time to equilibrate their size and possibly to some
extend their size distribution. In such a scenario, it is feasible that the micelle size and micelle
size distribution are dictated by some equilibration process that continued in one way or
another until (relatively suddenly) the constituent molecules lose their mobility. In this line
of reasoning it is fair to try to attempt a modeling effort to seek guidance to rationalize the
relation between molecular structure and micellar topology.

To this end we performed numerical Scheutjens-Fleer self-consistent field (SF-SCF) com-
putations. The method and results are explained in [37], see Chapter 3. SF-SCF is known to
be very accurate for densely packed polymer systems including micellar structures [38–41].
However, the theory pre-assumes that the molecules have reached their thermodynamic equi-
librium. Although we are sure that the final micelles are kinetically frozen, we envision that it
is possible that we can find effective parameters that are relevant for the micelles that are be-
ing formed transiently and to some extend were under thermodynamic control. The molecules
form flower-like micelles in the dispersions studied which is supported by unpublished cryo-
TEM analyses and DLS measurements at higher triblock copolymer concentrations. This
implied that the corona is built up by looping chains, which arguably have some advantage
for targeting. The idea for this is that, when a minority amount of the triblocks is replaced
by copolymers for which one hydrophobic block is replaced bya (water-soluble) targeting
moiety, one has flower-like micelles intermixed with polymers that have their targeting moi-
ety dangling well outside the corona of the remaining triblock copolymers. This makes the
targets to be better, biologically, accessible.

In the following we will first give information on the polymeric species. In the results sec-
tion we will focus on the characterisation of the micelles and elaborate on the use of SF-SCF
modeling. In our conclusions we argue that the micelles formed by the precipitation method
assume a structure that resembles equilibrium characteristics that were present somewhere in
the production process.
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4.2 Experimental aspects

4.2.1 Copolymers and amphiphiles

The used polymeric surfactants are all amphiphilic copolymers with a general composition of
A-B-A, where A is the hydrophobic group poly(lactic-co-glycolic)acid, poly(ε-caprolactone)
(further referred to as: PLGA and PCL) and B the hydrophilic group polyethylene oxide,
polyvinyl pyrolidone, polyvinyl alcohol (PEO, PVP, PVA). The (co-)polymer blocks of which
these triblock copolymers are made of comply with the following prioritized requirements:
non-toxic, biocompatible, biodegradable and excretable.

The hydrophilic part of the copolymer is PEO, exhibiting good water solubility and meets
the above requirements. Although its non degradability PEOis non-toxic and can easily be
removed from the body by the normal excretion pathways as long as the molecular weight is
below 20 kDa [42]. The hydrophobic part consists of known biodegradable polymers used in
commercially available drug delivery applications: PLGA and PCL.

4.2.2 Stability; dynamic, static or dead/frozen micelles

In order to prepare ”frozen” micelles in water several requirements need to be met. Import-
antly, water should be a selective solvent for the surfactant/copolymer, that is, a non-solvent
for one block and a good solvent for the other. It is known thatthe logCMC∝ Nt , whereNt is
the number of apolar segments in the copolymer/surfactant.Provided the non-solvent block
is long enough (Nt >> 1), this results in a extremely low CMC-values, inhibiting Ostwald
ripening. Finally, the conditions of the core forming blockshould be such that the mobility
of the chains is retarded, that is, preferably there should not be a plasticizer in the system.
Typically, these requirements preclude using the normal way of making micelles by dissolv-
ing the surfactant/copolymers, because of the exceedinglylow critical solution temperature
(LCST), in the surfactant science often referred to as the Krafft temperature [43, 44].

To overcome this we opted for the nanoprecipitation method:One first co-dissolves the
active ingredient, the stabilizer and the excipient, that is, the surfactant/copolymer together
with a compound that protects or tunes the release of the active ingredient, in a suitable
water-miscible common solvent and then precipitates it into a nanoparticulate form in water,
which is a selective solvent. The common solvent is used to bring the copolymers into a
homogeneous molecular solution, from which the self-assembly into micelles proceeds when
added to a selective solvent: one block avoids the selectivesolvent and forms the core and the
other blocks remain solvated and form the corona. Typically, the macromolecular nature of
the species involved prevents the molecular dispersion of the copolymers. In other words, the
bulk concentration of the copolymers (unimers) is extremely low resulting in static or frozen
micelles, minimizing the possible elution of active ingredients and or excipients out of the
particle.

The micellar shape strongly depends on the copolymer composition. Typically the spher-
ical shape is stable as long as the dimension of the (highly solvated) coronaH exceeds that
of the (almost solvent free) coreRc. The core forming blocks collapse and then occupies

a volume proportional to its length. Thus the size of the coreis proportional toRc ∝ N1/3
t .

The corona block, on the other hand, remains solvated and is grafted by the ends onto the
cores. Due to the lateral interactions the corona blocks become stretched outward and form
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a molecular brush. The height of the brushH (equal to the corona size) is proportional to
the degree of polymerizationNt , that isH ∝ N1

t . Hence, the stability of the spherical micelle
may occur already for relatively short corona blocks (Nc < Nt ). Of course, in principle it
remains possible that the dimension of the core and that of the corona are comparable. Then
the cylindrical or lamellar structures become the geometryof choice. In the current project,
however, the corona block is long (dimensionally big) enough to expect spherical micelles to
form.

The molecular weight of the micelle, that is the number of copolymers in one micelle,
is also controlled by the copolymer composition. Basically, the longer the corona block the
smaller the aggregation number, whereas an increase in the molecular weight of the core
forming blocks increases the aggregation number. The molecular weight of the micelle is
also a strong function of the driving force for micellisation. In some mixtures of a common
solvent and a selective solvent the driving force is expected to increase with the increase of
the ratio ’selective solvent’ / ’common solvent’. Indeed, during the precipitation procedure
we expect the driving force to be an increasing function of the time after the addition of the
selective solvent. In the SF-SCF modeling [37] we have simplified this process by taking
a simple selective solvent, which presents a moderate driving force for micellisation. This
leads to predictions in trends in micelle size and molecularweight which can directly be
tested experimentally.

The micelles that can be generated by the precipitation method have ideal sizes for drug
delivery formulations. These formulations are very stablein time and the elution profiles can
be governed by the excipients, species only present in the core of the micelle together with
the active ingredient, and the used copolymer, present on the interface between micelle core
and corona. Most release profiles are governed by diffusion and or desorption, an excipient
can alter the desorption of an active ingredient from micellar core to corona and thus hav-
ing an effect on release. In other cases an excipient can alsoact as a preservative for the
active ingredient. Butylhydroxytoluene [45, 46] (BHT) or β -carotene [47] is often used as
a preservative (antioxidant), to avoid oxidative decline of the active ingredient due to oxy-
gen, hydrolyses, salt, pH or other chemical species chemically altering the original active
ingredient.

4.2.3 Self-consistent field theory and molecular model

The theoretical toolbox for the study of self-assembly of copolymers is not very large. Import-
ant for the success is that the molecular structure of the copolymers is relatively accurately
accounted for both from a structural as well as well as from aninteractions point of view.
Molecular simulations can be used, but effectively need a significant coarse graining step in
order to keep the simulation time within reasonable bounds.As an output, simulations give
very detailed picture, that is, the micelle structure presents itself in full glory. Importantly,
the thermodynamic information of the system is typically lacking and therefore it is hard to
estimate the relevance of a particular micellar structure for a practical system of interest.

In this work we opt for an approximate mean-field approach. More specifically we choose
for the Scheutjens-Fleer self-consistent field (SF-SCF) method. The important argument in
favor of this approach is that the method starts with a (mean field) free energy formula and
therefore the results are readily analyzed in the thermodynamic context. This means that
one can estimate more easily the relevance of a particular result for the experimental system.
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The optimization of the mean-field free energy gives structural information of the micelles,
which is still rather detailed. The fact that the micelles are composed of copolymers that
are densely packed appears important. For this situation each molecule interacts with many
neighbors and therefore the mean-field approximation is relatively accurate. On top of this
the calculation time is extremely short (in comparison to simulations). Last, but not least,
molecularly realistic models can be implemented with relatively few effective interaction
parameters. Although, in principle the interaction parameters can be measured, in practice
they are largely unknown. The same holds true, obviously, for the current systems under
investigation.

Polymers are considered to be composed of (so-called) Kuhn-segments, see Table4.1. A
Kuhn-segment occupies one grid unit (r) in our calculations which corresponds with 0.8nm.
This allows for the use of a freely-jointed chain model. Within this chain model, there exists
an efficient procedure to compute the partition function andthus full thermodynamic inform-
ation can be obtained. In this approach the architecture of the chain parts in the copolymers
is accurately accounted for. The interactions are accounted for using the Bragg-Williams
approximation, which ignores local density correlations analogous to the Flory-Huggins the-
ory for polymer solutions. The Flory-Huggins interaction parameters that specify the solvent
quality of the segments, as well as the interactions betweenthe segments are easily estimated
see Table4.2.

Table 4.1: Number of Kuhn segments (NK) of compounds studied.

Blocks in copolymers NK

PEO 6.0 kDa 60

PEO 3.0 kDa 30

PLGA 7.5 kDa 60

PLGA 3.75 kDa 30

PCL 1.9 kDa 17

β -carotene 5

Rapamycin 9

As the accurate value of the interaction parameters dependson how many details of the
polymeric chains is accounted for, it is not trivial to tabulate these. Hence, one should cal-
ibrate the parameter for each system under investigation. This means that there should be
relevant experimental observables to do so. In practice therefore, one typically selects a par-
ticular case (here a particular copolymer system), adjuststhe interaction parameters somehow
until there is a reasonable match between, e.g., the micellesize predicted by theory and found
experimentally. Subsequently, the set of parameters is fixed and the model is used to predict
the structural features of the micelles for other systems. In Fig. 4.1equilibrium density pro-
files of active ingredient loaded PLGA based triblock copolymer micelles are shown compar-
ing the SF-SCF calculated and DLS measured hydrodynamic diameters. In Fig.4.1 (a) the
loaded active ingredient isβ -carotene, see Fig.4.6 for the stability data of theβ -carotene
loaded micelles. In Fig.4.1(b) the loaded active ingredient is rapamycin, see Table4.16for
the stability data of the rapamycin loaded micelles. We refer to ref. [37] for more details.
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Table 4.2: χ-Parameters for the monomer-solvent interaction used in SF-SCF computations (EG: ethyl-
ene glycol, LGA: Lactic-co-glycolic, CL: caprolactone, BC: β -carotene and Rapa: rapamycin. The
block lengths and the corresponding Kuhn lengths are collected in Table4.1.

Monomer-solvent interaction χ
EG - water 0.4

LGA - water 1.6

CL - water 3.0

LGA - EG 1.0

CL - EG 1.0

BC - water 4.0

BC - EG 1.0

BC - LGA 0.4

Rapa - water 6.0

Rapa - EG 1.0

Rapa - LGA 0.4 or 2.0
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Figure 4.1: Equilibrium radial density profile of water, total copolymer, PLGA blocks and PEO block
as a function of the center from a miceller. (a): β -carotene added to a PLGA30PEO30PLGA30 triblock
copolymer micelle. (b): Rapamycin added to a PLGA60PEO60PLGA60 triblock copolymer micelle. In
this way we compare via SF-SCF and DLS measurement the influence on the hydrodynamic diameter
and the difference between the theoretical calculation andthe experiment. The SF-SCF hydrodynamic
diameter in Fig. 4.1 (a) is calculated as follows:(20∗ 0.8)(nm) ∗ 2 = 32(nm) and for Fig. 4.1 (b):
(28∗0.8)(nm)∗2 = 45(nm).
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4.3 Materials and methods

4.3.1 Materials

All triblock copolymers were synthesized by ring-opening polymerization of D,L-lactide,
glycolide or caprolactone using PEO-(3.0 kDa and 6.0 kDa)-diol as an initiator and stannous
octoate as a catalyst at 150◦C under vacuum. D,L-Lactide and glycolide were purchased
from Purac (Goringchem, the Netherlands), polycaprolactone andβ -carotene from Sigma
(St. Louis, USA). PLGA 20 kDa was purchased from Ingelheim Boehringer (Ingelheim
am Rhein, Germany). Polycaprolactone 80 kDa was purchased from Solvay (Oudenaarde,
Belgium) PEO (3.0 kDa and 6.0 kDa) and Sn2Oct were purchased from Aldrich (St. Louis,
USA). Acetone was purchased from BASF (Bayern, Germany). Rapamycin was purchased
from Oscar Tropitzsch (Germany).

4.3.2 Methods

4.3.2.1 Ring-opening polymerization method for the triblock copolymers [48, 49]

PLGA-PEO-PLGA triblock copolymers
The PEO was weighed into a two-necked round bottle flask afterdrying for 24 hours in
a vacuum oven at 90◦C and subsequently placed in an oil bath at 150◦C. A vacuum was
employed for at least 60 minutes before continuing the synthesis. The addition of lactide
and glycolide (molar ratio of lactide:glycolide = 50:50) was carried out by removing the
vacuum and at the same time flushing with nitrogen gas. When a homogeneous melt was
obtained under stirring, the catalyst, stannous octoate (Sn2Oct), was added in the same way
as the addition of the monomers. The reaction conditions were maintained for 20 hours
whereafter the vacuum was replaced by nitrogen gas and the ring-opening polymerization
was completed, see Fig.4.2 for reaction scheme and Table4.3 for synthesis weights. The
copolymers obtained in this way are listed in Table4.5.

O
HHO +

O

O

O

n

O

+
O

O

O

O

T=150ºC, nitrogen atmosphere

Tin(II)-octoate

O
O

O

O

O

O

O

O

HO

O
n or m x

H

yxy

O
HHO +

n

T=150ºC, nitrogen atmosphere

Tin(II)-octoate

O
O

nq

O

O

O

HO

O

O
H

q

Figure 4.2: Schematic of the ring-opening polymerization of the triblock copolymers. In our case
x= y, andx+y is the number of D,L-Lactide and Glycolide repeating units randomly distributed in the
hydrophobic end blocks. In the case ofm= 136 ethylene oxide repeating unitsx+ y is 115, referred
to as TBB1, and forn = 68 ethylene oxide repeating unitsx+ y is 58, referred to as TBB2 for the
PLGA based triblock copolymers. For the PCL based triblock copolymer, referred to as TBC1, there
aren= 68 ethylene oxide repeating units withq= 17 caprolactone repeating units.
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Table 4.3: PLGA-based triblock copolymer synthesis weights.

Triblock Initiator; hydrophilic Hydrophobic blocks Catalyst

copolymer ID PEO block (grams) D,L-Lactide
(grams)

Glycolide
(grams)

Sn2Oct (mg)

TBB1 PEO-6000-diol; 2.8467 3.9131 3.2471 4.4

TBB2 PEO-3000-diol; 2.8573 3.9098 3.3233 4.4

PCL-PEO-PCL triblock copolymers
The PEO along withε-caprolactone was charged in a 100 mL round bottomed flask. The
reaction mixture was heated to 100◦C and stirred till a homogenous mixture was formed.
A catalyst stock solution of tin(II)octoate was prepared inhexane. 1 mL of the catalyst
stock solution was added to the reaction mixture at 100◦C. The reaction mixture was further
heated to 150◦C for an additional 18 hours (overnight) to allow the reaction to proceed. The
following morning the reaction mixture was cooled to room temperature, an off white waxy
solid material was obtained, Table4.4shows the synthesis weights. The copolymers obtained
in this way are listed in Table4.5.

Table 4.4: PCL-based triblock copolymer synthesis weights.

Triblock
copolymer ID

Initiator; hydrophilic
PEO block (grams)

Hydrophobic blocks
ε-caprolactone
(grams)

Catalyst-solution
58.10 mg Sn2Oct/
5mL Hexane (mL)

TBC1 PEO-3000-diol; 8.8554 11.1555 1.000

Table 4.5: Triblock copolymers ID and composition.

Triblock ID Triblock (A-B-A) copolymer composition

PLGA-block (A) PEO-block (B) PLGA-block (A)

TBB1 7.5 kDa 6.0 kDa 7.5 kDa

TBB2 3.75 kDa 3.0 kDa 3.75 kDa

PCL-block (A) PEO-block (B) PCL-block (A)

TBC1 1.9 kDa 3.0 kDa 1.9 kDa

4.3.2.2 Purification of the synthesized triblock copolymers

The triblock copolymer was dissolved in acetone at a weight percentage of 10-20%, filtered
over an Acrodisc premium 25 mm Syringe filter, GxF/0.45µm PVDF membrane, to remove
particulate impurities and dust particles, which can interfere with the nanoprecipitation pro-
cess, collected into an 500 mL PTFE beaker and evaporating ofthe solvent over night (10-12
hours) at maximum 40◦C and minimum 300 mbar.
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4.3.2.3 Nanoprecipitation / nanoparticle preparation method

Typically, 300 mg of copolymer was weighed and dissolved in 5.000 mL of acetone
resulting in a clear copolymer solution after 30 minutes on an orbital shaker. Prior to the
nanoprecipitation process all solutions (milliQ water, copolymer-, copolymer / excipient
(homopolymer)- and copolymer / active ingredient- solutions) were filtered over an Acrodisc
LC25 mm Syringe filter 0.2µm PVDF membrane. See Fig.4.3 for basic nanoprecipitation
process setup. In order to obtain excipient loaded micelles300 mg copolymer was weighed
and subsequently dissolved in solvent, the excipient was weighed and dissolved in the
copolymer solution. The excipients were chosen from two different homopolymers. The
weight percentage of the excipient in ratio to the copolymerwas calculated as follows:
weight% = [(excipient mass)/(excipient mass + copolymer mass)× 100]. A volume of 0.400
mL of the copolymer or copolymer/excipient solution was added to 10.00 mL of aqueous
solution with an Eppendorf pipette, the addition with the pipette was carried out within one
second, whereafter the suspension was manually homogenized within five seconds.

