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Voor llse, Lyzl en Lien

"In the warriors code, there’s no surrender, though his badys stop, his spirit cries, never,
deep in our soul a quiet ember, know it's you against youfligsparadox that drives us on,
it's a battle of wills, in the heat of attack it’s the passidrat kills*

- Burning heart.

1Jim Peterik and Frankie Sullivan; Survivor (1985).
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Introduction

1.1 Towards colloidal size control

Colloids are systems that contain particles in the sizegdrggween, say, a nanometer and
a micrometer which are dispersed in another substanceoi@allparticles can have differ-
ent geometries including rods, discs, spheres and cubdisisithesis we focus on spherical
colloidal particles. Colloids can be divided in two groupgphilic (made of soluble com-
ponents) and lyophobic (made of insoluble components).ones

Lyophilic colloids with water as the continuous medium dsaaeferred to as hydrophilic
(water loving) and lyophobic colloids as hydrophobic (wd&aring). Hydrophilic colloids
form spontaneously upon dispersing them into water and dneiseversible and dynamic.
Well-known examples of hydrophilic colloids are partickesmposed of water soluble sur-
factants, such as micelles or vesicles. To predict thed aimd composition thermodynamic
equilibrium theories can be employed.

In contrast, hydrophobic colloids are composed of non-istikible components. These
compounds aggregate or coalesce into colloidal structusgsirophobic colloids are only
maintained in the colloidal size range if a stabilizer sthpther aggregation or coalescence.
These colloids are irreversible or metastable (implyirag the current physical state is not the
most stable state). Particles composed of hydrophobic oaegs and stabilized by surfact-
ants are here referred to as nanoparticles to make a cléiacten with reversible colloids,
such as micelles. Often kinetic models are employed to préuk size and composition of
hydrophobic colloids.

In this thesis also the term dead or frozen micelles is usegladDnicelles are a spe-
cial case of hydrophobic colloids. Upon the formation thedture switches from lyophilic
to lyophobic. Initially the molecules are dissolved, hogewpon changing the nature of
the solvent the molecules become gradually less solublerin@this solvent switch the
molecules have short time frames to assemble into micalactsires. At some point the
molecules become insoluble resulting in non-dynamic dicshaicelles; these are referred to
as dead or frozen micelles. Since there is a (short) timetleae micelles are dynamic, ther-
modynamic equilibrium theories might be employed to prettieir size and composition.

Precipitation or spontaneous self-assembly is a powerétihod to prepare colloids. The
key example is the formation of surfactant micelles, thatamsemblies the order of4.8m-
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phiphiles that form spontaneously above a threshold cdrat@m. The size control of these
objects can directly be related to the structure of its d¢uresits. Surfactants are molecules
with two parts. One part is immiscible with water (hydropitand forms the core and one
block that is miscible with water (hydrophilic) and form&tborona of these micelles. These
objects may have potential applications, for example ag dauriers, especially when the
drug molecules are apolar and accumulate in the cores. Howhe classical surfactants
are extremely dynamic and typically too fragile for most gldelivery applications. This
thesis deals with the use of copolymers, macromoleculdognas of surfactants, to make
micellar-like nanoparticles with drug delivery as the keypkcation. These colloids can be
considered as being intermediate between lyophilic andHgbic. The important selling
point for using copolymer micelles is that these are much dgmamic in the sense that they
do not immediately fall apart upon dilution. The same proppresents a multitude of 'en-
gineering’ challenges: the properties of the particlesg(sshape and composition) depend
in a sensitive way on the preparation protocol. The focusavathe challenge to reprodu-
cibly make these particles. Directly coupled to this, it wagstigated whether it is possible
to predict the size characteristics, i.e., of the core andre of these particles. The first
guestion is essential and we show and discuss at lengthhthatanoprecipitation process
can effectively be used for this. The second issue is impbea well, because some un-
derstanding on how a particular outcome is expected maytbéime a particular system to
the desired applications. More specifically the biologfes is mainly determined by their
size and thus we need predictive tools for this quantity. Vég riew the nanoprecipitation
as a guided self-assembly, in other words, the path for thredtion of nanosized particles
is strictly controlled. Knowledge of the formation procediewed us to predict the micellar
characteristics using a polymer modeling toolbox.

The remainder of this introductory chapter is to sketch armibduce various essential
concepts of my thesis. At the end of this chapter the readgrfind 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 tutesavhich can be employed.
The first is the top down approach, by dividing a certain msoopic peice of material into
smaller objects (after many division steps), eventuallgirg up in the nano domain. The
presence of a stabilizer is needed to avoid that the smabeeg will aggregate to bigger
pieces again. Methods used are for instance milling, gnipdiroplet breaking, etc. In gen-
eral, these treatments give little control over the sizesdrage of the particles. The closer one
approaches the nano domain the more difficult it becomestiogusplit small particles], 2].
The second approach is bottom up. Here one starts from alggs molecular state and
by assembling molecules into supramolecular structurisspibssible to prepare nanometer
sized or mesoscopic structures, ordered structures offigpemlecules. The mesoscopic
structures are the result of so called co- or self-asserdbilien by non-covalentinteractions.
Nature creates such nanostructures spontaneously babausen-covalent interactions are
attractive. Examples of non-covalent interactions aredgen bonding, ionic bonding, van
der Waals forcesyt— m-interactions and hydrophobic interactions. These ictayas are
the dominant driving forces in molecular systems; they nthkebonds’ in supramolecular
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chemistry B—7]. Although these bonds are individually weak, a large nundfehem will
have a significant effect. The large variety of these intéwas together with the enorm-
ous variation in molecular architectures leads to a ricttispe of physical properties. An
example is the organization of phospholipids in a biologioambrane. A wide span of
mesoscopic structures with different chemical compas#jshapes and functionalities can
be formed via self-assembly processes. In nature the nealert interactions often lead to
supermolecular complexes by self-assembly. DNA, RNA, melinbranes, proteins, crystals,
monolayers, colloids in milk and partially digested fats aaturally occurring self-assembled
complexes/structures held together by these interactiany medical treatments involving
drugs rely on the non-covalent interactions of drugs ani thegets, proteins, DNA, RNA
and other chemical/ supermolecular entities.

Self-assembly can result in a large number of differentcstmes. Here we will limit
ourselves to the structures that can be formed by non-iamicharged, amphiphilic mo-
lecules, with a head-tail architecture. These moleculegjanerically known as surfactants
and we will discuss them and their uses below. We refer to $serabled structures as mi-
celles. A remarkable property of micelles is that they ammposed of an anisotropically
ordered array of molecules that are densely packed suckhéngils avoid the contact with
water. Israelachvilli and coworkers realized that due ®¢lose packing of the molecules
it is the size and shape of the molecules that predominaetigrohine the form of the ag-
gregates$, 9]. From geometric considerations it seems reasonable tivattad number of
structures such as spheres, rods and plates may be expButezb-called surfactant packing
parameter®), see Fig.1.1, is the leading quantity

v

agxle
to assess the capability of amphiphiles to form a certairosiaacture. Here is the volume
of the solvophobic block(s)¢ is the length of the tail(s) andy is the surface area occu-
pied by the solvophilic fragments at the critical micellexcentration (CMC). FoP < 1/3
spherical micelles are preferred, whereas 8 & P < 1/2 cylindrical micelles form. In the
range Y2 < P < 1 vesicles are the optimal structure, ®r: 1 planar bilayers form and for
P > 1 reversed spherical micelles are expec&®]. The interesting point is that for short
surfactants one can easily make educated guessks¥@nday, so that an estimate f& is
possible. Unfortunately for polymeric amphiphiles theresponding guesses are less trivial.