Figure 4.3: Schematic of basic nanoprecipitation process setup.

Nanoprecipitation reproducibility
To check the reproducibility of the nanoprecipitation process three different formulations
were made, weighed and dissolved, at three different days per triblock copolymer type. After
nanoprecipitation the sample was measured within 15 minutes. TBB2 and TBC1 triblock
copolymers were used to check the reproducibility of ’empty’ micelles. The TBC1 triblock
copolymer was also mixed with an active ingredient, rapamycin, to check the reproducibility
on the active ingredient loaded nanoprecipitation process. Table4.6shows the concentrations
used of the TBB2 and TBC1 copolymer in the nanoprecipitationsetup. 0.400 mL of the
copolymer solution was precipitated in 10.00 mL MilliQ water. Table4.7shows the weights
of the used copolymer triblock together with the active ingredient rapamycin (RAPA)
weights in the nanoprecipitation setup. 0.400 mL of the copolymer/active ingredient solution
was precipitated in 10.00 mL MilliQ water.
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Table 4.6: Different weights for the reproducibility test on the nanoprecipitation process
for ’empty’ triblock copolymer, TBB2 (PLGA30PEO30PLGA30; 3.75-3.0-3.75 kDa) and TBC1
(PCL17PEO30PCL17; 1.9-3.0-1.9 kDa), based micelles.

Triblock ID Triblock mass (mg) / mL acetone Sample ID Group ID

TBB2 59.89 TBB2R1
TBB2RTBB2 60.07 TBB2R2

TBB2 60.13 TBB2R3

TBC1 60.07 TBC1R1
TBC1RTBC1 60.28 TBC1R2

TBC1 60.19 TBC1R3

Table 4.7: Different weights for the reproducibility test on the nanoprecipitation process for active
ingredient, rapamycin, loaded micelles for TBC1 (PCL17PEO30PCL17; 1.9-3.0-1.9 kDa) triblock co-
polymer based micelles.

Triblock ID Triblock mass (mg)
/ mL acetone

Mass active ingredi-
ent (RAPA; mg)

Sample ID Group ID

TBC1 30.14 1.59 TBC1RE1
TBC1RETBC1 30.05 1.63 TBC1RE2

TBC1 30.11 1.54 TBC1RE3

Single excipient, homopolymer, loaded micelles
The interest in copolymer micelles is in part due to their relatively large loading capacity,
even for relatively high molecular weight compounds, the following experiments were
carried out. All three triblock copolymers were tested together with a homopolymer as an
excipient to determine the loading capacity / capability and the relation between excipient
weight percentage and size. TBB1 copolymer was made in a stock solution of 62.68 mg
TBB1 triblock copolymer per mL acetone (1.2536 gram / 20.00 mL acetone). Different
masses (see Table4.8) of PLGA 20 kDa were weighed into a vial. Afterwards 1.000mL
of the TBB1 triblock copolymer solution was added to all weighed excipients. TBB2
copolymer was made in a stock solution of 63.45 mg TBB2 triblock copolymer per mL
acetone (0.6345 gram / 10.00 mL acetone). Different masses (see Table4.9) of PLGA 20
kDa were weighed into a vial. 1.000 mL TBB2 triblock copolymer solution was added
to the excipient vials. TBC1 copolymer was made in a stock solution of 63.21 mg TBC1
triblock copolymer per mL acetone (0.6321 gram / 10.00 mL acetone). Different masses (see
Table4.10) of PCL 80 kDa were weighed into a vial and dissolved as the other copolymer
excipient solutions. After complete dissolution on an orbital shaker, resulting in a clear
copolymer / excipient solution, the solution ready to be precipitated in MilliQ water (0.400
mL of the copolymer / excipient solution was precipitated in10.00 mL MilliQ water).
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Table 4.8: TBB1 (PLGA60PEO60PLGA60; 7.5-6.0-7.5 kDa) triblock copolymer excipient (PLGA 20
kDa) loaded micelles (62.69 mg TBB1 triblock copolymer per mL acetone) series.

Mass excipient (PLGA 20 kDa) (mg) wt% excipient (%) Sample ID

0.000 0.00 TBB1E1

2.334 3.39 TBB1E2

2.912 4.44 TBB1E3

6.222 9.03 TBB1E4

7.581 10.79 TBB1E5

7.969 11.28 TBB1E6

10.888 14.80 TBB1E7

13.554 17.78 TBB1E8

13.213 17.41 TBB1E9

15.758 20.09 TBB1E10

16.521 20.86 TBB1E11

18.072 22.38 TBB1E12

22.126 26.09 TBB1E13

22.541 26.45 TBB1E14

25.864 29.21 TBB1E15

Table 4.9: TBB2 (PLGA30PEO30PLGA30; 3.75-3.0-3.75 kDa) triblock copolymer excipient (PLGA
20 kDa) loaded micelles (63.45 mg TBB2 triblock copolymer per mL acetone) series.

Mass excipient (PLGA 20 kDa) (mg) wt% excipient (%) Sample ID TBB2E

0.000 0.00 TBB2E1

0.641 1.00 TBB2E2

3.339 5.00 TBB2E3

7.050 10.00 TBB2E4

11.197 15.00 TBB2E5

21.150 25.00 TBB2E6

27.193 30.00 TBB2E7
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Table 4.10:TBC1 (PCL17PEO30PCL17; 1.9-3.0-1.9 kDa) triblock copolymer excipient (PCL 80 kDa)
loaded micelles (63.21 mg TBC1 triblock copolymer per mL acetone) series.

Mass excipient (PCL 80 kDa) (mg) wt% excipient (%) Sample ID TBC1E

0.000 0.00 TBC1E1

0.703 1.10 TBC1E2

3.538 5.30 TBC1E3

7.023 10.00 TBC1E4

11.242 15.10 TBC1E5

15.803 20.00 TBC1E6

Nanoprecipitation of single component loaded micelles

TBB1 copolymer and TBB2 copolymer were dissolved in acetone, see Table4.11for the trib-
lock copolymer solutions. The excipient, PLGA 20 kDa and theactive ingredients rapamycin
andβ -carotene, were dissolved in acetone solution, see Table4.12for the single component
solutions. 0.300 mL of the triblock copolymer solution was mixed with 0.100 mL of the
single component solution, resulting in 0.400 ml of copolymer / single component-solution,
see Table4.13. 0.400 mL of the copolymer / single component solution was nanoprecipitated
into 10.00 mL of MilliQ water and measured by DLS in time to monitor stability.

Table 4.11:Triblock copolymer solutions.

Copolymer ID Copolymer mass (mg) mL acetone Copolymer solution ID

TBB1 164.1 2.400 TBB1CS1

TBB2 1894.47 31.575 TBB2CS1

Table 4.12:Single component solutions.

Component ID Component mass (mg) mL acetone Component solution ID

PLGA 20 kDa 6.8375 1.000 ES1

Rapamycin 0.800 0.800 ES2

β -carotene 8.75 1.000 ES3
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Table 4.13:Copolymer/single component solution; 0.400mL precipitated in 10.00mL Milli Q water.

Copolymer solution Single component solution

1-4 Copoly-
mer solution
ID

mL copoly-
mer solution

Component
solution ID

mL single compon-
ent solution

Micelle suspen-
sion ID

TBB1CS1 0.300 ES1 0.100 TBB1EX

TBB1CS1 0.300 ES2 0.100 TBB1R

TBB2CS1 0.300 ES3 0.100 TBB2BC

4.3.2.4 Particle size analysis

Particle size analyses were performed using three different techniques. First a cryo-TEM
study was performed showing only the presence of perfectly spherical particles. Secondly,
a static multi angle light scattering analysis was performed. The static light scattering ex-
periment was done to validate; the more straight forward Dynamic Light Scattering (DLS)
measurement we performed. Both static multi angle and dynamic light scattering revealed
similar sizes. Cryo-TEM and static multi angle light scattering were both performed on non-
loaded, empty, and loaded micelles. Cryo-TEM and static multi angle light scattering results
are not included. We have limited ourselves to report DLS results which could be performed
on all samples.

The size of the micelles was determined by Dynamic Light Scattering (DLS) (Zetasizer
Nano ZS, Malvern Instruments Ltd., Malvern, UK) at 25◦C at a scattering angle of 173◦.
Ideally the number of photon counts is high enough to get a good signal to noise ratio and yet
small enough to prevent multiple scattering effects. The reported polydispersity index (PdI)
is as given by the Malvern Zetasizer Nano ZS, as for the reported hydrodynamic diameter
(Dh) (z-averaged hydrodynamic diameter). Polydispersity for this light scattering analysis is
used to describe the width of the particle size distribution, derived from the polydispersity
index. The polydispersity index is a parameter calculated from the Cumulants analysis of the
DLS measured intensity autocorrelation function. In the cumulants analysis, a single particle
size is assumed and a single exponential fit is applied to the autocorrelation function. All
samples were measured as processed, undiluted. Size distributions measured with DLS were
unimodal.

4.4 Results

4.4.1 DLS results on reproducibility on empty and active ingredient
loaded micelles

To enable a nanoprecipitation reproducibility test, TBB2 and TBC1, see Table4.5, triblock
copolymers were made in three separate copolymer solutionsin acetone and precipitated in
MilliQ to see what the reproducibility of the process is. Table 4.14shows the results of the
reproducibility test of empty and active ingredient loadedmicelles. We note that the PdI
for all samples in this table are below 0.1. TBB2R series is tocheck the reproducibility of
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making empty TBB2 copolymer micelles, TBC1R shows the results on the reproducibility
of TBC1 copolymer micelles and TBC1RE shows the reproducibility of rapamycin loaded
TBC1 copolymer micelles, see Tables4.6and4.7sample group ID.

Table 4.14: Reproducibility results on separate performed nanoprecipitation processes on empty and

active ingredient loaded micelles in terms of the (averaged) hydrodynamic diameter,D(av)
h and the

standard deviation,σDh.

DLS results for the size (nm)

Sample group ID Sample ID Dh D(av)
h σDh

TBB2R
TBB2R1 31.1

31.3 0.3TBB2R2 31.6

TBB2R3 31.3

TBC1R
TBC1R1 26.8

26.9 0.2TBC1R2 27.1

TBC1R3 26.9

TBC1RE
TBC1RE1 26.5

26.4 0.1TBC1RE2 26.4

TBC1RE1 26.4

The reproducibility of all three sample groups is excellent, showing low standard devi-
ations (σDh) on hydrodynamic diameter and PdI. The hydrodynamic diameters of the separate
sample groups are within 1 nm (range). The PdI of the separatesample groups shows narrow
monomodal particle distributions. Another observation isthe smaller averaged hydrodynamic
diameter size of the TBC1RE sample group compared to the TBC1R sample group. Although
the TBC1RE sample group is loaded with rapamycin and the TBC1R sample group only con-
sists of empty micelles. Still the TBC1RE group has a smallerhydrodynamic diameter size
which can only be explained by strong (hydrophobic) interactions between active ingredient,
rapamycin, and the hydrophobic end blocks in the core leading to a higher packing density
and lower water content in the core resulting in slightly smaller particles.

4.4.2 DLS results of single excipient, homopolymer, loadedmicelles

Inspired by the SF-SCF results in Fig.3.8 of Chapter 3 [37], we investigated whether a
hydrophobic polymeric excipient with a chemical composition similar to the hydrophobic
blocks of the copolymers used can be encapsulated. In this way we determined the loading
capacity/capability and the relation between excipient weight percentage and (hydrodynamic
diameter) size. It indeed appears to be possible to fill the micelles with inactive ingredients
as follows from the increase of the size of the micelles and itturns out that the amount of
excipient allows tuning the particle size of the resulting micelles. We have collected DLS
results of the hydrodynamic diameter and PdI in Fig.4.4and4.5.

These results indicate that we can produce tailor-made nanoparticles for drug delivery, at
a given size with a given loading. See the appendix for a rationale for the linear dependence
of Dh (hydrodynamic diameter) on the amount of excipient.
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Figure 4.4: Hydrodynamic diameter as function of the loading wt% TBB1, TBB2 and TBC1 excipient
loaded, PLGA 20 kDa for TBB1 and TBB2 and PCL 80 kDa for TBC1, micelles, as measured by DLS.
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For most medical applications micellar size is of paramountimportance for the thera-
peutic efficacy of the treatment. Some anti-cancer therapies take advantage of the EPR-effect
where size control between 50 and 80 nm is mandated. Using TBB1, see Table4.5, copoly-
mer triblocks with a 5% weight loading of excipient will render micelles with a hydrodynamic
diameter of approximately 50 nm, if using TBB2, see Table4.5, copolymer triblocks with the
same weight percentage of excipient loading will render micelles with an approximate hy-
drodynamic diameter of 40 nm. If the drug loading / concentration is important the size can
be tuned using higher or lower molecular weights of the triblock copolymers resulting in
respectively smaller or bigger micelles with the same loading of active ingredient, mass of
active ingredient per micelle.

Remarkable is the difference in slope comparing TBB triblock copolymer excipient
loaded micelles with TBC1, see Table4.5, triblock copolymer loaded micelles. In the Ap-
pendix there is a rationale about the linearity of the slope.From Equation4.5, see Appendix,
it follows that the slope is proportional toΓ∞/ccopol. Since in these experimentsccopol is fixed
a higher slope indicates the corona density is higher for thePCL triblock copolymers. This
actually agrees with the SF-SCF computations, see Fig. 3.6,3.7 and 3.9 in Chapter 3 [37].

4.4.3 Size stability of single component, homopolymer and active in-
gredient (rapamycin andβ -carotene) loaded micelle formulations
in time

Using hydrolytically degradable polymers (PLGA and PCL) will have an impact on micellar
suspension stability in time due to hydrolytic degradationof the (hydrophobic) blocks in the
triblock copolymers in an aqueous environment. In order to assess the real micellar stability it
is decided to focus on the stability before hydrolytic degradation can have an effect on micel-
lar stability. Arbitrarily we chose 15 days as the time afterwhich the hydrolytic degradation
of the block copolymers will have the most prominent effect on the stability [50]. The lack of
change in size, hydrodynamic diameter, and PdI within 15 days after preparation will reveal
the stability of micellar suspensions in time. To avoid continuous DLS measurements, the
samples were subjected to a daily visual inspection. In thisway we could detect instabilities
such as agglomerates, change in appearance and / or color. Ifsuch a change was detected the
sample was measured by DLS. If no changes were observed the formulation was measured
after preparation at day 1 and after 15 days. First homopolymer excipient loaded micelles
were tested on stability and subsequently active ingredient loaded micelles were tested on
stability, all stability testing was at room temperature.

4.4.3.1 Size stability of single component, homopolymer-loaded micelle formulations
in time

TBB1, see Table4.5, triblock copolymer excipient loaded, PLGA 20 kDa, micelles were
tested on stability in time. Between the first day and the following 14 days no visual change
of the micellar suspension was observed. From the reproducibility data in Table4.14 it is
clear that the results of day 1 and day 15 are (Table4.15) very similar. This implies that the
particles are stable for 15 days.
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Table 4.15: TBB1 homopolymer, PLGA 20 kDa, loaded micelle stability; TBB1EX-series, DLS res-
ults.

Sample ID Time (days) Dh (nm) PdI

TBB1EX
Day 1 48.7 0.19

Day 15 49.1 0.10

4.4.3.2 Size Stability of single component, active ingredient (rapamycin and β -
carotene), loaded micelle formulations in time

TBB1 (see Table4.5) triblock copolymer micelles were loaded with rapamycin asan active
ingredient to test the stability of active ingredient loaded micelles. Since the weight percent-
age of the active ingredient with respect to the triblock copolymer content is small (approx-
imately 0.5% (wt%) in ratio to the used triblock copolymer) the size of the active ingredient
loaded micelle does not change very much compared to the empty micelles. However, it
was expected that the active ingredient would have some effect on the size, therefore it was
decided to measure this sample without any visual indications also on the second day after
processing to see if something happens with the initial processed size.

As can been seen in table4.16 there was a slight decrease in size within the first two
days. Subsequently, however there were no visual indications implying any instability. At
day 15 the sample was measured and the hydrodynamic diameterturned out to be similar to
the measurement on day 1. The PdI however, seems to decline intime, which is the same for
homopolymer loaded micelles (table4.15). The reason for the initial size change between
day 1 and day 2 needs more investigation as the drop for the PdI. Overall, it seems that the
particle size is fairly constant and the dispersion appearsto have a long shelf-life.

Table 4.16:TBB1 active ingredient, rapamycin, loaded micelle stability; TBB1R-series, DLS results.

Sample ID Time (days) Dh (nm) PdI

TBB1R
Day 1 45.3 0.20

Day 2 43.8 0.20

Day 15 45.3 0.11

TBB2, see Table4.9, triblock copolymers were loaded withβ -carotene as an active in-
gredient. For making micelles loaded withβ -carotene it is known that they suffer from
Ostwald ripening [32]. If these micellar suspensions can resist Ostwald ripening (constant
size in time) we can conclude that active ingredient transport from inner-micelle to bulk is
limited. Fig.4.6shows the results of the TBB2 triblock copolymerβ -carotene loaded micelle
stability test. On day 8 the suspensions color changed from orange to yellow, probably due to
oxidation of theβ -carotene. From the DLS measurements it appeared that the hydrodynamic
diameter was increasing slightly while the PdI was still more or less stable at day 8. At day 14
there was a turn over from the color from yellow to white resulting in a stable hydrodynamic
diameter but an increase in PdI. In order to see what was further happening we continued the
measurement until visual aggregation of the suspension wasobserved on day 26 were after
DLS measurements were no longer possible.
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Figure 4.6: TBB2 triblock copolymer active ingredient (β -carotene) loaded micelles stability,
TBB2BC-series, DLS results (line in the hydrodynamic diameter results to guide the eye).

4.5 Conclusions

We have shown that well-defined micelles can be prepared composed of PCL-PEO-PCL and
PLGA-PEO-PLGA triblock copolymers using the nanoprecipitation approach. By adding
hydrophobic compounds we can load the micelle in order to achieve a desired particle size
and loading. Ostwald ripening was minimized with this approach. Stabilization of micelles
by block copolymers prevents particle aggregation, but thestabilizing polymer layer is open
enough to allow solute mass transfer. In order to prevent/minimize solute transfer it is desired
to tune the particle core composition to prevent this mass transfer. Additionally, the solubility
of the encapsulated compound can be decreased by antisolvent addition to the bulk resulting
in a significant slow down of Ostwald ripening. The extremelylow solubility of the used
triblock copolymers limits copolymer exchange between micelle and bulk again minimizing
solute mass transfer and slowing down Ostwald ripening. There is no need to use surfactant
in this process, conventional nanoprecipitation processes need an excess of surfactant, mostly
very water soluble with relative high CMC’s. Since we incorporated the surfactant function
in the polymer backbone no exchange of adsorbed and free surfactant is needed for stable
suspensions. This also avoids washing the nanoparticle suspension to remove excess of free
surfactant used in the process and limits Ostwald ripening.We were able to synthesize differ-
ent kinds of triblock copolymers allowing simultaneous tuning of the size and loading. When
performing the nanoprecipitation process there is hardly an influence of temperature and trib-
lock copolymer molar mass polydispersity. However, using these micelles in electrolytes,
e.g. in vivo, care must be taken to avoid destabilization of the micelles due to electrostatic
interactions. Non reported data shows that it is feasible toperform the nanoprecipitation pro-
cess, using the mentioned triblock copolymers, in different electrolytes at different pH’s and
that the suspension stays stable in time.

SF-SCF computational predictions that we recently performed provide an accurate pre-
diction of the size of active ingredient loaded and unloadedmicelles. SF-SCF computations
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enable to predict equilibrium copolymer micelles. The hydrodynamic size that follows from
these computations matches well with the measured particlesizes from dynamic light scat-
tering. From the computations it follows that the size of thenanoparticles is determined
by the number-averaged molar mass of the block copolymers; polydispersity hardly affects
the size of the micelles. SF-SCF is a useful tool to unravel the structure-function relation-
ship between copolymer composition and micellar size and morphology. Using theoretical
SF-SCF predictions will lead to more efficient experimentation.
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Appendix

The linear dependence ofDh on the amount of loaded component(s) can be rationalized as
follows. The micelles are stabilized by the copolymers withthe PEO parts forming a steric
stabilization layer. ConsiderNp copolymer particles, each having a diameterd and volume
vp = (π/6)d3, in a total volumeV. Such a dispersion has a volume fractionφ of particles:

φ =
Npvp

V
(4.1)

The total amount of surface in the volumeV is:

AT = Npπd2 (4.2)

From equations4.1+ 4.2 it follows:

AT =
6φV

d
(4.3)

Imagine all copolymers (acting as surfactants) are at the particle-solvent interface. Then the
total (initial) copolymer concentration equals:

ccopol=
Γ∞AT

V
(4.4)

whereΓ∞ is the adsorbed amount of polymers (surfactant) at saturation. For example, for
homopolymers this amount is≈ 1 mg/m2. Insertion of4.3 into 4.4yields:

Dh =
6Γ∞φ
ccopol

(4.5)

This means that for instance forΓ∞ = 1 mg/m2, d = 30 nm andφ = 0.1 one expects an
overall copolymer concentration of 20 g/L is covering the surfaces. From4.5 it follows that
it is fair to assume thatDh increases linearly with the wt% of loaded component(s) because
it is proportional to the volume fraction of particles.
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Abstract

A self-consistent field study is presented on the design of active and passive targeting block
copolymeric micelles. These micelles form in water by the self-assembly of triblock copoly-
mers with a hydrophilic middle block and two hydrophobic outer blocks. A minority amount
of diblock copolymers, typically just one, with the same chemistry, are taken to co-assemble
into these micelles. At the end of the hydrophilic block of the diblock copolymers a targeting
moiety (TM) is present. Assuming that the rotation of the micelle towards the target is suffi-
ciently fast, we can elaborate a one-gradient cell model, wherein the micelle is in the center
and the receptor (R) substrate exists on the outer plane of the spherical coordinate system.
The distribution function of the targeting moiety can be converted into a Landau free energy
as a function of the distance of the targeting moiety from theadsorbing substrate. Typically,
this Landau free energy has local minima and corresponding maxima. The lowest minimum,
which is the ground state, shifts from within the micelle to the adsorbing state upon bringing
the substrate closer to the micelle, implying a jump-like translocation of the targeting moiety.
Equally deep minima represent the binodal of the phase transition, which is, due to the finite
chain length, first-order like. The maximum in between the two relevant minima imply that
there is an activation barrier for the targeting moiety to reach the receptor surface. The time
to cross this barrier is expected to increase exponentiallywith the barrier height.
We localize the parameter space wherein the targeting moiety is (when the micelle is far
from the target) preferably hidden in the stealthy hydrophilic corona of the micelle, which
is desirable to avoid undesired immune responses, and stillcan jump out of the corona to
reach the target quick enough, that is when the barrier height is sufficiently low. The latter
requirement may be identified by a spinodal condition. We found that such hidden TMs
can still jump-like establish a TM-R contact at distances upto twice the corona size. The
translocation transition will work best when the affinity ofthe TM for the core is avoided
and when hydrophilic TMs are selected.

keywords: Micelle, Scheutjens-Fleer Self-Consistent Field theory (SF-SCF), particle size
prediction, active and passive targeting micelles, copolymers, targeting moiety receptor con-
tact.
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5.1 Introduction

Nanoparticles are nowadays used for pharmaceutical applications [1–4]. The drug deliv-
ery performance of such particles depends on control over particle size, drug loading and
active targeting capability. One can use nanosized micellar structures formed by a combina-
tion of (different) amphiphilic molecules in a selective solvent. Nanoprecipitation enables the
formation of self-assembled block copolymer spherical micelles, even for rather hydrophobic
copolymers. Potent drugs are often rather hydrophobic ingredients for which polymeric mi-
celles are promising carriers, with potential for controlled encapsulation of compounds at
high loadings. Additionally, using polymeric micelles offers routes to control release, sta-
bility and bio-distribution of active agents in the body forboth passive and active targeting
[5–13]. Here we focus on water as the solvent and consider block copolymers with two
apolar and one polar block, the so called ABA blockcopolymers which readily form spherical
flower-like micelles. To assure active targeting we proposeto combine the triblock copoly-
mers with AB diblocks with targeting moieties at the end of the hydrophilic block B. Within
the spherical micelles the hydrophobic entities are collected in a compact core, whereas the
water-soluble blocks remain hydrated and form a corona. Thediblocks are designed in such
a way that their B blocks are preferably located outside the hydrophobic core of the micelle.
As hydrophobic blocks A we envision poly-(lactic-co-glycolic) acid (PLGA) and as hydro-
philic block B polyethylene oxide (PEO). Although PEO is non-degradable it is non-toxic
and can easily be removed from the body by the normal excretion (renal) pathways as long
as the molar mass is below 20 kDa [14]. The hydrophobic part consists of PLGA, an FDA
approved and well known biodegradable polymer used in commercially available drug deliv-
ery applications [4, 15]. In principle PEO and/or PLGA can be replaced by other hydrophilic
and hydrophobic (co)polymers.

The goal is to obtain more fundamental insight in the behaviour of copolymers with tar-
geting moieties within composite micelles. Our method is touse the Scheutjens-Fleer self-
consistent field (SF-SCF) theory [16–18], successfully used earlier (see Chapters 3 and 4)
to theoretically study the triblock copolymer micelle structure and stability [19, 20]. It was
found that by implementing a model wherein segments are represented as amorphous beads,
i.e. A60B60A60 (PLGA60PEO60PLGA60; 7.5-6.0-7.5 kDa), there exists a set of interaction
parameters that leads to structural properties of micellesthat compare favourably with the
ones found experimentally using the solvent precipitationmethod [21]. Once such micelles
have formed, we envision that the core becomes unresponsive, i.e. glassy, and this allows us
to focus here exclusively on what happens in the molecularlyquenched, but conformationally
adaptive corona. Basically we take the core to be a solid particle (composed of units of type
A; PLGA) of which the size is set equal to that found for the micelle cores. We graft both ends
of a hydrophilic chain B60 (PEO; 6.0 kDa) onto the core so that a spherical brush is formed
of looped chains. The grafting density of this brush is set equal to the aggregation number
found for the self-assembled micelles. Next we consider that onto the same core there is one
chain grafted by one end only, the AB (PLGA-PEO) diblocks leaving one free dangling chain
end. We take the chemistry of this chain identical to that of the triblocks, only the length of
the B (PEO) block of this minority chain is a free variable. The key is that the free end is
given some different properties, consistent with the idea that this end is functionalized by a
targeting moiety (TM). The focus of this paper is to understand the behaviour of the minority
chain and in particular understand the whereabouts of the functional free end. In more detail
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our attention will be on the translocation transition of theminority chain end going jump-like
from being inside the corona to outside the brush, a transition which is driven by the potential
energy gain received when the TM is in contact with a receptor(R). In our simple cell model
the receptor is expected to be present homogeneously along the surface that surrounds the
central micelle.

Biodistribution of micelles in the human body is mainly dependant on their size, surface
and corona structure. Micellar size control exploits passive targeting via the enhanced per-
meation and retention (EPR) effect [22–26]. For targeting purposes we focus on tumor cells
and tissue as an example. Improving chemotherapy offers a major challenge in human health
treatments. Of course other diseased tissues will demand different targeting moiety (TM) re-
ceptor (R) combinations. Especially for micellar accumulation in tumor tissues the size and
surface structure is of crucial importance for passive targeting.

For active targeting one needs to incorporate moieties for specific targeting into or onto
the micellar corona. Ideally targeting moieties are included that are specific for the targeted
tissue. When the connection between targeting moiety and receptor is strong enough active
targeting will be enabled. From the biological perspectivethere is a number of requirements.
First of all the micelle needs to have the proper chemistry. It is known that polyethylene
oxide micelles are stealthy (non interfering with the immune system) and have long blood
circulation times [27]. Hence we take the interaction parameter for the B group with water
accordingly. To avoid any undesired interaction with the immune system we believe that it is
favourable to have the chain end well inside the micelle corona, that is under normal operation
conditions, when the micelle is far from its target. We can implement this requirement in two
ways. In the first option we take the length of the minority chain to be less then half the length
of the loops that form the bulk of the corona, i.e.NB < 30. To go outside the corona will imply
extra stretching of the minority chain which is entropically unfavourable. The second option
is to give the free chain end an affinity for the core of the micelle. Typically this already
occurs when the targeting moiety is hydrophobic. Then thereis a natural tendency that the
TM is associated to the core. In the adsorbed state of the TM tothe cote the TM is obviously
inside the corona, even when the length of the minority chainexceeds that of the half-loop
length. Experimentally, when the TM is hydrophobic, it may be locked inside the core and
is subsequently unable to escape from it. Here we will ignorethis scenario because we take
the core to be composed of A-segments only (the core is a boundary condition in the current
calculations). On top of the hydrophobic interaction we mayintroduce some extra surface
affinity, e.g. due to some specific interactions. Of course this will complicate our analysis
because there will be a free energy barrier associated with the detachment of the end-group
from the core and the time limiting step for the translocation transition may well be associated
with the desorption process, rather than being associated to the entropic stretching towards
the adsorbing surface itself.

The design, manufacturing and characterization of ABA block copolymer micelles com-
posed of rather hydrophobic copolymers was reported previously [19–21], see Chapters 3
and 4. It was demonstrated that tuning the size and loading can be achieved by using triblock
copolymers with a particular chain length combined with active ingredients. The synthesis
and incorporation of targeting moieties onto existing particles is difficult and tedious. In
most cases the targeting function on a nanoparticle/micelle is established after its formation.
Since most of these processes demand surface chemistry instead of physical interactions, a
purification step is mandative to remove reactants [28–32]. To omit the post processing and
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purification steps we propose a single micellar processing method. This allows incorporation
of the targeting moieties, present on the diblocks, from thestart of the micellar production
process using the nanoprecipitation method.

The remainder of this Chapter is the following. We will first give elementary background
information on the modeling method, focusing on the main approximations. We then give
detailed information on the model used and discuss the relevant parameters. We will present
the structure of the polymeric micelle that is used to further study the escape or translocation
transition of the minority chain. We will subsequently discuss in somewhat more detail on
how we are going to analyse the translocation transition of the TMs. More specifically we
will elaborate on the Landau free energy as a function of the position of the free end. We use
this free energy to judge when the jump-like phase transition occurs and what the origin is of
the free energy barriers that are encountered. We will elaborate on a typical example. The
main results are collected in diagrams of state wherein the binodal and spinodal curves are
collected. These diagrams facilitate the search for the most optimal properties of the minority
chain in a composite micelle. In our discussion and conclusions we sum up our theoretical
modelling results with regard to the design of an active targeting capacity for composite
micelles.

5.2 Theory

This section contains two major parts. In the first one the focus is on the SF-SCF theory.
We explain the main approximations of the modelling in combination with the model that is
used for the copolymer self-assembly. For more detailed information we refer to Chapters 3
and 4 [19, 20]. We then will present the micelle that is selected as a representative case in
some detail and reproduce a result from Chapter 4 [20] for ease of reference. Subsequently
we will elaborate on the model used for the remainder of the paper, for which the standpoint
is implemented that the micelles are molecularly quenched,implying that the aggregation
numbers and core structure are frozen in. Important is that the micelles remain responsive
in the micelle corona for which the chains can conformationally rearrange. In the second
section we elaborate on the use of the Landau free energy. We will do this by elaborating on
a specific example, and explain in detail the physics that areaccounted for. In this section we
will pay attention to the binodal and the relevant spinodal.Finally, we discuss the relevant
SF-SCF parameters which will be investigated on their influence on TM-R contact.

5.2.1 SF-SCF theory

Making use of the mean field approximation, and more specifically the Bragg-Williams ap-
proximation (more about this below) allows to formulate fora system a free energy in terms
of two conjugate profiles, namely the measurable volume fraction (dimensionless concentra-
tions) ϕ(r) and complementary segment potentialu(r) distributions. In a way these poten-
tials are external potentials because we use them to obtain statistical weights, the so-called
Boltzmann weights as in a barometric height equationG(r) = exp(−u(r)). (Here and below
we will make all energy quantities dimensionless by normalising them with the thermal en-
ergykBT). The weights are not fixed, but the segment potentials appear to be a function of
the volume fractions. The functionality follows uniquely from the free energy optimisation.
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As a result the segment potential take the interaction of a given segment with its surroundings
into account. These interactions are parameterized by Flory-Huggins interaction parameters
χX−Y wherein both X and Y are segment (or solvent) types. A positive value means that the
XY contacts are less favourable than the average of XX and YY contact. Hence a sufficiently
large positive value implies segregation. Low values or negative values are needed for proper
miscibility.

Interestingly, not only do the potentials depend on the volume fractions, the inverse is
also true: the volume fractions are a function of the segmentpotentials. To implement this
dependence, it is necessary to invoke a chain model. Typically we use freely jointed chain
model, which guarantees that neighbouring segments of the chain are at a distance of a bond
length. However, as no further through-bond correlations are imposed a chain can also fold
back on previously occupied places. Let us next focus on a particular conformationc of the
chain, completely specified by the coordinates of the individual segments. This conforma-
tion is found to have a particular potential energyuc, which is computed by the sum over
the segment potentials felt by the consecutive segments along the contour of conformation
c. The statistical weight of this conformation is then again given by a Boltzmann weight,
Gc = exp(−uc). Such weight is found for all possible and allowed conformations. With
these statistical weights we can construct the overall volume fraction distribution. Of course
this requires a sum over the contributions of all possible and allowed conformations. As the
total number of possible conformations is very large indeed, these sums suggests an insur-
mountably large job. Fortunately there exists an elegant propagator method that copes with it
efficiently, in a computation time which is linearly proportional to the number of segments in
the chain (not shown).

Summarizing, characteristic for the SCF method we have

ϕ [{u}]↔ u[{ϕ}] . (5.1)

In words, the left hand side of this equation says that the volume fractions can be computed
from the potentials and the right hand side says the opposite. In the case that the set of
potentials and volume fractions is consistent, that is, that the potentials both follow from
and determine the same volume fractions and vice versa, we refer to the solution being self-
consistent. There is a pitfall, namely as specified thus for there are many SCF solutions to the
equations. That is why one additional requirement is necessary to make the solution unique.
This additional requirement specifies the use of an incompressibility relation. Here we opt
the system to be incompressible and therefore we impose

∑
X

ϕX(r) = 1 (5.2)

for each coordinater.