(1.1)

1.3 Surfactants; stabilizers of colloidal particles

A surfactant is a surface active agent, i.e., a moleculeagbatimulates at interfaces. Sur-
factants can help to stabilize colloids consisting of ap(dag. oil based) components into a
polar solvent (e.g. water based) as well as polar compoirgntan apolar solvent. Without

the aid of surfactants a colloidal system is not stable metthe oil and water will separate
into two phases. Surfactants typically combine two diffengolarities, polar referred to as
head and apolar referred to as tail, in one molecule. The ghlatity in one molecule en-

ables these compounds to accumulate interfaces betwedarapd apolar phase (water and
oil). As already discussed above, surfactants are alsdbtapéforming different structures

especially in the nano domain. Surfactants, mostly mokculith a low molar mass, are
key elements in nature. In living cells phospholipids amdhsential molecules in cell walls.
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Figure 1.1: Schematic illustration of the relationship between a vétuehe surfactant packing para-
meterP and the preferred self-assembled structures, based ofigRef.

The cell wall phospholipids form a bilayer that separatesittterior of a living cell from
the environment. A specific phospholipid, dipalmitoylppbatidylcholine (DPPC)10, 11],
is the most important surfactant which enables infantske their first breath. Without the
presence of DPPC the lungs of infants suffer from the infanngonatal) respiratory syn-
drome meaning that their lungs without external aid canapply the body with the needed
oxygen. So one might argue that life as we know it would nastexithout these surfactants.
In ancient days humans already noticed and exploited theedfpehavior of amphiphiles.
The earliest recorded evidence of the manufacturing oéstahts was the use of soap (a salt
of a fatty acid) for washing stone%Z] found in ancient Babylon (2800 BC). On a Babylonian
clay tablet (2200 BC) a formulation was written for preparthis soap, consisting of water,
alkali and cassia oil. Later, the Egyptians refined the maetufing and started using soap for
bathing. Nowadays surfactants are abundantly used in miffeyest applications and tech-
nologies. Companies such as Henkel and Procter and Gamasgs{)produce surfactants as
detergents and soapk3¥-18]. The pharmaceutical industry uses surfactants for drligets
purposes as solubilizing agents for non-water soluble slargl as transfection agents for
DNA-modification therapiesl[9, 20]. In multinational food and nutrition industries such as
Unilever and Nestle, surfactants are being used as sttsilinr emulsions or dispersions in
food applications21-24]. Stabilizers for emulsions are called emulsifiers. Thenpand
coatings industry, e.g. Akzo Nobel and Rohm & Haas, utiliagactants to stabilize and
compatibilize their paint product2$-28]. Electronic companies such as ASML and Intel
use surfactants as wetting agents in their chip manufagymocesse2P-32]. The metal
mining industry employs surfactants as flotation agentgtover metals more easily from
the ores 83). In chemical industry (Dow and 3M) especially in polymedirstry surfactants
are used as stabilizers in emulsion polymerizati®4-87]. The oil industry uses surfact-
ants to recover more oil from oil wells; enhanced or tertiaityecovery B8]. Personal care
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applications, like make-up and many lotions are benefitting the specific properties of
surfactants39-42]. Human health has been tremendously improved and extdndesing
soaps and detergents in personal and medical care and ipfoddcts by avoiding microbi-
ologic contaminations. Many of these products are emussion

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

Many new applications demand a profound knowledge and stateting about the way
compounds act in different environments. For instance ugdtelivery, especially in on-
cology treatments, control over chemistry, size and logudihcarrier particles is of utmost
importance. The chemical compounds employed need to berjoatible. Mandatory re-
quirements for drug delivery systems are that they i) shbeltblerated by the human body,
i) being resorbable and/or excretable by the biologic watys. These conditions should be
met in order to avoid any undesired reactions of the humag.loelrtain drugs are more po-
tent than others. when using less potent drugs drug delxadricles need to be more loaded
to achieve the desired efficacy, than in case of more poteigsdiHowever, the desired size
of the delivery vehicles remains the same. Many newly deedarugs are extremely potent,
but are typically hydrophobic. The main disadvantage o$¢heew drugs is their very low
water-solubility which makes it difficult to administer tie

We focus on spherical nanoparticles, they exhibit exceldbaracteristics for usage in
drug delivery 3. Their size is characterized by a single length scaler tiameter (or ra-
dius). By tuning the micellar diameter carefully there isngoability to direct these micelles
to certain places in the body, predetermining their biatatfate. They can be made so small
that they are capable of passing the blood-brain barti®r44] or accumulating in tumor
cells 45-49]. The outer part of a spherical micelle, termed corona, @stéalthy (is not re-
cognized) for the immune system of most humans (but notiéitade of polyethylene oxide
(PEO) B(]. Again, the hydrophobic core enables the storage of hyvbjr drugs. These
requirements imply that control over size and loading is a@eded and therefore knowledge
and understanding of the physical-chemical propertiesssmtial.



8 Introduction

1.4 Ciritical micelle concentration (CMC)

Micelles typically reach a well-defined size and the conaitn of free amphiphiles remains
constant at a value reached at the first appearance of wiglkedefinite sized micelles (the
critical micellisation concentration CMC). Micellar sttures composed of surfactants are
in equilibrium with free surfactant molecules (often destbis monomers or unimers) in
solution. Upon increasing the surfactant concentratidatively more surfactants enter the
micelles. Above the CMC effectively all additional amphilels micelles $1-53].

The CMC value is of importance, because it indicates the eaination of free am-
phiphiles: the higher the CMC, the more amphiphiles are ifiemlution. At and above the
CMC freely dissolved amphiphiles exchange with amphighiteorporated into the micelle.
Thus a higher CMC will also lead to an increased rate of exgbayf amphiphiles incor-
porated in a micelle with freely dissolved amphiphiles. Exehange of these amphiphiles
has an impact on the cargo load, encapsulated hydrophomig@ands, incorporated in the
micelles. When there is a high degree of exchange betweehighiles incorporated in mi-
celles and freely dissolved in the bulk the loaded cargo ofcelhe is easier released from
the micelles. The disadvantage of a high CMC is that, upautidit, existing micelles fall
apart in order to keep the freely dissolved amphiphile cotredion constant, resulting in an
instant release of their cargo. A low CMC implies less dyramicelles. For drug-carriers,
preferably non-dynamic micelles, often called dead ordromicelles $4], are most desired
because of a virtually non-detectable/existing CMC. ThaEsed or frozen micelles show su-
perior stability in time and delayed cargo release profilestd the lack of exchange between
amphiphiles incorporated in a micelle and freely dissolvetthe bulk.

For extremely stable micelle formulations that do not aljgon dilution the CMC should
be virtually zero. This implies that there is no exchangevieen surfactants incorporated
in the micelle and dissolved surfactants, due to the lackeflatter. Stability of such for-
mulations is superior upon dilution, which is one of the keguirements for drug delivery
applications. In these kinds of applications only a smalbant/volume of therapeutic active
ingredient/drug encapsulated in micelles, the medicsmjécted in the human body. Upon
injection of these small volumes in the human body a hugeidiwccurs. If injected into
the blood stream the volume is added to approximately 4 te&lof blood. If the total water
content of the human body is taken into account the dilutamtdr is even higher because 70
percent of the total weight of a human is water. Using non msdéuble surfactants to form
micelles in aqueous systems enhances the stability of #tesgtures upon dilution. This in-
creased stability will also have a beneficial effect on theydelease profile. It will no longer
be dependent on the micellar instability generated byiditut

1.5 Block copolymers

Polymers are chain-like molecules composed of covalenthund repeating units
(monomers). These chain-like molecules/polymers canrfstance be linear, branched or
ring-like. Polymers can be classified in different types.ntémolymers are made up of one
single kind of monomers. Copolymers are composed of repgatnits of two (or more)
different chemical compositions. Random copolymers d@khilbandom distribution of two
(or more) repeating units along their chain. Block copolysrere composed of organized
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'blocks’ of polymers or copolymers along the chain. Bloclpotymer for which water is a
selective solvent, good for one block and bad for the othay, be seen as macro-amphiphiles
or macro-surfactants.