In very few cases it is possible solve the self-consistent field solution analytically. It is of
no surprise that the self-assembly of copolymers into spherical micelles is not one of these
rare cases. As a result we have to implement the equations into a computer model and solve
for the fixed point numerically. Invariably, one needs to discretize the equations somehow.
Here we follow the method of Scheutjens and Fleer and make useof a lattice of sites leading
to the SF-SCF method. The characteristic length of a latticesite is taken equal to the bond
length, so that one polymer segment exactly fits into a lattice site. Solvent molecules are
taken to have the same volume as a segment for simplicity.
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For many problems one can recognize some sort of symmetry element. For example
in spherical micelles we can easily imagine that the relevant gradients in polymer densities
occur in the radial direction and that the density fluctuations in a shell of lattice sites with
equal distance to the center are very small. This motivates us to reduce the three-dimensional
system and implement this in a one-gradient spherical geometry. Then lattice layers are
numbered starting from the centerr = 1,2, · · · ,M. Naturally, the number of lattice sitesL(r)
in layer r scales asL(r) ∝ r2. By ignoring the density fluctuations in the layer (mean field
approximation) we can implement the volume fractionϕX(r) = nX(r)/L(r), whereinnX(r) is
the number of segments of component X in layerr. At the upper boundary atr = M typically
reflecting boundary conditions apply. This is implemented by forcing all density gradients to
be zero at this boundary, i.e.,ϕX(M+1)= ϕX(M). Usually the value ofM is taken very large,
far from the micelle, which is positioned at the center of thespherical coordinate system,
where the density gradients have vanished (bulk). Then these reflecting boundary conditions
are inconsequential for any physical property of the system. However, when the system size
M is not very large, the reflecting boundaries will simulate the interactions between micelles,
wherein the micelle center to micelle center distanced is given byd = 2×M.

Below we will consider a spherical ’micelle’ in the vicinityof a surface. This typically
cannot be captured in a spherical geometry. Instead we should use a two-gradient cylindrical
coordinate system. We have not implemented this here and insist on keeping our spherical
geometry. More specifically, we are going to assume that the rotational diffusion of the
micelle is quick enough so that the probe will find the receptor even when some rotation
of the micelle is needed. Then having a surface in all directions around the micelle (as is
explicitly implemented) is a reasonable approximation. This idea is realized by imposing an
impenetrable boundary at layerr = M+1, that is, at layerr = M+1 the volume fraction of a
segment with typeR is unity. Segments with type X feel this boundary when they sit in layer
z= M through the interaction parameterχX−R. Also the solvent W has an interaction with
this surface,χW−R and typically segments may adsorb onto the surface only whena solvent
molecule is displaced from it, hence micelleadsorption is expected only when∆χR≡ χX−R−
χW−R < 0, otherwise the solvent is preferentially absorbed at the surface. It is well known
that polymer chains experience conformational entropy losses when they are directly next to
an impenetrable wall, the reason for this is that the orientation of bonds is hindered as these
cannot enter into the solid phase. To compensate for this, itis necessary that∆χR < χcritical,
for the segment X (part of a chain) to adsorb, where in good approximationχcritical = −1
for typical segments in a polymer chain. The critical adsorption energy for end-segments is
expected to be less negative as these segments have just one bond connected to them. The
critical adsorption is also a function of the solvent quality. To understand this, one should
realize that a segment next to the surface cannot interact with the solvent in all directions.
Hence it can avoid one contact with the solvent and thus thereis an increased tendency to
be next to the (receptor) surface. Below the affinity of the probe for the (receptor) surface is
implemented using the parameterχTM−R.

In the SF-SCF method the molecules are discretized, they aretaken to be composed of
segments numbereds= 1,2, · · · ,N. We refer toN as the chain length, but possibly the
degree of polymerization is a better term for it. We do not take any structural features on
the segment level into account. However, we do allow for copolymer type of interactions,
e.g. one segment is hydrophobic and the other is hydrophilic. We do this by specifying the
Flory-Huggins interaction parameters for each segment type accordingly (see section5.2.3).
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5.2.1.1 The molecular model and self-assembly

The study of the self-assembly of copolymers into, e.g., thermodynamically equilibrated
spherical micelles is a key application of the Scheutjens-Fleer self-consistent field (SF-SCF)
theory. In Chapters 3 and 4 we considered the formation of spherical micelles composed of
A60B60A60 where A60 (7.5 kDa) is the hydrophobic block mimicking PLGA and B60 (6.0
kDa) the hydrophilic block representing PEO (also called PEG, polyethyleneglycol). Even
though the micelles were formed by the solvent precipitation method, we adopted an equilib-
rium model wherein the copolymers are assumed to exist in some sort of effective solvent.

One may question how it is possible to use an equilibrium theory to capture an intrinsic
state of the system that was reached by a complicated dynamicroute. The model, however,
was not arbitrarily chosen. To explain the rationale behindthe model it is necessary to qualit-
atively describe what happens in the solvent precipitationmethod. In this method the copoly-
mers are originally in a good solvent and then suddenly mixedin with a selective solvent. As
the solvent quality for one block quickly drops, a number of copolymers come together and
form what will become a spherical micelle. The density of thecore increases because the
solvent quality deteriorates when time goes on. In the initial stages the core size will grow,
but typically the size will go through a maximum, because in later stages, when the addition
of copolymers slows down, the core compresses due to the removal of the good solvent. Dur-
ing the assembly process the corona chains accumulate in theso-called (’looped’) corona. As
soon as the local concentration exceeds the overlap concentration they start to stretch in the
radial direction and form a so-called brush. The corona sizeis expected to be strictly increas-
ing in time. The pressure in the brush eventually provides a stopping force for the assembly.
Typically in the initial stages of the self-assembly the size of the corona may not be large
compared to that of the core. Then the micelle is still expected to grow, either by the addition
of individual copolymers or through a process of micelle with micelle fusion. However, when
the core becomes more dense, i.e. by loosing more and more good solvent, the radius may
go down, that is when the addition of copolymers does not compensate for it. Meanwhile the
corona becomes more dense and the chains stretch more and more. Consequently, we should
arrive at the situation that the corona size exceeds that of the core. At this point the tend-
ency that cores from different micelles can fuse can be neglected because in this situation the
spherical micelles dominate over linear micelles. Also thetendency for new chains to add to
the micelle will drop dramatically: the passage of freely dispersed chains through the brush
becomes a rare event. Meanwhile the majority of copolymers should have found a place in
one of the micelles already and the micelles become molecularly quenched. Hence, the point
where the core size is approximately the same as that of the corona demarcates an important
point in the evolution of the copolymer self-assembly. It isthis state of the process that the
parameter set in the SF-SCF model is designed to produce a result for the given copolymer
chain and the effective solvent.

Let us now formulate a key property of the molecular model. The set of parameters should
result in micelles wherefore the core and corona sizes are ofthe same order of magnitude.
Even though the topological stability requires the size of the core to be less than that of
the corona, as explained, the dynamic process by which the micelles form is more likely
characterized by the situation that the micelle corona is somewhat smaller than that of the
core. We have opted for a driving force for micellisation using a modest valueχLGA−H2O =
1.6, whereas the solvent quality for PEO is marginal:χEO−H2O = 0.4. This value ensures that
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Figure 5.1: Equilibrium radial density profiles. (a): The equilibrium radial density profile of
PLGA60PEO60PLGA60 in a spherical coordinate system. The profiles for the apolarsegments PLGA,
the polar segments PEO and the solvent W (water) are given. ParametersχLGA−H2O = 1.6, χLGA−EO=
1.0 andχEO−H2O = 0.4. The aggregation numberg = 237. The grand potentialΩ = 10 kBT. (b):
The equilibrium radial density profile of the brush made of PLGA1PEO60PLGA1 where the A-units are
pinned to be next to the particle surface, with radiusR= 20×0.8 = 16 nm. The particle is made of
segments of type A. In line with the aggregation number of themicelle of panel a, the grafting density
σ = 0.047. Here the radial coordinate is given in latice sites. Forthe radial coordinate we have used a
lattice site dimension ofr = 0.8 nm.

the corona is well-solvated and the pressure in the brush provides the stopping mechanism
for the self-assembly of the micelles. The spatial segregation of A segments in the core and
the B segments in the corona is improved by a repulsion between these segments. Here we
have usedχLGA−EO= 1.0 for simplicity. The justification of this set that it largely obeys with
our requirements. We stress that small modifications of the parameter set will do the same.

In Fig. 5.1 (a) the micelle structure, wherein the radial volume fraction profiles for the
polar segments, the apolar segments and the solvent molecules is given, here we see that the
core has approximately a homogeneous density of polymer. The small decrease of density to-
wards the center of the core is attributed to an inhomogeneous stretching of the corona chains,
being largest near the core-corona interface (where they then pack a bit more efficient). The
solvent in the core is not extremely low, which is consistentwith the relatively low value for
theχLGA−H2O that was adopted to mimic the assembly at the quench conditions. The corona
has a much lower density, as it is well solvated. The profile isquasi parabolic, and the height
(dimension) of this brush is expected to scale linearly withthe length of the B block.

Inspection reveals that the core radius, which in this case is approximately 16 nm, is
slightly larger than that of the corona. The latter may be estimated from the hydrodynamic
diameter of the micelle which is found to be 45 nm. This is consistent with one of the
targets that were used for the molecular model. The overall dimension of the micelle is in
good agreement with the micelles found in the experimental condition. From the modelling
point of view the micelles are stable and relevant. For example we have selected a micelle
with a grand potential (work of micelle formation)Ω = 10 kBT. This value is thought to be
compensated by translational entropy of the micelle, and thus represents the situation that
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the micelles are far apart (dilute regime). Thermodynamical stability requires that the slope
∂Ω/∂g is negative, which was shown to be the case (see Chapter 4). The aggregation number,
that is the number of tri-block copolymers in the micelle is predicted to beg= 237. Again
the order of magnitude is consistent with experimental data. We recall that a brush of loops
with chains of lengthNB = 60 is usually seen as a brush composed of tails of lengthNB = 30
with double grafting density. We have checked that this is a good approximation also in this
case (result not shown).

In the following we will use the presented micelle and analyse the behaviour of a minority
chain that is added to this micelle. The analysis is facilitated when the micelle is replaced
by a simpler structure. Considering the sharp interface between the core and the corona, we
argue that it is possible to replace the core by a solid particle and replace the corona by a set
of polymers that are anchored by both ends to this solid particle. In Fig.5.1(b) we present the
structure of a brush of loops connected to a spherical particle. The parameters are chosen to
resemble the corona of the micelle presented in Fig.5.1, that is, the number of grafted ’loops’
is equal to the aggregation numberg, and the solvent quality is again set toχEO−H2O = 0.4.
The differences in radial structure of Fig.5.1 (a) and (b) are minor which proofs that the
model of Fig.5.1(b) is sufficiently accurate to mimick a triblock copolymer micelle for our
purpose as used below. The most significant differences between the two radial profiles occur
just next to the ’core’-corona interface. As explained above the entropic penalty for chains
next to a sharp interface results in a small depletion of polymers and a small adsorption of
solvent. In the micelle the core corona interface is less sharp and then the latter effects do
not occur. One can easily correct for this entropy loss by adding an adsorption affinity of the
corona chains for the core. Here we do not implement this.

5.2.1.2 A minority chain within the corona of the micelle

Following the line of arguments we take the corona structurepresented in Fig.5.1 (b) and
admix in this structure one minority chain with a structure A1BNBTM1. One single chain is
not expected to strongly influence the colloidal stability of the micelle, but we do not forward
a proof of this. Instead our attention is drawn to the radial profile of this minority chain
inside the corona made of A1B60A1. More specifically our interest is in the profile of the
end-segment referred to as TM. In Fig.5.2 we present a number of radial volume fraction
profiles of the TM segment in semi-logarithmic coordinates.One of the profiles, that is for
NB = 30, is dotted. This case represents a mimic of the majority chains that makes up the bulk
of the corona. When the minority chain is shorter, the chain is more likely to fully remain
inside the corona. Longer chains typically escape from the corona. The shape of the free end
distribution is not much affected by the length and thus not much affected whether or not it
is predominantly inside or outside the corona; the end points are distributed throughout the
corona, but the most likely position is further from the corewhen the probe length is larger.
The average position of the end point, e.g. measured by the first moment over the end-point
distribution, grows approximately linear with lengthNB and in this dependence there is no
discontinuity aroundNB = 30.

For the remainder of the discussion it is important to mention that upon the transition
of the chain from the inside to the outside of the corona, the end-point distribution has just
a single maximum and smoothly goes to zero for larger values and approaches a value of
1/(4πR2) at the core surface. This result is true for an ideal TM, whichis small (similar to
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Figure 5.2: The equilibrium radial density profile of the end-point (TM)of the minority chain in the
corona of the micelle-like particle given by Fig.5.1 (b) in log-lin coordinates and lattice site units
(r = 0.8 nm). The minority chain length is modified fromNB = 20 to 40 as indicated. The curve for the
chain length 30 is dashed. The dashed grey line represents the hydrodynamic diameter (Dh).

an A-segment) and for the case that the water has the same solvent quality for the TM as the
tether A. We are interested in parameters that deviate from this ideal situation and then there
are discontinuities, meaning that there is a minor jump-like transition from the TM being
inside to being outside the corona upon, e.g. an increase of the length of the minority chain.

Continuing with the ideal TM case, let us now consider the presence of a surface (re-
ceptor) at the upper boundary of the spherical coordinate system, that is atr = M+1. Below
we refer to the position of the receptor by the distance∆r ≡ (M −Rh)× 0.8 nm, wherein
M−Rh is the distance of the receptor from the hydrodynamic radiusof the micelle in lattice
units and 0.8 is the length in nm of one lattice site. Obviously, as long as an adsorbing re-
ceptor surface is present for distances larger than the chain length (M−R> NB), the probe
chain cannot reach this receptor surface and the end-point distribution is unaffected. How-
ever, when the receptor is in close proximity, the end of the probe can reach the receptor.
When the end has a significant affinity for the receptor, we expect that the end segment, that
is the targeting moiety (TM), is able to reach and adsorb ontothe receptors. By doing so,
the probability for the TM to be near the surface will dramatically increase as compared to
the value at the same coordinate in the absence of the substrate. A cartoon of this situation
is given in Fig. 5.3 (b), which mimics the situation depicted in Fig.5.3 (a). In this figure
the end-point sits at the substrate. However, in reality it is at the receptor surface only with a
given probability less than unity. Our interest is in the probability distribution of the end point
(receptor), which in fact is proportional to the radial volume fraction profile. The end-point
distribution may potentially have two maxima, namely one in/around the corona (we will
call this the central maximum) and one next to the adsorbing surface (we call this the distal
maximum) and two minima, namely between the core and the periphery of the corona (the
proximal minimum), and one between the adsorbing surface and the periphery of the corona
(the distal minimum).
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(a) (b)

Figure 5.3: Schematic two-dimensional representation of (a): A micelle with a minority chain adsorb-
ing with a targeting moiety (TM) to a receptor (R) site on an external planar substrate (e.g. a cell wall
with receptor). (b): A central micelle surrounded by a spherical ’substrate’ as considered in the cell
model; the TM of the minority chain adsorbed on this substrate, which is expected to be covered by
receptors (not indicated). The core of the micelle is red, the corona blue (a few corona chains -loops-
are indicated). The minority chain is green and has a TM (represented by TM).

5.2.2 Landau free energy and a short case study

The free energy of the systemF in units of kBT is found byF = − lnQ, whereQ is the
canonical partition function. In a mean field theory, we can decompose this partition function
into so-called single molecule sub-partition functionsqi ,

Q= πi
qni

i

ni!
(5.3)

whereni is the number of molecules of typei. Following the line of arguments, it is natural to
take a closer look at the minority chain, while assuming thatthe other sub-partition functions
are invariant upon changes in the conformational properties of the minority chain, e.g., when
it binds onto a nearby receptor. Of course for this to be true we should insist on the case that
the receptor surface remains outside the corona of the micelle in all cases.

The sub-partition function for the minority chain in principle should contain the statistical
weights of all possible and allowed conformations. The evaluation of this partition function
is simplified because the first segment is strictly positioned to be next to the core surface. In
practice we use the propagator formalism to generate the partition function. In this formalism
there are distribution functionsG(r,s|R+ 1,1) that specify the statistical weight of having
segmentsat coordinater, under the constraint that the first segments= 1 is at coordinater =
R+1, that is next to the core. In the propagator equation this distribution function is computed
starting withs= 1, and ending with segments= N giving G(r,N|R+1,1). Interestingly this
end point distribution function can be used to directly compute the volume fraction profile of
the free end, that is,ϕ(r,N) ∝ G(r,N|R+1,1). The proportionality constant is found to be
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1/q, wherein the single chain partition functionq is found by summing this quantity over all
available coordinatesr

q= ∑
r

L(r)G(r,N|R+1,1) . (5.4)

Inspired by this relation we can identifyG(r ′,N|R+1,1) as a positional sub-partition function
of the probe chain, which starts (per definition) with segment s= 1 at r = R+ 1 and ends
with segments= N at coordinater = r ′. The free energy associated with this positional
sub-partition function is called the Landau free energyF(r) [33–35], which in units ofkBT
is given by

F(r) =− lnG(r,N|R+1,1) = lnq− lnϕ(r,N) . (5.5)

The constant lnq can be absorbed into the Landau free energy. Here and below wewill
useF̃(r) ≡ F(r)− lnq. Below we will not write the tilde and trust that this will notlead to
confusion, hence the Landau free energy can directly be computed from the radial volume
fraction profile of the end point of the minority chain. In thecurrent context the position of
the free endr is often referred to as the order parameter. Following standard procedures one
may normalize the order parameter by the chain lengthNB and convert the end-point position
into a distance to the substrate. However, we do not implement such transformations for
practical reasons.