TPLGA,,PEOQ, diblock in water (solid curves)

1.04 PLGA, PEO, PLGA | triblock in water‘(doFted curves)

" —— Diblock copolymer

0.8 § Diblock PLGA,, blocks
. — Diblock PEO block
: Diblock water
0.6 4 —— SCF D, diblock (44 nm)
SCF <g> diblock = 402
@ :
0.4 i ------- Triblock copolymer
: ;=== Triblock PLGA, blocks
© - Triblock PEO,, block
~ |- Triblock water
0.2 “.| i+~ SCF D, triblock (45 nm)
. SCF <g> triblock = 237
0.0 " T — T T T 1

0 10 20 30 40 50

Figure 1.2: Equilibrium radial density profiles of water, total copolgm PLGA block(s) and PEO
block for diblock and triblock copolymer micelleg.is the volume fraction of the different components
andr is the distance to the center of a micelle. The diblock capelymicelle, PLGAPEG;0; 7.5-3.0
kDa molar mass, has an aggregation number of 402 and a SB$aM4 nm. The triblock copolymer
micelle, PLGAsgPEQ;0PLGAg0; 7.5-6.0-7.5 kDa molar mass, has an aggregation number7oa28

a SF-SCHDy, of 45 nm. The diblock copolymer is exactly half of the tribkocopolymer. Note the
difference in PEO corona density profile. The PEO corona efttilock is denser compared to the
PEO corona of the diblock. (SF-SCF = Scheutjens-Fleercsgifistent field).

In the largest part of this thesis the focus is on triblockalgmers p1-63]. Triblock co-
polymers consist of three blocks, having two distinct dfe chemical compositions. Again,
in order to prepare micelles of triblock copolymers at |leas of these blocks should be hy-
drophilic and the other(s) should be hydrophobic. In thesth triblock copolymers are con-
sidered that are made of as the hydrophilic block, polyetigloxide (PEO) and the hydro-
phobic block consists of either poly(lactic-co-glycoticjd (PLGA) or poly€-caprolactone)
(PCL). The hydrophilic block, PEO, is the middle block and tither blocks, both equal in
size, are either PLGA or PCL. The block lengths were choseh that the triblock copoly-
mer is non-water soluble. The triblock copolymer compositivas chosen such that they
self-assemble in spherical, flower-like, micellég][ We chose triblock copolymers instead
of diblock copolymers because the PEO corona is more demsgglftmck copolymers, see
Fig. 1.2 This is beneficial for pharmaceutical applications. Dratpase will be slowed
down which decreases the required frequency of repeatengiddical treatment. The poly-
meric PEO blocks are biocompatible, non-degradable ancetbie via biologic pathway.
The PLGA and PCL blocks are hydrolytically degradable paysi65]. Their degradation
products are molecules which occur naturally in the humatylso their biocompatibility is
assured.

The choice of these triblock copolymers is also practicaifa synthetic point of view.
Using the hydrophilic middle block as a starting precursaa ring opening polymerization



10 Introduction

of lactic-co-glycolic acid og-caprolactone it is possible to achieve molar mass contreil o
the outer hydrophobic blocks of the triblock copolymer tgsg in a narrow molar mass
distribution of the synthesized triblock copolymers. Romening polymerizatiorg6-69] is
also a fairly easy, controllable and standard polymedzatiethod.

Whether (block(co))polymers dissolve or not depends orstteent quality. In a poor
solvent the overall interactions between the segments alveérg molecules are unfavor-
able. This leads to an effective attraction between therpetysegments and phase separ-
ation between polymer molecules and solvent. In a good soihere are favorable poly-
mer segment-solvent interaction. This leads to an effectypulsion between the polymer
segments. In a theta solvent the excluded volume interecti@tween the segments and
the solvent induced attraction cancel and the polymer sha@have ideally. Lowering the
solvent quality from theta to poor solvency leads to polyofein collapse and phase separa-
tion for sufficiently long chains. Increasing the solvenmnf theta to good leads to swelling
of the polymer chains.

Upon switching from a good to a poor solvent quality a polymieain goes from the
swollen state to the collapsed state. During this collapsepblymer chains will start co-
alescing resulting in the formation of a concentrated phdsesurfactant is present during
this collapse and subsequent coalescence the precipitaiobe stopped at a certain point
enabling the formation of finite sized colloidal polymen@o)particles. These surfactants
act as a stabilizer to keep the finite sized particles separaVhether or not they will settle
under gravity is dependent on their size and density. If semedugh and with a density close
to that of water density the suspension remains homogernmu® Brownian motion.

1.6 Nanoprecipitation

In order to prepare polymeric nanoparticles both watertdeland non-water-soluble am-
phiphiles can be employed. The easiest way to prepare neitdgais by dissolving a
water soluble amphiphile in water at a concentration thgwiicantly exceeds the CMC,
whereupon the surfactants spontaneously self-assenblmioelles. To this surfactant solu-
tion a small volume of hydrophobic polymer dissolved in aavahiscible good but non-
aqueous solvent is added, see Fip.3. As the polymers enter the aqueous solution the
solvent quality for these hydrophobic polymers instantarséy turns from good to poor. As
a consequence the polymers collapse and form very smaltleartvhich then coalesce.
Meanwhile the water-soluble amphiphile adsorbs on theaserbf the growing particles.
This goes on until the surfactant covers the whole surfatbesfe spherical particles. This
stops the coalescing of these spherical particles reguftia stable nanoparticle suspension.
In case of using non-water soluble amphiphiles a differgpr@ach is needed because
initially dissolving in water is not possible. In order togpare particles for these systems the
solvent shift or precipitation metho69] was employed in a different fashiod(@-72]. Now
the amphiphilic copolymers are dissolved in a good solvemt. (acetone) and subsequently
this solution is added to an excess of aqueous solution, igeelFE. The shift from good
to poor solvent will force the copolymers to attempt to forpierical particles. Given the
copolymer composition this can be successful (stable de&tzen spherical micelles) or
not (instability or other self-assembled structures).daecof non-water soluble amphiphilic
triblock copolymers with appropriate length and solvesa@géthe different blocks this can be



Nanoprecipitation 11

successful. Then the hydrophobic outer ends of the tribdocke into a hostile environment,
water, they will join in the core that is protected by the eca®f hydrophilic blocks that are
solvated in the water environment.

solvent; acetone

Water miscible (‘good’)
+ (in) active ingredient

Water (‘poor solvent’)
+ surfactant

S

T

(a) (b) (c) (d)

Figure 1.3: Different stages of a nanoprecipitation experiment foravabluble amphiphiles: (a) typic-
ally a polymer solution in good solvent is added to a wateetia®lution of water soluble amphiphiles;
(b) the macroscopic mixing step; (c) the initial state of $fietem considered: polymer spheres are ho-
mogeneously distributed within the experimental volun®®;gnd of the experiment: polymer spheres
have coalesced until a protective layer of surfactant ptetine individual spheres against coalescence.

Water miscible (‘good’) solvent
+ triblock copolymer
+ (in) active ingredient

Water (‘poor solvent’)

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

A hydrophobic polymer, a hydrophobic active ingredient othbcan be initially co-
dissolved with the triblock copolymers in the solvent whighon transfer to the aqueous
solution will load the core of the micelle with hydrophobialpmer and/or hydrophobic act-
ive ingredient. This precipitation method is a fast and e@ay 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 thatvaéncapsulation of hydro-
phobic ingredients permit a high level of control of the et size and particle size dis-
tribution [73]. Nanoprecipitation permits manufacturing nanoparsiéiea very simple and
reproducible way §9]. Despite the simplicity of this experimental method, a poehens-
ive theoretical understanding of nanoparticle formatieimg copolymers is still lacking. A
rather limited understanding is yet developed on how thégharsize depends on the ma-
terials and process parameters, in particular on condantsaof surfactant and precipitated
compounds, and on copolymer chemistry and composition.

Therefore in many experimental situations investigattiisresort to simple empirical
correlations 74 or statistical methods such as design of experiments (D@8) More
advanced theoretical methods, such as Brownian dynanmudagions [/6] or population
balance coupled to computational fluid dynamics simulaftif, do provide very valuable
insights into the kinetics of mixing and rapid assembly ugaenching for non-equilibrium
systems. However, these methods do not permit formulafismtle yet physically mean-
ingful relationships between the experimentally releysmrameters and the nanoparticle size.
Relationships between particle size (and loading) andstgbeompounds and the concen-
trations used would be extremely useful in designing nartmbes witha priori determined
size as it would allow one to avoid very laborious trial antbeinvestigations and instead
enable a rational design. Also for particles in thermodyieaquilibrium, or close to it, there
is not a workable, quick method that enables a rational desig

The aim of this thesis is to study the possibility of a ratiodesign by modeling of
nanoparticles. Nanoprecipitation will be the chosen pssitey method for making these
nanoparticles, since it is a fast and easy way to make thestersy. The study focuses on
the ability to tune the size and loading capacity of thes¢esys and an assessment of their
stability in time. We study the rational design, by size apading, of nanoparticles made
both in water-soluble, and non-water-soluble surfactagpecially for pharmaceutical, drug
delivery, applications a high control over size is of utmiogportance 43, 78]. The size of
the nanoparticles mainly determines the biological fatéheke particles. For instance for
oncology applications the size (and its distribution) ipartant for passive targeting of tu-
mors. The enhanced permeation and retention (EPR) e#&ctp], an accumulation of
nanoparticles of specific size in tumor tissue, is an examfppassive targeting. To further
increase the efficiency of these drug delivery systems thtbadeof active targeting is em-
ployed. Active targeting is achieved by particles whichogatize (= bind preferably to) the
recognized sites also referred to as receptors which sheupteferably specific for the dis-
eased tissue. Often diseased cells express receptorsiaceihmembrane surface which can
be targeted by specific moieties. These targeting moietéesfeen peptide sequences, which
will have a selective affinity for their receptors. Since maeptide sequences can invoke an
immune response of the human body we theoretically studyhenéhese targeting moieties
can be incorporated within the micellar corona, and so renmaisible for the immune sys-
tem but in such a way that they still can bind. We want to thecaily 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 reseakastigations followed by a general
discussion and an overall summary. First we focus on expmeriah and theoretical work
that aims at rationalization of nanoparticle size for wat@luble surfactants i€hapter2.
In Chapter 3 we will use Scheutjens-Fleer Self-Consistent Field (SFSGeory to enable
a priori size and loading predictions for non-water soluble triklcopolymer surfactants.
Thereafter we investigate the relationship between exparial 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 systetimsa. Finally, inChapter 5 we
theoretically study the possibility of active and passagéting simultaneously. The active
targeting moieties will be put in the micellar corona, whibssibly disables immune re-
sponse of the human body, however, at the same time stilleaative targeting of specific,
diseased tissue. In the General discussitimpter 6, we will reflect on the overall results
and their implications. The results will be put into pergpexof drug delivery applications,
focusing on oncology applications. We will discuss reskareeded in order to assess the
true potential ofa priori size prediction and loading tunable nanoparticle systemadtive
and passive targeting with respect to oncology application

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

Nanoparticles (NPs) composed of polymers are of greatdateaince they can add a func-
tionality in many applications, ranging from food and pharto plastics and electronics. A
key factor that determines the functionality of NPs is tis&e. Nanoprecipitation [T. Niwa
et al, J. Control. Releasd,993 25, 89-98] is a commonly used technique to prepare NPs.
We have performed a combined experimental and theoretigly ®n the size of NPs formed
by precipitation of polymers into a poor solvent in the preseof a stabilizing surfactant.
Upon quenching a hydrophobic polymer solution in an aqueoligtion of surfactant, co-
alescence of polymeric particles sets in. It competes widogption of surfactant onto the
surface of the polymeric particles, which leads to a protectorona layer that finally stops
the coalescence and brings the system in a kinetically fretze.

We propose an extension of the theoretical framework pwtdod by Lanniboiset al. [J.
Phys. Il Francey, 318-342 (1997)] for nanoparticle formation via nanoppéetion. This
theory is based upon a kinetic model for diffusion limiteclescence (DLC) in which the
relevant transport and diffusion mechanisms are quantifizd find that the macroscopic
mixing time and the diffusivity of the polymer and surfadtame the main parameters de-
termining the final particle size. The DLC model shows thagjigen polymer concentration
and mixing time, the smallest particles can be obtained énetkcess of surfactant. This
situation corresponds well to the experimentally used @tmms. The mixing efficiency is
predicted to have a profound influence on the final particdenditer: faster mixing results
in smaller particles. The final particle size in the slow miiregime, which is the typical
situation in experiments, turns out to be independent ofitbar mass of the polymer and
scales as a power/3 with the initial polymer concentration. An increase of thefactant
molar mass is predicted to lead to larger particles, becallemger mixing time and lower
surfactant mobility.

We have performed systematic experimental investigattonsanoparticles formation using
various systems but focused on polycaprolactone (PCL)npetg in acetone precipitated
in agueous solutions containing polyvinyl alcohol as sttgat. The PCL molar mass
and concentration and mixing time were varied. We show tluh lur experimental
results as well as literature data are in good agreementwittheoretical DLC predictions.
This work therefore provides a solid framework for tailayimanoparticles with a desired size.

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

Nanoprecipitation 1, 2] is a promising technique for encapsulation hydrophobiecegs
in nanoparticles (NP) dispersed in aqueous syst&nd][ Although the method itself is
quite versatile and can be used for a broad range of hydraoplpotymers p], until now

it has mainly been applied for the preparation of poly-facb-glycolic) acid (PLGA) and
polycaprolactone (PCL) particles for drug delivery. Theimmaromise of the technique has
been a possibility to encapsulate a hydrophobic drug in engerbn particle and thereby ef-
fectively increase its water solubility. For a short ovewiof applications in physics, medi-
cine and chemistry, seé{9].

A typical set up of a nanoprecipitation experiment is deggah Fig. 2.1 Hydrophobic
species (a polymer such as PLGA in this example and/or dregjiasolved in acetone. Note
that PLGA can be replaced with polymers such as PCL. At roonp&zature, the acetone
solution is injected into an aqueous solution of (polymksiafactant such as polyvinyl alco-
hol (PVA). After some short period of time a suspension ofrsidoon particles is obtained.

solvent; acetone

Water miscible (‘good’)
+ (in) active ingredient

Water (‘poor solvent’)
+ surfactant

(a) (b) (c) (d)

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

Although seemingly quite straightforward, applying theheique for practical applica-
tions is not free of difficulties. For drug delivery appliwats, the nanoparticles have to fulfill
strict dimensional criteria and should be stable over seffity long times 10]. Although
some particular methods, such as nanoprecipitation, heee studied experimentally quite
thoroughly, there is limited correlation with the undenlgiphysics that determines the final
particle size. A physical picture of the nanoprecipitagiwacess of hydrophobic molecules
in water and the role of stabilizing surfactants was describy Lanniboiset al. [11, 12],
and was being extended to high concentrations of polymededphobic compoundsLB]
and applied to obtain rather narrow size distributiobd.[ Knowledge of the physics that
governs the nanoprecipitation process could help to ralio® how various experimental
parameters, such as mixing efficiency/time, surfactantpiyiner concentration and molar
masses, affect the final particle size. This tremendousljitietes the design of a smarter
preparation protocol.
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For pharmaceutical applications a hydrophobic polymerddarrier) is typically used in
combination with a polymeric surfactant to form water-rsgiable particles. Alternatively,
(di)block copolymers can be used that offer the advantagestfonger interaction with the
carrier polymer. A vast amount of research has been devottist topic, especially exper-
imentally [15-18], see also the reviewd 9, 20]. Particle formation using nanoprecipitation
has also been studied using computer simulations and ncahenethods, see for instance
[11, 16, 21-23], whereas a simple theoretical model with explicit analgitiexpressions or at
least a computationally ‘cheap’ numerical model for the $i&zmuch more helpful in steering
the experimental research. The final size of block copolymieelles in water, that appar-
ently approaches equilibrium after a solvent swit2#][ can be predicted very well by equi-
librium self-consistent field computation®d, 26]. For the systems studied here dynamics
however plays a role.

From an application point of view, the polymeric surfactsydtem is strongly preferable
compared to using copolymers. Therefore it is key to devaisight into the processes that
are operational during micellar precipitation in a polyfearfactant suspension. Lannibois
et al. [11] have made a first step in understanding the main physicsrt€lgaformation, by
realizing that the competition between coalescence ofdpfurbic material and adsorption
of surfactants at the water-hydrophobic droplet interig@eerns the final size.