In practice a targeting moiety (TM) consists of a somewhat larger fragment than an ethyl-
enoxide segment. We can mimic this by taking a minority chainwith the following architec-
ture: A1BNBTMNTM , with NT M > 1. We may subsequently generalize the Landau formalism
by relating the Landau energy to the volume fraction distribution of all the TM-segments, that
is, F(r) =− lnϕTM(r).
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Figure 5.4: The dimensionless Landau free energyF(r), wherer is the distance to the center of the
core for a probe chain A1B25TM5 in lattice site units (r = 0.8 nm) for various values of the affinity of
the TM for the receptorχTM−R as indicated, for the position of the receptor surface. (a):Position of the
receptor surfacer = 32 (= rR = 32×0.8nm= 25.6 nm). (b): Position of the receptor surfacer = 35
(= rR = 35×0.8nm= 28.0 nm). The Landau free energy is normalized such thatF(16.8) = 0. Note
that in panel (a) the curves forr < 27 overlap. The same happens in panel (b) forr < 30. The vertical
(dashed black) line represents the upper limit of the cell and where the receptor surface is present.
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At this stage it is of interest to discuss an example of how we are going to use this Landau
free energy. For this we will use the minority (probe) chain A1B25TM5. The segments TM
are taken similar to that of B, with the exception of the affinity of the TM for the receptor
surfaceχTM−R. While all affinitiesχX−R = 0, the (strong) affinity for the targeting moiety
for the receptor is reflected in a negative value for this parameter. Landau free energy curves
are presented in Fig.5.4. Without loosing generality one can add a constant to the Landau
function. Here we choose to shift each curve such that all Landau functions attain a zero
value at the core side. For illustration purposes we set the receptor surface very close to the
edge of the corona, namely atrR = 25.6 nm in Fig.5.4(a) and slightly further outward, that
is rR = 28.0 nm in Fig.5.4(b).

As can be seen in Fig.5.4, as long asχTM−R = 0 the Landau function has one central
minimum and two maxima. With respect to the core, we have a proximal maximum atFmax=
0 and a distal maximum at the receptor surface. Of course thiscentral minimum corresponds
to the central maximum in the volume fraction profile (see Fig. 5.2). With increasing affinity
for the receptor a new (distal) minimum develops, that is, near the receptor surface. The distal
maximum is naturally moved to lower values ofr. For a particular value ofχ∗

TM−R the depths
of the central and the distal minimum are the same. This occurs for χ∗

TM−R ≈−2 in Fig. 5.4
(a) andχ∗

TM−R ≈−3 for Fig. 5.4(b). Using phase transition terminology we can identify the
equal depth condition as the binodal. The distal maximum in between the central and distal
minimum is identified by the activation barrier that needs tobe overcome by the TM to reach
the receptor. At the binodal the height of the barrierU does not depend on which minimum is
used to measure the height. WhenχTM−R < χ∗

TM−R, the height as measured from the central
minimum is lower than that measured from the distal minimum.Below, when we discuss the
height of the barrier, we will always measure this height taking the central minimum as the
reference. The physical origin of the barrier is clear. Before the TM can reach the receptor,
it has to stretch even further than its naturally stretched conformation in the corona. This
stretching costs entropy and hence the free energy increases. The lowest minimum inF(r)
corresponds to the ground state. Taking the affinity for the receptor as the control variable it
is clear that atχTM−R= χ∗

TM−R, the ground state is degenerate. For lower affinities the lowest
free energy is when the TM is inside the brush, whereas at larger affinities the ground state is
when the the TM is at the receptor. For successful targeting the latter is required.

In all cases the height of the barrierU decreases whenχTM−R becomes more negative. In
this case the probability of finding the TM next to the receptor increases more and more and
eventually the heightU = 0. This condition is identified by the spinodal of the translocation
transition. In Fig.5.4(a) this happens forχ∗∗

TM−R ≈−9. In Fig.5.4(b) the receptor is placed
just beyond the corona. In all cases the heightU of the barrier is higher than in Fig.5.4(a),
and the spinodal condition has shifted to much lower values of χTM−R. When this barrier
is gone, all chain ends have moved to the receptor and the ’population of conformations’
that otherwise would have remained as the unperturbed conformations in the corona, has
vanished.

Fig. 5.4(a) and (b) can be used to understand thatχ∗
TM−R decreases withrR, and that the

height of the barrier at the binodalU∗ increases withrR. Also the spinodalχ∗∗
TM−R decreases

strongly with rR. Clearly, for the minority chain to be a good targeting moiety we need
rR to be larger than the hydrodynamic radius of the micelle, andthe affinity for the target
should beχTM−R < χ∗

TM−R. Meanwhile, the barrierU should be not too high. Of course
it is not necessary that the barrier vanishes (spinodal condition) completely. We expect that
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whenU ≈ 3 kBT the barrier can easily be crossed and therefore we will monitor besides the
binodal and the spinodal also theU = 3 situation. Obviously the latter is only relevant when
the barrier at the binodalU∗ > 3 kBT.
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Figure 5.5: The dimensionless Landau free energyF(r), wherer is the distance to the center of the core
for a probe chain A1B25TM5 in lattice site units (r = 0.8 nm) for various values of the affinity of the
TM for the core (composed of units A)χTM−LGA as indicated, for the position of the receptor surface
(dashed black line),r = 28.0 (= rR = 35×0.8nm= 28.0 nm) nm andχTM−R = −3. The Landau free
energy is normalized such thatF(28.0) = 0. Note that all curves overlap forr > 25.

Before advancing to the results section we need to consider one more complication,
namely when the TM has an affinity for the core. In this case it is more natural to nor-
malize the Landau free energy so that the value at the receptor surface is zero. In Fig.5.5
we show results for the Landau function for which the receptor substrate is set torR = 28.0
nm, and the TM has, in addition to a mild affinity for the receptor, χTM−R = −3 (close to
the binodal of the translocation transition), some extra affinity of the TM for the core. A
more negative value forχTM−LGA implies stronger adsorption of the TM onto the surface
of the core. The curve forχTM−LGA = 1 also given in Fig.5.4 and is here reproduced for
comparison reasons. WhenχTM−LGA < 1 a proximal minimum develops in the Landau free
energy and the natural proximal maximum is shifted to a position in between the proximal
minimum and the central minimum. Now the situation is significantly more complex: there
are three minima, the proximal, central and distal minimum (compared to the core) and two
maxima (proximal and distal). Again we may identify the condition that the proximal and
central minima are equally deep. This binodal corresponds to the detachment transition of
the TM from the surface and occurs forχ∗

TM−LGA ≈ 0. We may also identify a spinodal for
the detachment transition. In this caseχ∗∗

TM−LGA ≈ −6 and the barrier between the proximal
and central minimum vanishes. WhenχTM−LGA < χ∗∗

TM−LGA the proximal maximum and the
central miminum are gone and we are left with two minima, namely a proximal and a distal
one with one maximum in between. When the three minima are equally deep, that is when
χTM−LGA= χ∗

TM−LGA andχTM−R= χ∗
TM−R, we have so-called triple point conditions as three

’phases’ (types of conformations of the probe chain) can coexist.
From this result we can already extract our first design-rulefor a successful targeting for

a receptor. We should avoid a strong affinity of the TM for the substrate. Indeed, it is not
expected that the receptor can successfully fish for the TM when it is strongly attached to the
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core. Of course as long as the affinity of the TM for the receptor is much higher than that for
the core, we should expect that at a sufficient close proximity of the receptor to the micelle,
the TM-R contact is the ground state. However the energy barrier for this case will always
be very high and the translocation transition will be a very slow one. That is why, in the
following we will restrict ourselves to the case that the TM has a small repulsion to the core,
which technically is equivalent with the situation that there is no affinity with the core. This
does not mean that the TM cannot adsorb onto the core. As explained, also when the TM is
not very soluble with water, there may be an induced adsorption energy and corresponding
high concentration of the TM next to the core. As a result the Landau free energy will have
a primary minimum and when this minimum is deeper than the central one, we will use this
one to measure the height of the barrierU∗ for obvious reasons.

Below our focus is on finding conditions so that the ground state is the distal minimum,
while the central minimum is at a position lower than the hydrodynamic radius of the mi-
celle. Then the minority chain will try to reach the receptorstarting from a ’hidden’ (for the
immune system) position. However, the energy barrierU that needs to be overcome to reach
the receptor may well be so large that the translocation of the TM towards the receptor is
a rare event. The idea is then to monitor theU = 3 kBT condition (as measured from the
micelle core/corona). The numerical value is anad hocestimate below which the receptor is
expected to be found fast enough and above which this is too slow. Results can be collected
in so-called phase diagrams. Such diagram collects the binodal and spinodal points when one
parameter (e.g. the length of the minority chain) is varied and the transition is triggered by
some control parameter (e.grR). The binodal curve(s) in such phase diagram give the im-
portant information regarding the translocation and/or detachment transitions. The spinodals
give information on where the respective barriers vanish. TheU = 3 (kBT) curve will be
presented for discussion purposes only.

5.2.3 SF-SCF parameters

Similarly as above, we base our analysis on the model derivedfrom the spherical micelle
composed of PLGA60PEO60PLGA60 chains (see Chapters 3 and 4 [19, 20]). Again, the core
was replaced by a spherical particle composed of PLGA segments with radiusR= 16 nm,
decorated by 237 chains with length 60 grafted on both ends tothe core. These chains are
assumed to be composed of PEO and this was modelled by the solvent quality parameter
χEO−H2O = 0.4. We used minority chains with lengthsNB = 5, 10, 15, 20, 25, 30, 35, 40,
60 and 120, composed of EO units that are end-grafted onto thesolid particle, while they
have a targeting moiety at their free ends. There are three types of interaction parameters
connected to the TM: (i) the affinity of the TM for the core. As argued above we will avoid
large affinities of the TM for the core and here takeχTM−LGA= 1.0 (recallχLGA−H2O = 1.6),
(ii) that for the receptorχTM−R = –3, –6, –12 and –18 (recallχR−H2O = 0) and (iii) the solvent
quality χTM−H2O = 0.1, 0.4, 1.0 and 3.0. On top of this the length of the TM (the volume
of the TM or the repeating TM units) was variedNT M) = 1, 3, 5 and 10. Without mentioned
otherwise just one minority chain was used.
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5.3 Results and discussion

The relevance of several parameters for the translocation transition of the targeting moiety is
conveniently presented in phase diagrams. We will present arepresentative set of these in the
first part of this section. After that we will zoom in onto the optimized system for the use of
polymer micelles as a targeting device for medical (drug delivery) applications.

5.3.1 The default phase diagram

Below we will adopt the convention to define the position of the receptor surface with respect
to the hydrodynamic radius of the micelle, that is we introduce∆r = rR− (Dh)/2. Hence,
∆r = 0 means that the receptor is ’touching’ the micelle corona layer. Negative values of the
receptor distance∆r < 0 (overlap of corona and receptor surface) were disregarded, whereas
positive values are of interest (the larger the better). We present phase diagrams (cf. Fig.5.6
(a)) in the coordinates (i)NB, that is the length of the hydrophilic block of the minority chain
(y-axis), and (ii)∆r, which is the distance, in nm, of the receptor to the micelle surface on
the x-axis. We adopt the following conventions. Solid curves represent the binodal condition
and dashed curves represent the spinodal. Let us, for completeness, mention how to interpret
such phase diagram. When for givenNB, the TM is far from the micelle we are to the right
of the binodal, and the central minimum is the ground state. Upon reducing∆r we approach
the binodal-curve at∆r = ∆r∗. At this point we expect that the TM can thermodynamically
reach the receptor 50% of the time, but this is an activated process as a barrier with height
U∗ needs to be overcome. When the receptor comes even closer to the micelle, the TM-
R state is the ground state and the energy barrier is gradually reduced. When the dashed
spinodal curve is crossed, at∆r = ∆r∗∗, every attempt of the TM to reach the receptor is
expected to be successful as the energy barrier is gone. The height of the energy barrierU∗

at the binodal as a function of the chain lengthN∗
B at the binodal is additionally presented in

panel b which accompanies the phase diagram, i.e., Fig.5.6 (b). Here we have adopted to
present the dependence with a solid curve when the TM is sufficiently short, so that in the
absence of the receptor the TM is hidden inside the micelle corona. For longer chains this
is no longer the case and part of the chain including the TM is outside the corona (dotted
curves). In this regime we have used a dashed curve. As long asthis energy barrier is
sufficiently low, we choose a value of 3kBT, the binodal is the most relevant curve in the
phase diagram, as it demarcates the point from whereon the translocation can effectively take
place. However, when this energy barrier is much higher, a point closer to the spinodal is more
relevant because of kinetic reasons the binodal is not noticed. At the spinodal translocation
occurs spontaneously. In such cases we will present one extra curve in the phase diagram,
namely the condition for whichU = 3 kBT. We will use the dotted curve for this condition.

We start with a basic/default phase diagram shown in Fig.5.6. Here we have opted for
a TM which is 3 segments long and a relatively low value for theaffinity for the receptor
of χTM−R = –3. Again we have taken the situation that the minority chain has a vanishing
affinity for the core. The current phase diagram is representative for all cases that the TM is
repelled by the core or has a very negligible attraction. Fora large affinity of the TM for the
core the phase diagram alters dramatically (not shown). In this case the energy barrier at the
binodal is very small and theU = 3-curve is not relevant. Inspection of the phase diagrams
shows that with increasing length of the minority chain, thecapture distances (binodal-solid
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Figure 5.6: (a): Phase diagram in the (NB, ∆r) coordinates. The solid curve is the binodal condition
and the dashed curve represents the spinodal. (b): The height of the energy barrierU∗ at the binodal
as a function of the chain lengthN∗

B. The solid curve in panel (b) indicate that the TM (in absenceof a
receptor) is within the hydrodynamic diameter and the dotted curve indicates that the TM is outside the
hydrodynamic diameter. Affinity of the TM for the core:χTM−LGA = 1.0, for the receptorχTM−R = –3
andχTM−H2O = 0.4,NTM = 3. Other parameters: see section5.2.3.

curve)∆r∗ as well as the spinodal conditions∆r∗∗ (dashed curves) increases. There exists
a minimum value forNB below which the binodal, and spinodal distances are becoming
negative, meaning that the minority chain is too short and the receptor has to penetrate into
the micelle before the TM can capture it. The binodal and spinodal curves are not plotted for
longer chains thanNB = 120 either.

For large values ofNB the TM is outside the micelle (see dotted curve in Fig.5.6 (b)).
It this regime the minority chains have a flower-like conformation: they have a strongly
stretched stem and a coil-like crown. The crown is outside the micelle and this crown can be
used to stretch towards the receptor. For these long chain lengths the binodal and spinodal
distances grow linearly with the length of the minority chain. This indicates that the chain
has to stretch proportional to the chain length to reach the receptor. In this limit the stretching
free energy (conformational entropy loss) is expected to beproportional to the chain length
NB as well and this is in good agreement with the result of Fig.5.6(b) for large values ofNB.
Hence the barrierU∗ has an entropic origin. When the TM extends towards the receptor the
chain has a reduced conformational entropy. The position ofthe barrier is invariably close to
the receptor surface, because when the TM is at this barrier position, there is already a first
contact with the receptor surface (this causes the Landau energy to go down). This means
that with increasing length of the TM moiety the barrier can be increasingly displaced from
the receptor surface.

Arguably more relevant are the systems for whichNB < 30 as for these systems the TM
remains inside the corona of the micelle when the receptor isfar away. Now the minority
chain is in a more or less homogeneously stretched conformation inside the corona region and
the crown is missing. In this regime the binodal and spinodaldistances grow also linearly with
the chain length, albeit that the slope is less than for longer chain lengths. One possible reason
for this is that when the minority chain is shorter than half the loop lengths of the corona
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forming chains, the natural conformation of the minority chain is somewhat less stretched
than the corona chains. These shorter chains therefore haveto stretch comparatively stronger
to reach the receptor surface. Hence the shorter chains are progressively less effective in
capturing the receptor than longer ones.

The height of the energy barrier at the binodal (cf. Fig.5.6 (b)) is very low in this case.
These low values indicate that already at the binodal the capture efficiency of the TM for
the receptor must be very high. Upon close inspection we see arather complex behaviour
for NB < 40. Apparently, flower-like conformations (NB > 30) have a relatively low value
for the barrier height at the binodal. Chains that must capture the receptor from inside the
corona (NB < 30) have a relatively high energy barrier: these chains firsthave to stretch to
get out of the corona and then have to stretch further to go to the receptor (adding up to a
relatively highU∗). Apparently as a result, nearNB ≈ 30, we findU∗ to drop, but it must be
kept in mind that the absolute value of the drop is small (just0.1 kBT). Indeed, we can see
this non-monotonous behaviour ofU∗(NB) because the absolute values of the barrier heights
is small in this case. Below we find situations that the barrier height is significantly larger
and then the irregularities forU∗(NB) near the value of the length of the minority chain for
which flower-like conformations are found, are less visible.