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

The outline of this manuscript is as follows. First, we intnge the theoretical approach
that considers diffusion limited coalescence in a quenglogdner solution in a poor solvent.
The aim of this part is to identify the relevant coalescerate bf polymer particles in the
absence of any stabilization. Then, we proceed by incotimgrthe surfactant into the system
and show that in the limit of strong polymer-surfactant iat¢ion the system arrives at a
kinetically frozen state, in which each polymer particlsisrounded by a surfactant corona.
The size of the particles is shown to depend on the interptayéden the particle coalescence
and the surfactant adsorption rates. Secondly, we reposystematic experimental results
and literature data on nanoprecipitation in the light of pheposed theoretical model. This
is followed by discussions on the combined experimentalthadretical results followed by
the conclusions.

2.2 Theoretical framework

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

* mixing polymer plus solvent with the aqueous surfactahit&m on a time scal&mix;

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

* protection of the polymeric NPs by surfactants on a timéesgs. 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 suspensio

Before considering the process for the multicomponenesystketched in Fig2.1, let us
address a somewhat simpler problem. Imagine a suspensi®mwhian polymer particles
(collapsed polymer chains) homogeneously distributed po@r solvent. Such a situation
actually corresponds to the limit of 'very fast mixing’ afix — O, i.e. a very rapid quench
of a polymer solution.

The initial situation is similar to the one depicted in Fig.1 (c) with one major dif-
ference — there is no surfactant. Apparently, in the coufsine, the particles, subject
to Brownian motion, will meet each other, collide and stidsming larger particles. If
they were hard (solid) particles, this would lead to fraetgdregates, for which well-known
growth laws have been developed. This case is commonly krswdiffusion limited ag-
gregation’ (DLA), leading to fractal clusters. Such an aggtion proceeds until the clusters
meet and a space-spanning gel for2isR9].

As our particles are liquid-like, they will coalesce to hageaeous spherical particles
rather than forming fractal aggregates, so that we arerdgalith 'diffusion limited coales-
cence’ (DLC) B0, 31]. The purpose of this section is to calculate the averagticpmsize as
a function of time.

We assume that the coalescence rate in such a process iswteg by the diffusion time
— the average time needed for particles to cover the intécfgdistance to meet each other
— and not by the 'particle fusion’ itself. Then the problenrésluced to a diffusion limited
second order 'reaction3p]. Such diffusion limited kinetics were already addressgdadn
Smoluchowski 83, 34], who argued that the observed reaction rate constant iptbcess
reads

K=4mD'R |, (2.1)
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whereD’ = Da + Dg is the sum of the diffusion coefficients of the reacting speeindR =
Ra+ Rg is their interaction radius. In the one-component case aleswzing polymers, species
A and B both refer to coalescing polymers and an equatiorhfpblymer concentration as
a function of time can be readily written as

dc 8ksT

d—tp = —Kpphcp = _g%h(% ;
where Kpp is the rate constant for polymer-polymer coalescence. In E22), Dp =
ke T/(6mNRy) is the Stokes-Einstein equation for the diffusion coeffitief a sphere with
a radiusRp in a fluid with viscosityn. The subscript 'p’ refers to 'polymer’. The factbr
equals the probability that a collision leads to a coalese@vent. We assunie= 1 in the
absence of surfactant. The coalescence time scale imraydiaitows from 2.2

Tels = 3 r’
4~ Beo kaT

Since we are dealing with a coalescence process, there is@ tilation between particle
mass and particle radil®, via the mass conservation law in the form

Cp(t)R3(t) = CpoR%g

Here,Ry andcyg are the size and the number concentration of the polymeicgsimme-
diately after mixing took place. The solvent is assumed tpd®& enough not to penetrate
inside the polymer particles, so= 47'rpR3pOcp0V/3. When a certain mass of a polymer
with densityp has been initially 'suspended’ in a volurite Eq. .2) can be rewritten in
terms of the average polymer particle radius

dRp(t) 2 keT m 1

(2.2)

(2.3)

&t 3mn VR (2:4)
leading to the solution
2 kBT m
Ro(t) =Reo+— vt (2.5)
or TE
Tels

HereRyy is the initial size of the polymer particles, i.e. the sizstjafter the mixing step has
been completed. We have neglected the size distributiod@rided an equation for the mass

averaged rad|u§R3>1/ 3

In order to quantify the time scalgs involved, let us take an example with the following
numerical values of the parameters: polymer ntes$0 mg with density of approximately
p ~ 1 glen? is initially suspended i =10 mL of water with viscosity] ~ 1 mPas atT=300
K. After substituting the numerical values in EQ.%), we obtain

nne
RO(t) = Roy+2.6-10° [ < } B

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

early stages of evolution. Beyond the initial stage a quit&arsal behavior is observed
where the size is solely governed by the mobility and thel @ataount of polymer. It is
also apparent that the coalescence times involved are isutigecond region. Indeed, it is
observed that when one starts with an optically clear suspe/Rpy < 100 nm, within less
than a second the suspension will become tuRjdl sy~ 1 um.

One more important feature of Eq2.§), also reflected in Fig.2.2, is that the upper
particle size is unbound. In other words, the polymer plsievill continue to coalesce
until one big (in terms of the current model, big means inénfarticle is formed. This is
indeed, what one should expect for a phase separation grimcashermodynamic limit. The
situation will dramatically change in the presence of sutefat as explained in the following
section.

2.2.2 Coalescence in the presence of surfactant

Based on the above consideration, a qualitative pictureitapolymer coalescende the
presence of surfactamtiso emerges. Parallel to coalescence of polymer partmletactant
adsorption on the polymer particles takes place. Althoungliry-particle’ interaction39| is
quite a complex topic in itself, one point is clear: a sudattiayer on the particle surface
hinders coalescence because two densely covered padiciast approach closely enough
to fuse. Steric repulsion between (polymeric) surfacttma leads to a repulsive interaction
between two polymer particles.

Thus, in the early stages of the process, polymer partidlesbald’ and easily fuse
leading to coarser particled (s 1 is Eq. R.2)). At the same time, the polymer droplets
get covered by surfactant and above a certain degree ofctamfasurface coverage the
coalescence process slows down and stops when the surfetcestgrated with surfactant.
This final state leads to a finite polymer particle size, whgcpurely kinetically determined.
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To develop a simple quantitative theoretical model, we made of the following assump-
tions:

1. The solvent in the big vessel in Fig.1is good for the surfactant molecules (in fact,
the surfactant is also a polymer in our experiments). Wel siegllect surfactant mi-
cellization by assuming that the surfactant moleculesemes surfactant micelles
behave similarly to the dissolved ones, at least in what eorsctheir agglomeration
with polymeric NPs.

2. Polymer particles and surfactant molecules are botlesutg Brownian motion.

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

4. Polymer particles coalesce when they meet each otherssittiey are 'protected’ by
the surfactant molecules (we shall elucidate this asswmptiore further on). There is
no particle break up.

5. Each surfactant molecule occupies some fixed surfacesdrnehien adsorbed. Thus,
for a given polymer particle with radiug, only a limited number of surfactant mo-
lecules, 41R3/a?, can adsorb on its surface.

6. We use the mean-field continuum approximation.

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

2.2.2.1 Smoluchowski's reaction rate

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

The expression for the polymer-polymer rate constant resnanchanged [see ER.D)]
and a similar expression for the polymer-surfactant caséeawritten L1, 13

Kps=4m(Dp+Ds)(Rp+Rs) (2.7)

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

61N Ry 61N R
To be precise, using the Zimm expressiB6][for the diffusion coefficient of the surfactant
molecules in the solvent would be more appropriate. Howéiveiffers from Eq. @.8) only

by a numerical prefactor, which is not important given theeleof accuracy of the present
model.

p (2.8)
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2.2.2.2 Surfactant concentration

An equation for the concentration of the unadsorfieesurfactant molecules can be written
using the rate constant from EQ.7)

de*e — —+—> (R + Rs) hscl®ec (2.9)
dt 3N Rp X p s)NsCs " Cp -« .
The factorhs appearing in 2.9) expresses a probability for a surfactant molecule to ddsor
upon encountering a polymer particle and is analogous téattterh in Eq. (2.2) (for more
details see3?Z]). An interesting observation from Eq2.9) and @.2) is that 1y, ~ T¢is and,
hence, the collision rate of the polymer particles and thetection by the surfactant go at
approximately the same pace.

2ksT [ 1 1
= —KpshngeeCp - (

2.2.2.3 Influence of surfactant on the coalescence rate

Kinetic Eq. £.2) and .9 could be readily solved if the functiorisandhs were specified,
which we will do next. Let us first address the probability afficle fusion upon encounter
h. The surfactant adsorbed on the particle surface influemcas it reduces the probability
of a coalescence event to occur. Herftes a function of the fraction of the particle surface
protected by the surfactartt,= h{(n(t)az)/((4nR%(t)))}, wheren(t) denotes the average
number of surfactant molecules adsorbed on a polymer peawtith radiusR,, at timet, each
surfactant molecule covering a surface aaa

Computing the exact form df(-) can be quite involvedd7], although it is clear that
h(0) ~ 1 andh(1) ~ 0. As a simple approximation we assumandhs are the same. Such
a choice does not change the scaling of the most relevantijearbut implies that the
coalescence process is hindered by surfactant adsoratidrstops abruptly at full coverage
whenn = 4nR%/a2. Hence the coalescence probability is slowed down as tHactant
adsorption increases. It will follow that the exact formhodindhs do not influence the final
result when these functions are identical. It then alsofedl the coalescence of particles
continues until the particles are saturated with the stafac

2.2.2.4 Final set of equations and solution

Let us recapitulate the theoretical model so far. Based erdnsiderations above, we have
arrived at a set of two equations. One equation describes/tiiation of the number concen-
tration of the polymer particles, during coalescence via Eq2.@) and the other quantifies
the free surfactant concentratioff® given by Eq. 2.9). For further consideration, it is con-
venient to recast the expressions in terms of the partigkeRyj = Rpo(Cpo/Cp)Y/® and the
concentration of the attached surfactant molecc#s- cg — cire:

R3.c
dﬁzgﬂh(x) po~PO ,
dt 9 n R3

(2.10)

d@"  2kgT (Rp+Ry)? att
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wherex = na?/ (4TiR5) = (a?Rp/R%) (c3"/cpo). The set is ompleted by the initial conditions
c2"(0) = 0 andRp(0) = Rpo.

Solving Eq. 2.10 and @.11) simultaneously yields the time evolution of the particle
size. However, we are interested in the final size of the pehywarticles only. Upon dividing
Eq. 2.11) by Eq. .10 and assuming identical functional forms foandhs, we arrive at

dg" _ 3(Rp+Ry)?

_att
a’R, cat
=P g (2.13)
R%o Cpo

where an extra inequality is added to the differential eiguab fulfill the boundary condi-
tions imposed by the functiorsandhs.

Eq. 2.12 has a simple solution

attyy _ 3/, Rot) Rp)—Rpo R  Rs
c(t) = cso{l—exp{—‘—1 (In Roo + Re — Ro() + R_po)]} . (2.14)
Enforcing the extra condition of Eq2(13 onto Eq. .14 leads to the inequality
3 1 1 K
1—exp{—Z{InZ(t)+a(Z(t)—1)+E(1—m>}}<m , (2.15)

where some dimensionless quantities have been introdd¢eok= Rp(t) /Ryo is the dimen-
sionless radius of the polymer particles= Rpo/Rs is the ratio between the initial polymer
particle size and the gyration radius of the surfactant moés, and = 4an)Ocpo/ (acy)

is the ratio of the total initial surface area of the polymartjgles and the maximum area
surfactant molecules can occupy and block.

It can be shown that the largest valueofulfilling inequality (2.15 corresponds to the
equal sign. Hence, solving the corresponding transceatleqtiation for{ gives the final
particle size. Although Eq.2(15 cannot be solved analytically in the general case, explici
solutions can be derived for the final particle size in thevgstytic limit of excess surfactant,
K<1,

K
RY—Ry (14— . 2.16
P po( +3/4+a+a—1> (2.16)
If surfactant is scarceg > 1, an even simpler analytical formula for the end particke si
R%”dz {Rpo can be found:

RE" = Rpok . (2.17)

The approximate solutions of Eq2..6) and @.17) are surprisingly close to the exact one,
as shown in Fig2.3 (a), where the asymptotic limits are compared to the nurakrésults

of Eq. (2.19. Itis also interesting to point out that the solution is mety sensitive to the
variations ina, the ratio between the initial polymer particle size anddiietion radius of
surfactant. Indeed, as Fig.3(b) shows, only slight variations in the end size values @an b
observed even ifr is changed by two orders of magnitude. The interpolation

RE" = Rpo(1+K) (2.18)

smoothly connects the above asympotic limits and actuabcdbes the numerical results
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Figure 2.3: (a) Comparison between the exact (humerical) solution of E45 and the approximation
of Eq. 2.16 for alpha= 1. (b) Sensitivity of the solution of the approximate E2.16) to the parameter
a.

that can be obtained from EcR.(5. The fact thatrgs ~ Tpro, as pointed out above, implies
that the final NP size is independent of the mobility of polymesurfactant molecules. In the
‘fast mixing’ limit ( Tmix < Tgls) the final size depends mainly on the surfactant conceatrati

2.2.2.5 ’Slow mixing’ limit

There is also another limitrix > T¢s, Which is characterized by fast particle coalescence
on the time scale shorter than the typical mixing time fokolby stabilization of the NPs,
thereby setting their final size, at times> Tyix. At the onset of the coarsening process,
the polymers are present as isolated chains in a good sol&erthe solvent quality steeply
drops the polymers collapse instantaneously. Subseqaltistan of collapsed chains leads
to coalescence following the kinetics prescribed by E8.1@ with h = 1. At this stage

(t < Tmix) the surfactants cannot yet adsorb onto the polymer dplafter full mixing

(t ~ Tmix), the particle size has evolved to

Rmix >~ Rpo (1+ Tmix/'[cls)l/3 )

as follows from Eq. 2.6). At longer timest > Tmix, there is sufficient time for the surfactant
to adsorb onto the surface of the coalescing polymer-rictighes. As a result the system
then has arrived at a well mixed state and its kinetics obdeysét of Eq. 2.10 and @.11)
as discussed above, with the constraint Rak must be used as the 'initial’ particle size in
Eq. (2.14). This two-step process leads to a final expression for themger particle radius
in a kinetically frozen state

1.\ 1/3
RE" = Ryo(1+K) <1+ m'x) , (2.19)

which is depicted in Fig2.4. In Eq. .19 we have used a simple interpolatith+ k) Rpo
of Eq. (2.18 for the size after mixing. The final particle radiu 19 is characterized by
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Tt
mix cls

Figure 2.4: Particle size as a function of the ratio between mixing araleszence times for various
amounts of surfactants present expressedyvia

a plateau at smalimix/Tcis, Wwhere the NP diameter is independent of mixing or encounter
and coalescence time and is totally governed by the surfactancentration (parametes)

with the smallest particles obtained for large excess dfastant k < 1). The other re-
gime, Tmix/Tcls > 1, shows a typical A3 power law behavior and is dominated by the mixing
efficiency. This power law follows from the limit of larggx in Eq. 2.19),

R Roo(1+ k) ()
p — pO( +K)

Tcls

In the practical case of smatland largeryx this provides the scaling result
R%nd’\’ (CpOTmix)l/3 5 (2.20)

where we used Eq2(3) for 1¢s.

2.2.3 Implications of the model for experiments

Let us first recapitulate the qualitative model behind thieudation presented so far. The
nanoprecipitation can be divided into two important stagies mixing shown in Fig2.1 (b)
and the polymer/surfactant diffusion shown in Fi&1 (c) and Fig. 2.1 (d). Clearly, such
a division is a bit artificial as there is no clear border betwéhe mixing and the diffusion
'regimes’, but we will use it for the sake of simplicity.