5.3.1.1 Influence of the solvent qualityχTM−H2O

Obviously, we can construct many different phase diagrams and next, in Fig. 5.7, we will
collect four different ones in a so-called collection of phase diagrams. The different colours
represent different values for the solvent quality of the TM: χTM−H2O (= 0.1,0.4,1.0 and
3.0). Meanwhile the values of the other parameters in the computations were maintained at:
χTM−R = −3, χTM−LGA = 1.0, NT M = 3 (as in the default phase diagram Fig.5.6). With
decreasing solvent quality, i.e. increasingχTM−H2O the binodal shifts to higher∆r values,
while the spinodal shifts to lower ones (Fig.5.7 (a)). Meanwhile the height of the energy
barrier at the binodal (Fig.5.7(b)) increases with decreasing solvent quality. Still the barrier
height remains below the 3kBT value so that the kinetics for the TM-R formation is still
expected to remain sufficiently fast. The shift of the binodal with decreasing solvent quality
is attributed to the fact that the TM-R affinity also has a solvent quality induced part; the
effective adsorption energy increases slightly. Below we will see that with increasing affinity
between the TM and the receptor the binodal shifts dramatically to the right.

One clear consequence of the increasing repulsion between TM and water is an induced
adsorption energy for the TM to the core. This is reflected in progressively longer minority
chains that can maintain their TM within the hydrodynamic diameter (in the absence of a
receptor), reflected in the length of the solid curves in Fig.5.7(b). In more detail, when the
TM has an affinity for the hydrophobic core, the minority chain has a loop-like conformation,
similarly as the corona forming chains. For very poor solvent conditions,χTM−H2O = 3.0, the
local minimum of the Landau energy near the surface appears and this implies a finite energy
barrier near the core (i.e., a barrier associated to the desorption transition) and therefore the
spinodal curve suddenly drops to very negative∆r-values, see Fig.5.7 (a). Fortunately, as
the energy barriers still remain modest, the spinodal curves are not very relevant in this case;
the key feature is the binodal.

The intricate behaviour found for theU∗(NB)-curves in Fig.5.7 (b) easily catches our
attention. However, the energies involved in these irregularities are very small. On top of the
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effect discussed above (the flower-like conformations having a lower barrier than internalized
minority chains), we now also have an extra contribution to the desorption-transition of the
TM from the core. Hence the extra energy needed to decouple the TM from the hydrophobic
core and the stretching (unfolding) of the hydrophilic partof the diblock copolymer, may
induce one extra maximum and/or minimum inU∗(NB), noticed for small values ofNB.
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Figure 5.7: (a): Collection of phase diagrams in theNB ∆r coordinates. The solid curves are the binodal
conditions and the dashed curves represents the spinodals.(b): The height of the energy barrierU∗ at
the binodal as a function of the chain lengthN∗

B. The solid curves in panel (b) indicate that the TM (in
the absence of a receptor) is within the hydrodynamic diameter and the dotted curves indicate that the
TM is outside the hydrodynamic diameter. The colours represent different parameters, namely black:
χTM−H2O = 0.1, red:χTM−H2O = 0.4, blue:χTM−H2O = 1.0 and green:χTM−H2O = 3.0 (spinodal curve
is for ∆r < 0 and therefore not plotted). Other parameters as in Fig.5.6.

5.3.1.2 Influence ofNTM

In this subsection the attention is drawn to the number of segments at the end of the minority
chain. Changes in this value represent a larger/smaller targeting moiety. Alternatively,NT M

can be seen as a series of targeting moieties in a row. As an example,NTM=10 andχTM−R =
−3 can be regarded either as a single targeting moiety of∼ 1 kDa with a totalχTM−R =
−30 (10×−3) or as 10 repetitive targeting moieties each with aχTM−R = −3, the latter
interpretation has our preference. The effect of the molar mass or repetition of targeting
moiety (NTM) units is collected in a collection of phase diagrams given in Fig. 5.8, lengths
ranging from 1 to 10. Other parameters were the same as in the default phase diagram Fig.
5.6.

Inspection of Fig. 5.8 (a) and (b) reveals a clear trend that more repeating targeting
moieties gives a shift of the binodal and spinodal curves to larger∆r values and an increase
of the corresponding energy barrier at the binodal; again all energy barriers (U∗) remain
below 3kBT. These trends may be explained by the fact that more repeating units of the
targeting moiety effectively give a stronger TM-R interaction (see also results below). There
may also be an entropic effect that as one particular TM-R contact is not realized there is in
close vicinity another targeting moiety capable to connectto the receptor. There is a subtle
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effect that the largerNTM requires a shorterNB block lengths to keep the TM within the
hydrodynamic diameter, see Fig.5.8 (b). This implies that largerNTM for the sameNB

block lengths establishes TM-R contact at higher∆r values. When we add the length of the
TM and the spacerNB we again see that the non-monotonous behaviour ofU∗(NB) occurs
at NB+NTM ≈ 30, and thus should be attributed to the (undesired) formation of flower-like
conformations of the minority chain (in the absence of the receptor).
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Figure 5.8: (a): Collection of phase diagrams in theNB ∆r coordinates. The solid curves are the binodal
conditions and the dashed curves represent the spinodals (b): The height of the energy barrierU∗ at the
binodal as a function of the chain lengthN∗

B. The solid curves in panel (b) indicate that the TM is within
the hydrodynamic diameter (when the receptor is absent) andthe dotted curves indicate that the TM is
outside the hydrodynamic diameter. The colours represent different lengths of the TM, namely black:
NTM = 1, red:NTM = 3, blue:NTM = 5 and green:NTM = 10. Other parameters as in Fig.5.6.

5.3.1.3 The influence of the affinity of the TM for the receptorχTM−R

We have already mentioned twice that when the TM has a higher affinity for the receptor,
the translocation transition occurs at larger distances between the receptor and the TM. In
this section we take a closer look to this TM-R affinity parameter. A collection of phase
diagrams is presented in Fig.5.9 for χTM−R (–3, –6, –12 and –18) while the remaining
parameters were the same as the default phase diagram in Fig.5.6. In line with expectations
we observe that the binodal distance shifts strongly, and ina linear fashion, to larger distances
with increasingly negative values ofχTM−R. Remarkable, as can been seen in Fig.5.9(a), for
this range of parameters the spinodals overlap within the accuracy of the lattice model and
hence there is just one dashed red curve. The corresponding values of the energy barrier at
the binodal Fig.5.9 (b) is a linearly increasing function of the absolute value of χTM−R. As
the barrier can easily become larger than the threshold value of 3kBT (for theχTM−R –3 and
–6 values) we now also present for these cases theU = 3-curve in Fig.5.9(a) (dotted curves).
Again, these ’practical spinodal’ curves are given becausewe envision that an energy barrier
of 3 kBT can easily be passed and these practical spinodal values aremore relevant than the
true spinodal (and the binodal) curves. The practical spinodal distances increase slightly with
stronger affinities between TM-R. In passing we note that with increasing affinity of the TM
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for the receptor the irregularities inU∗(NB) still exist but become less clearly visible.
As long asU∗ < 3 we take the binodal and above this value theU = 3-curve to estimate

the relevant ’capture distance’. Inspection of Fig.5.9 (a) then reveals that with increasing
affinity of the TM for the receptor the ’capture distance’ increases continuously, but does not
easily go beyond the 10 nm (forNB < 30) value.
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Figure 5.9: (a): Collection of phase diagrams in theNB-∆r coordinates. The solid curves are the
binodal conditions, the dashed curves represents the spinodals and the dotted curves are drawn for the
U = 3 kBT condition. (b): The height of the energy barrierU∗ at the binodal as a function of the chain
lengthN∗

B. The solid curves in panel (b) indicate that the TM is (when the receptor is absent) within
the hydrodynamic diameter and the dotted curves indicate that the TM is outside the hydrodynamic
diameter. The colours represent changes in TM-receptor affinity, namely red:χTM−R = –3, black:
χTM−R = –6, blue:χTM−R = –12 and green:χTM−R = –18. Other parameters as in Fig.5.6.

5.3.2 Optimization and discussion

Finally, after the assessment of the relevant modeling input parameters on the phase diagram
and the free energy barrierU∗ we will now zoom in onto systems with some preferred tar-
geting design. The optimal design obeys to a set of conditions most of which we already
encountered above. (i) The TM should not have a strong affinity for the core. As long as the
affinity for the receptor exceeds that for the core, i.e.χTM−R < χTM−LGA, the translocation
transition is still expected to occur. But, as soon as the affinity for the core is significant,
the total free energy barrier, that is the desorption- plus translocation barrier, is expected to
be correspondingly higher, so that the kinetics becomes progressively (exponentially) slower.
(ii) There exists a minimum affinity of TM for R,χTM−R <−3. When the affinity is too low
the binding is not expected to take place in a significant fashion. (iii) The TM should not be
too hydrophobic, that is,χTM−H2O . 1. Various complications are foreseen for hydrophobic
TM. First of all, in the preparation the TM may be internalized inside the (glassy) core, and
can then only be released when the core is degraded. Secondly, there is a solvent-induced
affinity for the TM to adsorb onto the core. Then some extra energy is required to desorb the
TM from the core. Thirdly, hydrophobic TMs are expected to have non-specific affinities for
apolar substrates (molecules, receptors, tissues, membranes). Binding to these entities will
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decrease the ultimate efficiency of the targeting micelle. (iv) The minority chain should be
short enough so that the TM is kept inside the corona as long asthe receptor surface is not
in capturing distance. When the minority chain is too short,the translocation is impossible.
Hence the longer the minority chain the better. As long as theTM is ideally repelled by
the core, the maximum length of the minority chain isNTM +NB ∼ 30. (v) The number of
repeating TMs along the minority chain is preferably not very small. In the current system
we have focused on linear chain architectures. We argue thatit stands also model for the
case that a minority chain has a branched or dendritic end fragment which features several
TM to be coupled to one or more receptors, albeit that the details for this will be slightly
different. Alternatively, one can include multiple minority chains inside a micelle to enhance
the capturing efficiency.

We here like to argue that the capture distance, which is∆r∗ when the energy barrier is
low, and the distance∆r whenU = 3 kBT, should be as large as possible. When this value
is sufficiently large the minority chain can in practical situations circumvent obstacles and
wonder around, which is important when the micelle is near the individual receptors (different
from our modeling assumption that the receptor is around themicelle). The following results
are presented with the idea in mind to maximize the capture distance.

From these requirements we have identified two parameters which deserve a closer invest-
igation, namely the affinity of the TM with respect to the receptor χTM−R (we choose values
–3, –6, –12 and –18) and the number of repeating units of TM in the minority chain. Larger
values of these two parameters give larger capture distances. Other parameters are the same
as for the default system (cf. Fig.5.6). This means that we still ignore a significant affinity
of the TM for the core and insist on good solvent conditions for the TM ( χTM−H2O = 0.4).
The requirement to focus on the longest possible minority chain prompts us to fix the total
length of the minority chain toNT M +NB = 35 (slightly larger than the value advised above
to press our luck). In Fig.5.10we present a set of phase diagrams in the coordinatesNT M

(longer values imply shorter spacer lengthsNB) versus the receptor distance∆r. As typically
U∗ > 3, we only present the spinodal curves (dashed) and theU = 3 kBT curves (dotted).

It follows that forNB+NTM = 35 a wide array of spinodals and practical spinodalsU = 3
kBT can be realized. Let us first discuss the practical spinodalsbecause these are of primary
interest for the application. The practical spinodals (dotted curves) forNTM = 1 (andNB = 34)
can be realized at∆r = 2 nm forχTM−R=−3, ∆r = 4 nm forχTM−R=−6 and∆r = 6 nm for
χTM−R =−12 and –18 (the difference vanishes in the lattice approximations). The larger the
NT M value the larger∆r for the practical spinodals, although for the smallerχTM−R values
(–3 and –6) the practical spinodals reach a plateau value at∆r ≈ 5 nm for χTM−R = −3
and at∆r ≈ 10 nm forχTM−R = −6. Meanwhile the practical spinodals forχTM−R = –12
and –18 still show a more or less linear growth of∆r with NTM, enabling a record TM-R
capturing distance∆r ≈ 6 nm up to∆r ≈ 15 nm forNTM = 20. For the higher TM-R affinities
the saturation of the ’capture distance’ is expected to occur for even larger values ofNTM.
Note that the practical spinodals forχTM−R = –12 and –18 (dotted blue and green curves) are
close to each other. For small values ofNTM the practical spinodals forχTM−R = –12 and –18
effectively coincide, while for larger values ofNT M a constant difference of just≈ 1 nm for∆r
is maintained. This implies that the ’capture distance’ is not easily increased by increasing
the affinity χTM−R to even larger values. However, increasingNTM remains effective as a
means to increase the capture distance as mentioned already. We will elaborate on why this
is the case below.
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Figure 5.10: (a): Collection of phase diagrams in theNTM ∆r coordinates for TM situated within the
hydrodynamic diameter. The dotted curves are the practicalspinodalsU = 3 kBT and the dashed curves
represents the spinodals. The colours represent differentparameters, namely red:χTM−R = –3, black:
χTM−R = –6, blue:χTM−R = –12 and green:χTM−R = –18. The other calculation parameters are similar
to the default system (cf. Fig.5.6). Here we have chosen for the longest possible minority chains, that
is we have implemented the constraintNTM +NB = 35.

The difference between the spinodal (dashed curves) and thepractical spinodals (dotted
curve) is indicative for the height of the energy barrier at the binodal, i.e.U∗. When this
difference is very small the value ofU∗ must be a bit larger than 3kBT, whereas when the
difference is large, the barrier at the binodal is much larger than 3kBT, see also Figs5.6(a)
and (b). With this information it is of interest to inspect the whereabouts of the spinodals.
The spinodals (dashed curves) coincide at∆r∗∗ = 0 nm for NTM = 2 (andNB = 33) for all
χTM−R values. Within the accuracy of the lattice, the spinodal forχTM−R = −6, –12 and
–18 overlap untilNTM = 3 from this value the spinodal forχTM−R = −6 splits off, while
the spinodals forχTM−R = −12 and –18 still overlap untilNTM = 5. The spinodals (dashed
curves) in comparison to the practical spinodals (dotted curves) first seem to go in parallel
where-after they achieve a maximum difference and from thereon they converge back to each
other. Again, the latter implies thatU∗ increases with increasingNTM. For the spinodals
and practical spinodals ofχTM−R = −3 and –6 this behaviour can be completely monitored
in Fig. 5.10. For the spinodal and practical spinodal ofχTM−R = −12 this behaviour can be
seen until the maximum difference between the two spinodals(see blue curves). The spinodal
and practical spinodal forχTM−R = −18 (see green curves) only show the parallel part, and
the other features are found forNTM > 20 (not shown).

From this optimisation study we conclude that it is possibleto increase the capture dis-
tance to at least 15 nm. This distance is significant as it is ofthe same order or a bit larger
than the size of the corona. Apparently it is possible to stretch the minority chain by a factor
of more than two to reach the receptor surface. Of course the relatively long series of TM
contributes to this remarkable finding. A long sequence of TMs at the end of a relatively
short spacer, allows the position of the barrier to be significantly displaced from the receptor
surface. In a good approximation this distance scales linearly with NT M (not shown). The
further the barrier is displaced from the receptor the less the minority chain has to stretch to
reach the barrier. That is why the overall barrier height canremain so low while the receptor
is relatively far away.
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Thus far we only focused on a single minority diblock copolymer per micelle. We note
that while using the nanoprecipitation method the diblock copolymers are distributed ran-
domly over the micelles and hence it is impossible to achieveexactly one diblock copolymer
per micelle. This implies that some micelles certainly willcontain more diblock copolymers,
while others remain empty. In order to prevent that some micelles contain no diblock co-
polymers it is advised to aim at an average of e.g.≈ 10 diblocks per micelle in order to
achieve that at least the majority of all micelles contain atleast one diblock per micelle. Also
in order to increase the probability on TM-R contact we should incorporate more than one
diblock copolymer per micelle. We recall that the corona is composed of over 200 tri-block
copolymers and therefore having 10 minority chains is stillexpected to be only a slight per-
turbation. We have checked that his is indeed the case (not shown). In these cases we found
that each minority chain behaves independently from all theothers and therefore we simply
can linearly add up the capture efficiency. In other words, the probability for a TM-R contact
will increase linearly with the number of minority chains per micelle.

Here we only focused on repeating TM in a linear chain-architecture. Other architecture
can still be handled by the SF-SCF machinery. It can be that other geometries (star-like or
dendrimer-like) have even a more pronounced effect on TM-R contact and∆r. These could
even be used with larger values forNB while maintaining the TM within the hydrodynamic
diameter and enabling TM-R contact at larger∆r. To study such modifications becomes
appropriate when corresponding experimental systems become available.

There are several ways to check the viability of our SF-SCF modeling approach and we
hope such experiments will be performed in the near future. One can, for instance, investigate
the strength or possibility of a TM-R connection with atomicforce microscopy to generate
or validate the parameters needed. Another way of checking the efficiency of the hidden tar-
geting moieties within the micellar corona and their receptor interaction is by exposing the
micelles to specific antibodies for their targeting moieties. Comparing against micelles which
do not contain targeting moieties with micelles that contain their targeting moieties beyond
(flower-like conformations) and within the micellar corona(homogeneously stretched con-
formations). A similar experiment can also be performed with an immune response evoking
targeting moiety. Again, when the TM is hidden inside the corona this should avoid an im-
mune response, while a clear immune response is generated when the (too long) minority
chains are in the flower-like conformation which exposes theTM.