At the very beginning of the mixing the polymer ’particlesave the size of a single
swollen polymer coil because the polymer is initially dissal in a good solvent. As soon
as the individual polymer chains are solvated by the pooresa] they collapse to the size
of Ry and start coalescing with each other as they are yet not miedidvith the aqueous
surfactant solution. When the timg,x is elapsed, acetone and water are mixed and also
some coalescence has taken place leading to the partielBgiz

Further coalescence is accompanied by protection of thenmolparticles by surfactant.
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As in the experimentally relevant regime there is a largesgof surfactank << 1, the final
particle sizeR’f)nd is expected to be close to the size at the beginning of thasilifh driven
coalescence procesl%f,”d: ix =~ Roo(1+ Tmix/TC|S)1/3. Thus, the final polymer particle
size in a typical experimental situation is mainly deteredirby the coalescence during the
mixing process and not by the stage after mixing has been letetp The coalescence time
expressed via experimentally measurable quantities reads

3N My
S~ 8kaT NaCmp

My is the polymer molar mass\a is the Avogadro’s constant arh is the masscon-
centration of polymer in solution. We have used here theaainfiolymer particle size
Rpo = (3Mp/(41Nap))Y/3, wherep is the polymer density.

The final particle size is plotted in Fi.4 as a function of the mixing and the coales-
cence times. Two regimes can be distinguished in Eig: one for large and one for small
ratios Tmix/Tels. FOr very fast mixingTmix/ Teis < 1, the final radius is of the order &0
and does not depend ags. Hence, the final particle size does not depend on the polymer
concentration in the limit of very fast mixing, but does degen the molar mass. In the
slow mixing regimefmix/Tcis > 1, @ power law scaling of the final polymer particle size with

an exponent of A3 is predicted:RE" ~ Roo(Tmix/Teis) /3 ~ rr}q/if[kBTcmp/(np)]l/? Here
the final size will increase ifs is decreased, e.g. due to higher concentration.

(2.21)

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

1. Under the currently used experimental conditions — exoésurfactant — the particle
size at the end of the mixing phase determines the final sizkeo$urfactant stabil-
ized NPs. The particles are stabilized by the surfactardr@and the system is in a
kinetically frozen state.

2. In the slow mixing regime, the size of the micelles formggiioportional to the poly-
mer concentration to power 3: Rf)”dw c%n/g [11, 13]. So, the lower the concentration,
the smaller particles can be formed.

3. Fast mixing is essential: smaller particles are obtaimeen 7,y is reduced.

4. In case of relatively slow mixing, as typically encouetin experiment, the end size
is independent of the initial size of the polymer particl@his 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 tHfactants. However, the
mixing time will probably increase if higher molar mass oé tsurfactant is added at
constant surfactant concentratipnindeed, the (shear) viscosity of the aqueous solu-
tion of surfactant (in our experiments PVA) will scalegs(1+ ¢[n]), with medium
viscositynm and where the intrinsic viscosity increases with the molassn | ~ M28
(we have used the Zimm model in a good solveB€]). A higher shear viscosity of
the solution implies longer mixing times and, hence, lafges.

6. Another parameter, which possibly plays a role, is theptnature. As many model
parameters (weakly) depend on it, explicitly and impligitt is hardly possible to
elucidate what the exact effect of the temperature shoulépparently, the higher the
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temperature, the lower the coalescence tigyg see Eq. 2.21). But also the mixing
time tnix Will probably be decreasing upon temperature rise. Althoitdgs hard to

predict what the net effect on the ratigx/Tcs 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 (CAPA20kDa, 2403; 4 kDa, 2803;
8 kDa, 6250; 25 kDa, 6400; 37 kDa, 6500; 50 kDa and 6800; 80 kizag purchased from
Solvay (Oudenaarde, Belgium). Poly-(lactic-co-glycphcid (PLGA; 1/1 molecular ratio
for lactic and glycolic acid) 20 kDa was purchased from Bagder Ingelheim (Ingelheim
am Rhein, Germany). Acetone and Pluronic F127 (NF prill pataer 407) were purchased
from BASF (Bayern, Germany). Polyvinylalcohol (PVA) of fiifent molar masses (13-23
kDa, 31-50 kDa and 85-124 kDa; all three with a hydrolyzapencentage of 87-89% and
9-11 kDa 80% hydrolyzed) were purchased from Sigma (St. 4,duSA). 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 deteeahiby Dynamic Light Scat-
tering (DLS) (Zetasizer Nano ZS, Malvern Instruments Ltdalvern, UK) at 25C at a
scattering angle of 173 Ideally the number of photon counts is large enough to getoalg
signal to noise ratio and yet small enough to prevent meltjohttering effects. In dynamic
light scattering the fluctuations in the scattered intgreie analyzed and the resulting auto-
correlation function is related to an averaged diffusioefficient of the particles that undergo
Brownian motion. Via the Stokes-Einstein relation the whfbn coefficient is converted to
a hydrodynamic particle size diamet&;,. We note that this diameter is tlzeaverage of
the size distribution. We also report the measured polgigsty index (Pdl) that describes
the width of the particle size distribution. The polydisgigrindex is a parameter calculated
from the cumulant analysis of the DLS measured intensitp@rtelation function. In the
cumulants analysis, a single particle size is assumed aiyke £xponential fit is applied
to the autocorrelation function. All samples were measagg@rocessed (undiluted). Size
distributions of the prepared NPs measured with DLS wermadal.

2.3.2.2 Cryo-TEM

For a few samples we also studied the size using cryo trasgmiglectron microscopy
(cryo-TEM) at the TU Eindhoven in the Netherlands. The ag@ezamples were prepared
with a vitrification robot from FEI; Vitrobot Mark Ill. The wed cryo-TEM equipment was a
cryoTITAN from FEI, a 300kV FEG microscope, optimized fortbe@esolution and contrast.
Two samples containing particles made of only active ingmricand a combination rapamy-
cin and PLGA were analyzed using cryo-TEM. The first sample piare rapamycin; 1.00
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mL of 60 mg rapamycin/mL acetone. The second sample was ansagiaand PLGA (20
kDa) (1/1 mass ratio); 15 mg rapamycin and 15 mg of PLGA/mli@ue The samples were
added to an aqueous solution with a volume of 10.00mL (coimgilwt%) PVA (9-11 kDa
80% hydrolyzed) according to the nanoprecipitation procedollowed 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 didanaf shear rate in order
to investigate the influence of the viscosity on the NP size.siMdied solutions containing
three different molar masses of PVA (13-23 kDa, 31-50 kDa&d 24 kDa,; all three with
a degree of hydrolysis of 87-89%). The polymer solutionsensmalyzed at five different
weight concentrations (2.50, 1.00, 0.50, 0.25 and 0.10%ojvtThe viscosity measurement
was performed on an Anton Paar MCR 300 Rheometer &E 2&th a double gap cylinder
(DG 26.7). The shear rate was varied between 30 and 3D0At these concentrations the
solutions appeared Newtonian.

2.3.4 Nanoprecipitation / nanoparticle preparation methal

Typically, 25.0 mg of polymer (PCL) was weighed and dissdlve 5.00 mL of acetone
resulting in a clear polymer solution after 30 minutes on daital shaker. Prior to the nan-
oprecipitation process all solutions were filtered over anoflisc LC25 mm Syringe filter
0.2 um PVDF membrane to remove large dust particles. In Rig.the basic nanoprecip-
itation process setup was sketched. A volume of 1.00 mL optilgmer/acetone solution
was added to 10.00 mL of aqueous surfactant (PVA or Plurob&7Jsolution with an Ep-
pendorf pipette. The addition with the pipette was carri@tiiw one second, after which the
suspension was manually homogenized by swirling the vialad for five seconds. We will
compare our experiments to the proposed theoretical moddiffusion limited coalescence
in the slow mixing regime and with data from literature. Hoe fast mixing regime we will
test our theoretically predicted trends against data fitareture.
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Figure 2.5: Scheme of a pressure driven injection device used in B&.(f) and an impinging jets

mixer used in 15] (b). Fluid A is the organic phase comprising solvent, theieapolymer and the

drug, fluid B is an aqueous solution containing (polymerigfactant.