5.4 Conclusions

Copolymer micelles are promising structures for passive and active drug delivery applica-
tions. Experimentally it is attractive to use the nanoprecipitation method to generate micelles
with a well-defined structure and composition. This method can be adopted to include tar-
geting moieties without the need to perform elaborate post-processing of the micelles. We
have presented a modeling approach aimed at finding the best parameters for such composite
micelles to perform as active delivery vehicles. We hope that this modeling study allows for
a more efficient design of active drug delivery micelles in medical applications.

We have used the Scheutjens-Fleer Self-Consistent Field (SF-SCF) theory in a spher-
ical coordinate system with concentration gradients in onedirection, and implemented a
coarse grained model with appropriate parameters that closely predict the micellar structure
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when triblock copolymers with the PLGA-PEO-PLGA architecture self-assemble through the
solvent-precipitation method. We postulated that it is possible to admix a small number of
diblocks PLGA-PEO into these micelles without affecting the overall micelle structure. We
reported an SF-SCF analysis to reveal which diblock copolymer molar masses/block lengths
are beyond or hidden within the corona the micelles. We then focused on the hidden ones:
these systems avoid the possible immune response upon theirapplication in the human body.
At the free end of the diblock copolymer we have attached a targeting moiety (TM) or a
series of TMs and we have positioned in the cell-model a receptor surface around a (slightly
simplified) composite micelle. A parameter search was executed to find the largest possible
capture distance, that is, the distance between the receptor and the micelle at which the TM-R
contact is efficiently established. We have introduced a Landau free energy as a function of
the distance of the receptor (surface) to the micelle and identified the so-called translocation
transition, wherein the TM jump-like goes from the hidden position inside the corona to the
receptor which is outside the corona. Here we have taken the ad-hoc estimate that the free
energy barrier (the minority chain has to stretch to reach the receptor) for the translocation
transition should be about 3kBT to estimate the experimentally relevant capture distance.
We have shown that it is possible to reach capture distances of at least 15 nm. This length
corresponds to the size of the corona and implies that it should be possible to double the
stretching of the minority chain in the process of capturingthe receptor. On top of this we
formulated a number of design rules. For example, we advisedthat the TM should not be
too hydrophobic. It is also better to prevent specific adsorption of the TM on the core of the
micelle. It is expected that the number of minority chains inthe micelle can be larger than
unity without adverse effects. More chains imply a higher capture efficiency, but increasing
the value too much will perturb the micelle structure in unforeseen ways. We also speculated
that a branching of the terminal end of the minority chain canbe used to further improve the
design.
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In this thesis the focus is on rationalizing the size and loading of colloidal particles that
are to be used as drug delivery vehicles, as obtained by usingthe nanoprecipitation process
[1, 2]. In this chapter the implications and possibilities for further research and applications
are discussed while the main findings of the previous chapters are briefly reviewed. Nan-
oprecipitation is an apparently simple process which was, however, still poorly understood
[3].

When we started this work, nanoprecipitation had been studied experimentally quite thor-
oughly, but there was limited understanding of the underlying physics that determines the
final particle size. A physical picture of the nanoprecipitation process of hydrophobic mo-
lecules in water and the role of stabilizing surfactants wasdescribed by Lanniboiset al. [4],
and was extended to high concentrations of polymeric hydrophobic compounds [5] and ap-
plied to obtain rather narrow size distributions [6]. Knowledge of the physics that governs
the nanoprecipitation process could help to rationalize how various experimental parameters,
such as mixing efficiency/time, surfactant and polymer concentration and molar masses, af-
fect the final particle size. This tremendously facilitatesthe design of a smarter preparation
protocol.

Especially the relation between the physical chemistry (polymer and surfactant size and
concentration), the mixing efficiency of this process and the resulting particle sizes had been
poorly investigated systematically and understood previously. Only advanced heavy com-
puter simulations permitted to gain some understanding of the relation between the used
chemistry, the present physical properties and the final result: the size and loading of col-
loidal particles [7, 8]. Other approaches were based on more or less design of experiment
(DOE) research which fails to give an insight into how existing material and processing para-
meters influence the size obtained when using the nanoprecipitation process.

For many applications where compounds are encapsulated, simultaneous control over
both size and loading is a prerequisite. Especially for drugdelivery applications, more
specifically in oncology, control over size and loading is ofutmost importance [9–14].
A more thorough understanding of nanoprecipitation could give rise to a more general
strategy to apply the resulting particles, for drug delivery applications in medicine. A
key ingredient of drug delivery particles are biocompatible polymers and amphiphiles
(surfactants and copolymers). The amphiphilic nature of surfactants or copolymers can be
roughly divided into two separate categories. First, thereare water soluble (polymeric)
surfactants, which can be brought into solution by simply dissolving them into water, see
Fig. 1.3 in the Chapter 1. Second, there are non-water soluble (polymeric) surfactants
which can only be dispersed into water by special means. The nanoprecipitation technique
allows to bring the latter in water where they will form colloids. During this process
they undergo a transition from good to poor solvent conditions. Upon this solvent switch
the polymers can form stable colloidal particles, see Fig. 1.4 in the Chapter 1. Both
water soluble and non-water soluble surfactants can be usedto make stable nanoparticulate
suspensions of hydrophobic (co)polymers and/or active ingredients in aqueous environments.

For water soluble surfactants combined with hydrophobic polymers we tried to grasp the
physics of the nanoprecipitation process into a simple theory resulting in simple analytical
expressions [15] for the size dependence based on von Smoluckowski’s theory[16, 17], as
described inChapter 2. The rapid switch from good solvent to poor solvent for the polymers
results in a coalescence process which can be described by taking into account three differ-
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ent time scales: mixing time, coalescence time and protection time. The end particle size is
mainly dependent on the mixing time. The mixing time shows two regimes: the ’slow’- and
the ’fast’-mixing regime. For the slow mixing regime the size is mainly dependent on the
concentration and the viscosities of the solutions but is independent on the molar mass of the
polymer. This dependency, which is linear in the polymer concentration, enables experiment-
alists to accurately target specific sizes. For the ’fast’ mixing regime the end size is mainly
dependent on the mixing time/speed, however, below a certain mixing time the size attains a
plateau value and cannot be further reduced. Understandingof these two regimes enables the
utilization of two approaches to generate particles of a certain desired size. First, the polymer
concentration can be increased or decreased in order to obtain a desired bigger or smaller size
in the ’slow’ mixing regime. Second, if the polymer concentration does not permit to obtain
smaller sizes the mixing time can be decreased by utilizing different techniques (e.g. using
an impinging jet mixer).

The particles made with water soluble surfactants can be used in different applications
where a more fine distribution, on a surface or in the bulk, plays a dominant role and
where fast release is desired. For a fixed particle volume fraction small particles have a
larger surface area and number density compared to big particles. This implies that the
distribution of the encapsulated species is better. Especially particles which are stabilized
with surfactants having a high critical micelle concentration (CMC) will exhibit a fast
release. In the final application drug delivery systems are diluted to a high degree. Then the
particles come into an environment where the surfactant concentration gets lower than the
CMC which speeds up the release of the encapsulated compounds. Upon this dilution, below
CMC, stabilizer molecules will desorb from the self-organized particles whereupon they
can take along encapsulated molecules into the aqueous environment. Medical applications
that require a fast release profile can benefit from this. Alsofor food applications (e.g. food
preservatives) these systems could be useful since a betterdistribution will result in using
less preservative while obtaining a higher efficacy. Slowerrelease for these systems might
be achieved in case of strong attractions between surfactant and encapsulated compound.

As non-water soluble surfactants we focused on triblock copolymers. These triblock co-
polymers were designed and synthesized in such a way that themiddle block consisted of
polyethylene oxide (PEO). The outer two blocks, equal in molar mass/size, were made of
poly-(glycolic-co-lactic acid) (PLGA) or poly-(caprolactone) (PCL). The triblock copoly-
mers were synthesized via the ring-opening polymerizationmethod [18, 19]. PEO, PLGA
and PCL were chosen because of their excellent biocompatibility [ 20–25] and vast usage in
pharmaceutical applications. Rather than choosing diblock copolymers we opted for triblock
copolymers. Because the (PEO) corona of these micelles is denser than the corona of diblock
copolymer micelles. The higher the PEO corona density, the lower the mobility of water res-
ulting in a slower drug release. Prolonged drug release profiles in time are more beneficial: (i)
from a patient’s point of view, because less treatments are needed, (ii) from an efficacy’s point
of view because long and preferably stable drug release profiles are often desired for better
treatment results, and (iii) from an economic viewpoint because less frequent treatments and
longer drug release also cut down costs.

In order to predetermine the relationship between chosen chemistry (PEO, PLGA and
PCL), used molar masses and the size of the spherical micelles we employed Scheutjens-
Fleer self-consistent field (SF-SCF) theory [26–29], seeChapter 3. In order to perform
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SF-SCF computations, several important parameters are needed. First, the number of Kuhn
segments and Kuhn length [30, 31] of the used (co)polymers are needed. The Kuhn segment
can be found from literature data [32] and the molar mass, reflecting the polymer’s chain
length, then provides the number of Kuhn segments. Second, the Flory-Huggins interaction
or χ-parameter [32] is needed. Although it is difficult to exactly measure this parameter
it can often be rationalized from the hydrophobicity (in thecase water is the poor solvent)
of the polymer. It is possible to rank different polymers according to their hydrophobicity,
deriving in such a way an estimatedχ-parameter. Water-octanol partition coefficients and
surface tension measurements can also aid in making a well-balanced educated guess for
the χ-parameters. Moreover since SF-SCF calculations are fast (104−105 times faster than
computer simulations) a certain interval forχ-parameters can be calculated in order to assess
their influence. In this way it is possible to see which block lengths in relation to aχ-
parameter range are capable of forming spherical micelles.For PEO theχ-parameter is
known and for PLGA and PCL theχ-parameter can be derived from their hydrophobicity.

Chapter 3 explains in detail how SF-SCF for spherical triblock copolymer micelles
is performed. We checked our theoretical predictions with experimental findings. To
characterize the size we calculated the hydrodynamic diameter (Dh) from SF-SCF using
Brinkman-Debye theory [33, 34] and compared this with hydrodynamic sizes measured
by dynamic light scattering (DLS). We concluded from this comparison that given certain
chemistry and molar masses SF-SCF can be used to design a predetermined size of spherical
micelles. SF-SCF can be used as a tool to unravel the structure-function relationship between
copolymer composition and micellar size and morphology [35]. Hence, SF-SCF predictions
allow for more efficient experimentation. If some applications demand a specific chemistry
together with a desired size, one can easily assess whether it is possible, by tuning the
molar mass of the desired chemistry, to achieve this desiredsize by performing SF-SCF
calculations.

In Chapter 4 we studied the simultaneous tuning of size and loading. SF-SCF predictions
of loading versus size were compared with experimental datarevealing that SF-SCF is an
excellent tool to predetermine the loading capacity of a certain copolymer composition and
the influence of this loading on size. This approach enables the design of predetermined
size and loading of spherical micelles. InChapter 4 we also checked the stability of these
spherical micelle formulations in time. As expected once, hydrolytic, degradation of PLGA
starts the stability of these micellar formulations only then is affected [22, 35]. Ostwald
ripening [36] was not detected for these formulations indicating that the particles appear to be
equilibrium structures. Our approach of loading block copolymer micelles with hydrophoic
(co)polymers and/or active ingredients allowed to modify the size of polymeric nanoparticles
[37].

However, these spherical micelles are not indefinitely stable in an aqueous environment.
Since hydrolytically degradable (co)polymers are used, storing them in an aqueous suspen-
sionshortens their shelf life, there is a need to find a way to prevent this. If the aqueous
environment is removed (e.g. by evaporation or freeze drying) the micelles will collapse and
then they are not resuspendable to their original size anymore. This collapse can be prevented
by cross-linking the copolymers inside the micelles. Such an approach would demand an
additional processing step after the nanoprecipitation process. This post processing step
often demands the usage of cross-linking chemistry which can affect the encapsulated
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cargo (by unwanted chemical reactions) and may need removalafter cross-linking has been
performed. Another option is to replace the aqueous environment with a hydrophilic and
biocompatible (polymeric) liquid which does not promote hydrolytic degradation upon
storage. Alternatively, it may be possible to perform the nanoprecipitation process in a
hydrophilic (water soluble) and biocompatible polymeric melt which solidifies upon cooling.
In the solid polymer matrix the micelles get embedded which may provide a solution for
long term storage. This solid matrix can afterwards be turned into a powder, by e.g. milling,
which reduces the solubility time and suspension of the micelles prior to application.

Besides using SF-SCF to study passive targeting micelles, by tuning size and loading,
it can also be used to study active targeting by analyzing a targeting moiety (TM) into the
micelles and study the possibility of linkage with the receptor (R). This is the subject of
Chapter 5. Diblock copolymers with a targeting end group (targeting moiety), targeting dib-
lock copolymers, were added to triblock copolymer based micelles. A theoretical study was
performed using SF-SCF in which a micelle composed of mixed di- and triblock copolymers
was brought closer to a surface with a receptor. From the SF-SCF calculations a maximum
interaction distance could be derived. This defines the range over which a targeting moiety
can jump to the receptor. The maximum interaction distance is the largest distance between
micellar surface and receptor for which TM-R contacts are possible. TM-R contact is only
possible after crossing an energy barrier. Interaction energies less than< 3kT are considered
to be spontaneous, enabling targeting moiety-receptor interaction. In general these targeting
moieties are attached to the micelles after the formation ofthe micelles which implies that
the reactants need to be removed from the system. We envisionusing the nanoprecipita-
tion method to prepare these micelles to omit this post-processing step and incorporate the
targeting diblock copolymers within the micelle upon nanoprecipitaion.

Since the synthesis of these targeting diblock copolymers is complicated and expens-
ive, we strived to come to an optimized design using as littleof these targeting diblock
copolymers as possible, while maintaining targeting moiety receptor interaction. The
optimized design takes into account the relevant interaction parameters of the whole system.
In addition, we varied the lengths of the hydrophilic PEO block of the targeting diblock
copolymer in order to assess the possibility that even when the targeting moiety is hidden
within the micellar corona targeting moiety receptor interaction could still be achieved.
Hiding the targeting moiety within the micellar corona, which is regarded as stealthy, may be
beneficial in avoiding undesired immune responses possiblyevoked by the targeting moiety.
Our theoretical SF-SCF calculations show that it is indeed possible for a targeting moiety
hidden within the micellar corona to maintain its receptor interaction. Another benefit of
using short targeting diblock copolymers is that the solubility for copolymers having a
smaller hydrophilic block is lower. This is beneficial for micellar stability and for the release
of encapsulated compounds.

In Chapter 3, 4 and 5we used SF-SCF computations. The main advantages of perform-
ing SF-SCF calculations are: (i) they are faster than other computer based simulations (order
of magnitude 104 to 105), (ii) before starting synthesis of copolymer surfactantsone can
calculate the desired polymer architecture for a desired chemistry in order to obtain desired
size and loading, (iii) targeting moiety recpetor interactions can be modeled giving insight in
maximum interaction distance and required interaction energy, (iv) it is a valuble toolbox for
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the design of passive and active targeting micelles. The main disadvantage of SF-SCF is that
for some desired chemistry the needed input parameters are not readily available. They have
to be estimated, experimentally determined or calculated,which can be difficult.

In this last paragraph we would like to propose suggestions for future investigations as
a follow-up of the research described in this thesis. The ability to design the proper poly-
mers using theory for passive and active targeting offers a flexible toolbox to develop drug
delivery applications. However, once an application is designed at a desired size, loading and
envisioned receptor target, it needs to be assessed for its performance.

First, the micelles containing a targeting moiety should beexperimentally made and char-
acterized. The functionality of micelles with a targeting moiety can be studied using an an-
imal study. There are mouse models which allow to monitor theaccumulation of particles
within tumor tissue due to the enhanced permeation and retention (EPR) effect for pass-
ive targeting. The EPR test will allow to practically confirmwhich micellar size(s) or size
ranges result in an improved performance/higher accumulation of micelles in the tumor tissue
without using the targeting moieties. Since tuning size andloading is easily performed util-
izing SF-SCF one may find an optimal system using as little as possible of the active agents
and enabling improved release profiles resulting in a more efficient, less repetitive medical
treatment.

Second, the active targeting capabilities need to be confirmed in practice.In vitro cell
testing can be performed revealing when an improved efficiency due to active targeting is
achieved or not. One could easily compare similar sized micelles without targeting moieties,
and with targeting moieties, both beyond and within the micellar corona. Adding these three
systems to a cell culture which has an expressed receptor on the cellular surface can reveal
the efficiencies of the systems after the cells are separated(by washing for instance) from
non-bound micelles. An encapsulated fluorescent dye will quickly reveal the differences in
active targeting capabilities by using different visualization techniques.

Thirdly, it is useful to study the maximum interaction distance. To validate the maximum
interaction distance it is possible to deposit receptors ata surface surrounded by brushes
which hold the micelles from the receptor at a distance larger, equal and smaller than the
(modeled) maximum interaction distance resulting in a practical maximum interaction dis-
tance. In a biological system it might not be possible for a micelle to approach its target
closer than a maximum interaction distance. It can very wellbe that other species present on
a cellular surface (e.g. sugar chains; the so called polysaccharide trees or other molecules),
by steric hindrance, depletion, repulsion or other reasonsprevent the micelle to come close
enough to the receptor to establish a bond. Therefore the practical maximum interaction
distances still need to be assessed in a cell culture taking into account that the (biological)
maximum interaction distance in a biological system might be smaller than the practical and
modeled results.

Finally, it needs to be tested that hiding the targeting moieties within the stealthy mi-
cellar PEO corona will avoid immune response. The targetingmoiety should be replaced
with a known immunogen/antigen and exposed to a cell culturewhich contains immune cells
for this specific antigen. The absence or presence of the antibodies, detected by appropiate
techniques, for the specific antigen reveals whether immuneresponse is avoided or not.

We envision that if all above mentioned tests give positive results one could tailor make
micellar based active and passive targeting drug delivery applications for cancer treatments.
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Since the detection of cancer is difficult in early stages, due to the small tumor sizes or wide
distribution of tumor cells (metastasis) throughout the body, these passive and active targeting
micelles could offer a solution. Due to their high efficiencythey can be administered in low
quantities and accumulate in high concentrations in the specific tumor tissue. Ultimately, they
might even be used as preventive treatments for cancer, justlike vaccination for flue.
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Summary

Many active ingredients like drugs, preservatives and vitamins are hydrophobic. In most
applications for food and pharma, however, they need to be functional in aqueous environ-
ments. In order to facilitate their usage in aqueous environments one needs a way to enable
the dispersion of hydrophobic compounds into submicron particles in water in a controlled
manner. We investigated the stabilization by surfactants and encapsulation into micelles of
hydrophobic compounds using the nanoprecipitation method. The research described in this
thesis is about building more understanding of the nanoprecipitation method in relation to
the relevant physical chemical parameters. The theoretical results led to predictions that
were compared to experimental data. For water-soluble surfactants as stabilizers in the
nanoprecipitation process a new theory was developed to relate the process parameters to the
final particle size. For non-water-soluble surfactants self-consistent field theory was used in
order to unravel the structure-function relationship between used copolymer chemistry and
the form and morphology of the obtained particles, spherical micelles and their size.

In Chapter 2 we analyzed new and existing experiments on the nanoprecipitation method
using water-soluble surfactants as stabilizers in a systematic manner. These were interpreted
in terms of a new theory that links the process and material properties to the final particle
size. The nanoprecipitation procedure consists of quenching a polymer solution from a good
to a poor solvent containing surfactant solution. Three characteristic time scales can be
identified which affect the final particle size, see Fig.1. First, the mixing time (τmix) was
identified; the time needed to mix the polymer solution (polymer in good solvent) into the
surfactant solution (poor solvent). Second, the coalescence time (τcls) was identified; the time
needed for the collapsed polymer chains to coalesce into bigger droplets and subsequently to
harden out into particles with long term storage stability.Last, the protection time (τpro) was
identified; the time that the surfactant molecules need to completely cover the coalescing
droplets and by this stop the coalescence of the collapsed polymer chains/droplets. The
two latter characteristic times are intrinsic properties of the used solvents, surfactants and
polymers and cannot be changed without addition of extra/new molecules. However, the
mixing time is the only parameter which can be changed without modifying the material
properties of the system. The mixing time can be easily varied by the method of mixing
the good and the poor solvent. Using a pipette to mix the two solutions will result in a
’slow’ mixing time regime and utilizing for instance an impingent jet mixer can result in
a ’fast’ mixing regime. For both mixing regimes a clear analytical expression could be
derived enabling more efficient experimentation in order toobtain a specific final particle
size. For the ’slow’ mixing regime the relation between finalparticle size (Rend

p ) was found
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Figure 1: Different stages of a nanoprecipitation experiment: (a) typically 1 mL of a 10 mg/mL of
polymer solution in good solvent is added to 10 mL of 1 wt% surfactant solution in water; (b) the mac-
roscopic mixing step; (c) the initial state of the system considered: polymer spheres are homogeneously
distributed within the experimental volume; (d) end of the experiment: polymer spheres have coalesced
until a protective layer of surfactant protects the individual spheres against coalescence.

only to be dependent of the used polymer concentration (cmp) asRend
p ∼ cmp. The practical

interpretation of this analytical expression is rather simple; an eight times higher polymer
concentration will result in a two times bigger final particle size. For the ’fast’ mixing regime
the analytical expression can be interpreted also in an easyway; the faster the mixing the
smaller the final particle size. Below a certain value for themixing time the final particle
size attains a plateau value; even faster mixing will not further decrease the final particle
size. When using water-soluble surfactants the release of the cargo, which in practice often
takes place after significant dilution, is expected to be fast. In order to increase the release
of the encapsulated compound(s) in time we incorporated thesurfactant functionality into
a non-water soluble triblock copolymer (in Chapter 3 and 4).This results, even upon huge
dilution, in an extended release profile in time.

In Chapter 3 we employed self-consistent field theory for non-water-soluble surfactants
in order to relate the (block copolymer) surfactant chemistry to the size and composition
of the resulting spherical equilibrium micelles. The surfactants, triblock copolymers
synthesized via ring-opening polymerization, were employed in the nanoprecipitation
process in order to make spherical micelles, see Fig.2. The theoretical predictions were
compared to the experimental results and it was concluded that self-consistent field theory is
an accurate theoretical tool to predict the size of spherical micelles given a certain chemistry
and composition of the copolymers and the conditions required to form these micelles.

In Chapter 4 we experimentally studied whether hydrophobiccompounds (polymers,
different active ingredients or a mixture of the two) were added in order to verify whether
these spherical micelles could be loaded by these compounds. We investigated the en-
capsulation behavior of these micelles for hydrophobic compounds both theoretically and
experimentally and considered the influence of the size for the micelles. From both the
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Figure 2: Cartoon of the nanoprecipitation process for triblock copolymer micelles. Typically 0.4 mL
of a 45 mg/mL of copolymer solution in good solvent is added to10 mL water. Upon this mixing the co-
polymer shifts from a good solvent to a poor solvent evoking the formation of micelles. If an (in)active
ingredient (which is hydrophobic) is added together with the copolymer to the good solvent it accumu-
lates upon solvent switch within the hydrophobic micellar core resulting in micelles encapsulating the
(in)active ingredient.

theoretical predictions and the experimentally obtained data it followed that these micelles
can be used for encapsulation of hydrophobic compounds. Moreover, the theoretical predic-
tions matched with the experimentally obtained data. It wasconcluded that self-consistent
field predictions can be used to predict the size and stability of spherical micelles with
encapsulated hydrophobic compounds.

Tuning size and loading is mandatory for passive targeting applications because the
particle size mainly determines the biologic faith. In order to enable active targeting,
utilizing a targeting moiety and (specific) receptor interaction is needed while maintaining
the stealthy nature of the spherical particles developed inChapter 3 and 4. In Chapter 5 we
performed a theoretical self-consistent field study on spherical block copolymer micelles
to investigate whether it is feasible to hide the targeting moiety within the micellar corona
while maintaining receptor interaction. We determined themaximum interaction distance
wherefrom targeting moiety receptor connection can be established and the required energy
barrier at different distances. The outcome of these calculations was used to design a
(theoretical) optimized system for active targeting.

We used self-consistent field theory to calculate the size, loading and targeting capability
of triblock copolymer based micelles enabling both passiveand active targeting and verified
our calculation results experimentally. Although the active targeting predictions were not
verified experimentally we established a design for passiveand active targeting micellar ap-
plications for, for instance, drug delivery applications while maintaining the stealthy nature
of these micelles.





Samenvatting

Actieve ingrediënten zoals medicijnen, conserveermiddelen en vitaminen zijn vaak onoplos-
baar in water. In de meeste toepassingen voor voeding en farmacologie is het echter nuttig
wanneer zulke ingrediënten fijn verdeeld worden in een waterige omgeving. Om hun
gebruik in een waterige omgeving te vergemakkelijken is er een manier nodig om deze
ingrediënten op een gecontroleerde manier te dispergerenin water. In dit proefschrift staat
onderzoek beschreven naar de stabilisatie door middel van oppervlakteactieve stoffen en de
incapsulatie in micellen (deeltjes bestaande uit oppervlakteactieve stoffen). Deze stabilisatie
en incapsulatie van niet-wateroplosbare stoffen werd gerealiseerd door gebruik te maken van
de nanoprecipitatie methode.

Het onderzoek beschreven in dit proefschrift handelt over het begrip van de nanoprecip-
itatie methode in relatie tot de relevante fysisch-chemische parameters. De theoretische
begripsvorming werd aan de hand van experimentele data getoetst. Om in staat te zijn
deeltjes met eena priori gewenste uiteindelijke grootte te maken met wateroplosbare
oppervlakteactieve stoffen werden verschillende parameters gecombineerd tot een eleg-
ante begrijpelijke analytische uitdrukking in hoofdstuk 2. Tijdens de nanoprecipitatie
methode worden, in aanwezigheid van oppervlakte actieve stoffen, polymeren van een
goed oplosmiddel naar een slecht oplosmiddel gebracht. Bijdeze overgang van goed
naar slecht oplosmiddel werden drie verschillende tijdsschalen geı̈dentificeerd, zie Fig.
1. De grootte van deze drie tijdsschalen bepalen de uiteindelijke deeltjesgrootte. Als
eerste werd de mengtijd geı̈dentificeerd; de tijd die nodig is om de polymeeroplossing
(polymeer in goed oplosmiddel) te mengen met de oplossing van de oppervlakteactieve stof
(slecht oplosmiddel). De tweede tijdschaal is de coalescentietijd; de tijd die de gekrompen
polymeerketens nodig hebben om zich samen te voegen tot grotere polymeerdruppeltjes om
vervolgens uit te harden tot deeltjes met een lange opslag stabiliteit. Als laatste werd de
beschermingstijd geı̈dentificeerd; de tijd die oppervlakteactieve stof moleculen nodig hebben
om het hele oppervlak van de polymeerdruppels te bedekken waardoor het coalesceren van
de polymeerdruppels tot een einde komt. De twee laatstgenoemde tijden zijn intrinsieke
eigenschappen van de gebruikte chemie (oplosmiddel, polymeer en oppervlakteactieve
stof) en kan niet worden veranderd zonder toevoeging van extra of nieuwe moleculen.
De mengtijd daarentegen is de enige parameter die veranderdkan worden zonder enige
verandering van de materiaaleigenschappen. De mengtijd kan eenvoudig worden veranderd
door een andere mengmethode te gebruiken. Gebruik van een pipet om de twee oplossingen
te mengen zal resulteren in een langzaam mengregime. Door een speciaal mengapparaat te
gebruiken kan de mengsnelheid worden gevarieerd. Voor beide mengregimes (langzaam en
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Figuur 1: Verschillende stadia van een nanoprecipitatie experiment: (a) gewoonlijk wordt 1 mL van
een 10 mg/mL polymeeroplossing (’goed’ oplosmiddel) bij 10mL van een 1 gew% (gewichtsprocent)
oppervlakteactieve stof oplossing toegevoegd (’slecht’ oplosmiddel); (b) de macroscopische meng stap;
(c) de initiële staat van het systeem beschouwd: polymeerdruppels zijn homogeen verdeeld in het exper-
imentele volume; (d) einde van het experiment: polymeerdruppels zijn gecoalesceerd totdat het gehele
oppervlak bedekt is met een beschermende laag van oppervlakteactieve stoffen die de individuele drup-
pels beschermd tegen verdere coalescentie.

snel) kon een analytische uitdrukking afgeleid worden. De analytische vergelijkingen stellen
experimentatoren in staat om efficiëntere experimenten uit te voeren met als doel om deeltjes
met een specifieke uiteindelijke deeltjesgrootte te maken.Voor het langzame mengregime
werd gevonden dat de (uiteindelijke) grootte deeltjesgrootte (Rend

p ) enkel afhankelijk is
van de gebruikte polymeer concentratie (cmp) in het goede oplosmiddelRend

p ∼ cmp. De
praktische interpretatie van de analytische uitdrukking is vrij simpel; een acht keer hogere
polymeer concentratie resulteert in een twee keer grotere deeltjesgrootte. Voor het snelle
mengregime kan de analytische uitdrukking ook op een simpele manier geı̈nterpreteerd
worden; sneller mengen leidt tot kleinere deeltjes. Onder een bepaalde mengsnelheid
bereikt de deeltjesgrootte een plateau waarde; sneller mengen zal de deeltjesgrootte niet
meer beı̈nvloeden. Wanneer wateroplosbare oppervlakteactieve stoffen gebruikt worden om
niet-wateroplosbare stoffen (actieve ingrediënten) te incapsuleren wordt verwacht dat het
vrijkomen van deze stoffen snel is. om dit vrijkomen te vertragen is de oppervlakteactieve
functie geı̈ncorporeerd in niet-wateroplosbare triblok copolymeren. Dit resulteert, zelf
tijdens significant verdunnen, in een vertraagd vrijkomen van de actieve ingrediënten. Voor
wateroplosbare oppervlakteactieve stoffen werd een nieuwe theorie ontwikkeld om het
verband tussen proces parameters en de deeltjesgrootte te kunnen begrijpen.

In hoofdstuk 3 werd voor niet-wateroplosbare oppervlakteactieve stoffen, de reeds
bestaande, Scheutjens-Fleer zelf consistente veld theorie (SF-SCF; Scheutjens-Fleer self-
consistent field) gebruikt. De SF-SCF theorie maakte het mogelijk om de structuur-functie
relatie tussen de gebruikte blok copolymeer (oppervlakteactieve stof) chemie en de vorm,
morfologie en grootte van de verkregen deeltjes, bolvormige micellen, te ontrafelen.
Voor niet-wateroplosbare oppervlakteactieve stoffen werd SF-SCF theorie gebruikt om
een relatie te verkrijgen tussen (blok copolymeer) oppervlakteactieve stof chemie, fysische
kenmerken en de grootte van de bolvormige micellen. De oppervlakteactieve stoffen,
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Figuur 2: Voorstelling van het nanoprecipitatie proces voor micellen gemaakt van tri-blok co-
polymeren. Gebruikelijk wordt 0.4 mL van een 45 mg/mL copolymeer oplossing, in goed oplosmiddel,
toegevoegd aan 10 mL water, slecht oplosmiddel. Tijdens hetmengen van beide oplossingen ondergaat
het copolymeer een overgang van goed naar slecht oplosmiddel wat de vorming van micellen veroorz-
aakt. Indien een (in)actief ingrediënt (dat niet wateroplosbaar is) wordt toegevoegd bij het copoly-
meer in het goede oplosmiddel dan zal het zich tijdens de overgang van goed naar slecht oplosmiddel
ophopen in de niet-wateroplosbare kern van de micel. Dit resulteert in de incapsulatie van de (in)actieve
ingrediënten in de micel.

tri-blok copolymeer gesynthetiseerd via ring-opening polymerisatie, werden toegepast in de
nanoprecipitatie methode om bolvormige micellen mee te maken, zie Fig.2. De theoretische
SF-SCF voorspellingen werden vergeleken met de experimentele resultaten. Hieruit bleek
dat SF-SCF een nauwkeurige theoretische methode is om de grootte van bolvormige micellen
te voorspellen met een gegeven compositie van de blok copolymeren om deze micellen te
vormen.

In hoofdstuk 4 werden vervolgens, niet-wateroplosbare stoffen (polymeren, verschil-
lende actieve ingrediënten of een combinatie ervan), toegevoegd om te controleren of deze
bolvormige micellen geladen konden worden met deze niet-wateroplosbare stoffen. Wij
bestudeerden het incapsulatie gedrag van deze micellen voor niet-wateroplosbare stoffen
zowel theoretisch als experimenteel en onderzochten de invloed op de grootte voor deze
micellen. Uit zowel de SF-SCF voorspellingen als de experimentele data volgde dat deze
micellen gebruikt kunnen worden voor de incapsulatie van niet-wateroplosbare stoffen en
dat deeltjes kunnen worden gemaakt van elke gewenste grootte tussen enkele nanometers en
een paar honderd nanometer. Bovendien kwamen de SF-SCF voorspellingen overeen met de
experimenteel verkregen data.

De grootte van de deeltjes is van groot belang aangezien dit bepalend is voor hun
biologische ”bestemming”. Indien micellen een bepaalde grootte hebben zijn ze in staat
om zich op te hopen in specifieke weefsels (bijvoorbeeld tumor weefsels). Dit leidt tot



142 Samenvatting

passief behandelen van (ziek) weefsel. Indien gebruik wordt gemaakt van moleculen die
een interactie/binding aangaan met specifieke aangrijpingspunten, bijvoorbeeld receptoren
op een cel, dan wordt van actief richten gesproken. Om actiefrichten mogelijk te maken
voor micellen moeten aan de micel ’richt’-moleculen gekoppeld worden die het mogelijk
maken om met receptoren een binding aan te gaan. In hoofdstuk5 is theoretisch bestudeerd
of micellen gemaakt kunnen worden die zich actief op bepaalde receptoren kunnen richten.
De uitkomst van deze berekeningen laat zien dat het mogelijkis om deze ’richt’-moleculen
in een micel te verstoppen terwijl ze toch nog kunnen binden met de recpetor als de micel in
de buurt komt. Deze resultaten werden gebruikt om een optimaal systeem te ontwerpen om
tot actieve micellen te komen.

Wij gebruikten SF-SCF berekeningen om de grootte, incapsulatie van niet-
wateroplosbare ingrediënten en het actief richtvermogenvan micellen, gebaseerd op tri-blok
copolymeren, te voorspellen. Voor passieve micellen werden de berekeningen experimenteel
bevestigd. Hoewel het actief richtvermogen van de micellenniet experimenteel werd on-
derzocht zou het mogelijk moeten zijn om voor farmaceutische toepassingen micellen te ont-
werpen die zowel passief en actief gericht kunnen worden op specifiek weefsel.
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