There are various other ways to perform nanoprecipitatibmo of them are depicted
in Fig. 2.5, One will result in slow mixing times38]. Experiments using an impinging
jets mixer allow tuning the mixing time scale as to investggaoth the fast and slow mixing
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time regimes 15]. The results reported in literature will be used to verity eheoretically
predicted trends:
* in the slow mixing regimemix/Tcs > 1, a cube root scaling of the final polymer
particle size with polymer concentration is predicte@e"® ~ Rpo(Tmix/ Teis) Y3 ~
1/3 1/3
T 3ka T cmp/ (np)]~/3 and thusReNd ~ cs,
* in the limit of fast mixing,Tmix/ Teis < 1, the final radius is of the order B, and does
not depend ortys. Hence, the final particle size is expected to be indeperafehe
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 naremipitation using real space analysis
we show two (cryo-)TEM pictures. Fi®.6 (a) and2.6 (b) depict the cryo-TEM pictures of
a pure rapamycin particle and a rapamycin/PLGA (1/1 mags) zérticle, respectively. The
DLS results of the particles are in good agreement with s@ the cryo-TEM analysis, see
Fig. 2.6 (a) and2.6 (b) and their legends. In Fi@.6 (b) a small gold particle can be seen in
the right upper corner, which was added to serve as a refemmiot to perform tomography,
revealing a spherical shape.

Figure 2.6: Cryo-TEM picture of a nanoparticle prepared by nanopréatijgin). (a): Cryo-TEM picture
of a nanoparticle prepared by nanoprecipitation filled wfith drug rapamycin. The scale bar is 100
nm. The dispersion was prepared by adding 1.00 mL acetornt@inomg 60 mg rapamycin to 10.00
mL with 1.00 wt% aqueous solution of 9-11 kDa PVA. (Corresgiog DLS resultsDy, = 344 nm and
Pdl =0.10.). (b): Cryo-TEM picture of a rapamycin/PLGA nanecipitated particle. Scale bar is 100
nm. A volume of 1.00 mL with 15 mg rapamycin and 15 mg PLGA acetwas added to an agueous
solution of 10.00 mL with 1.00 wt% 9-11 kDa PVA. (Results fr@hS: Dy, = 148 nm and PdI=0.06.).
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2.4.2 Influence of polymer concentration on size

To validate Eq. 2.19 we compare its scaling predicti@f)”dw c%n/g to our experiments as
well as to data available in the literature. In the nanopigation experiments we performed,
PCL (CAPA 6250; 25 kDa) has been used as a carrier polymer mdric F127 as a sur-

factant. 1.00 mL PCL/acetone solution (0.6, 1.0, 6.0 an@ iy PCL (25 kDa)/mL acetone)
was quenched in 10.00 mL, 1.00 wt%, Pluronic F127 aqueousisnlwith an Eppendorf

pipette, a device similar to the one depicted in Fich. The hydrodynamic particle diameter
Dy, has been measured by DLS.

As can be seen from Fi.7, our results compare favorably to the data available in the
literature [6] for the same system. As the experiments arfepaed in thery,ix > Tgs regime,
the scaling obeys the 1/3 power law as expected. The datarpiesonly cover thénix > Teis
regime and neither reach a particle size saturation limth@tvery fast mixingfmix < Tcis,
Nor a Crossover akix ~ Tes. The spread on the data of Molpeceetslcan be explained by
experimental and analytical standard deviation since pheas! is equal to the error bars in
our experiments, see Fig.7. Our experiments were repeated on different dates usisjlfre
prepared solutions. The scaliﬁQ”dN cﬁ{g has been found and confirmed earlier by Cabane
and co-workers]1, 13], for various systems such as cholesteryl acetate moledigpersed
in water in the presence of the block copolymer polystyrparoxyethylene as surfactant or
hexadecane molecules precipated in water with exthoxyfatéy acids as surfactants.
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Figure 2.7: Polymer concentration dependence of the generated jgssiiel expressed as the measured
hydrodynamic diametem,) with DLS. These particles form after adding 1.00 mL of diéfiet PCL
concentrations (molar mass: 25 kDa) in acetone (mg/mL) 10QLGL water containing 1 wt% Pluronic
F127 (squares). Each data point results from the averageed measurements. We compare these
results to the theoretical scaling relation of E&.20) and data from Molpecere8§] (open triangles).

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

In case of relatively slow mixing, typically encounteredoiar experiments, there should be
no dependence between final particle size and the molar rhss molymer as follows from
Eq. 2.19. In order to verify this the influence of using PCL polymerishndifferent molar
masses (2, 4, 8, 25, 37, 50 and 80 kDa) on particle size waiedtuthe PCL polymers were
dissolved at equal concentrations in acetone (5 mg PCL/retoae). A volume of 1.00 mL
of the different polymer/acetone solutions were added t@A@@L agueous solution con-
taining 1.00 wt% Pluronic 127 F following the nanoprecipda procedure. All experiments
were done in triplicate after which a DLS analysis was penfed.

In Fig. 2.8we plotted the measured particle size as a function of themnmoass of the
hydrophobic polymer. It is clear that changing the molar siteerdly affects the final particle
size under the same experimental conditions. The pariioéeranges between 130 nm and
150 nm, which can be explained by a slightly different visigosf the polymer/acetone
solutions. The lower molar masses hardly influence the siscof the polymer/acetone
solution while the higher molar masses (80 kDa) of PCL haveoeerdistinct effect on the
viscosity of the polymer/acetone solution. The differebesveen the values for the viscosity
of these solutions hardly alters the mixing times and tloesebnly modifies the final particle
size to a small degree. Further the data for molar massesli€l kDa) could reflect slightly
smaller sizes because the solubility starts to increasefarbbower molar mass.
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Figure 2.8: Hydrodynamic diamete},) and Pdl results (triplicates) as a function of the molarsnas
of PCL at fixed concentration. Samples were made by addir@rhlOacetone with 5 mg/mL PCL of
different molar masses to 10.00 mL water containing 1 wt%dvlic F127.

2.4.4 Influence of mixing time on particle size

The end particle size is governed by two relevant time sgtieanixing and the coalescence
time. To assess the influence of the mixing time while manitgj the same experimental
conditions only the phase containing the surfactant wasgéd In a first experiment the
surfactant was dissolved in the water phase (0.10 wt% Pilii®Y F in water). A volume of
1.00 mL acetone/polymer-solution (5 mg PCL (25 kDa)/mL ane) was added to 10.00 mL
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1.00 wt% Pluronic 127F solution, according to the nanogpigation procedure. In a second
experiment the surfactant was co-dissolved with the potymthe acetone phase (1.00 wt%
Pluronic 127F + 5 mg PCL (25 kDa)/ mL acetone. Then 1.00 mLasataiht/polymer/acetone
solution was added to 10.00 mL Milli Q water according to th@oprecipitation procedure.
Both experiments were performed in triplicate followed bRIlaS analysis. The difference
of surfactant concentration in the acetone phase (1.0 witd)tlae surfactant in the water
phase (0.10 wt%) was chosen such that the final surfactaceotration was the same for
both experiments.

The presence of the surfactant in the aqueous phase or irollens (acetone) phase
together with the hydrophobic polymer should have a disiimtuence on the final particle
size. This is explained by the mixing time which is decredsébe latter case. Since the hy-
drophobic polymer and surfactant are dissolved in the sdrasethe mixing time decreases
resulting in a smaller final particle size. It is the diffusitme of the surfactant molecules to
the coalescing droplets which is mainly decreased, resyiti a smaller final particle size,
as can be seen in Fig.9.
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Figure 2.9: Effect of surfactant present in the organic phase or theagphase. Averaged values for
size and polydispersitp, and Pdl from triplicates. Results were obtained by addifg inL acetone
with 5 mg PCL (25 kDa)to an aqueous solution with a volume o0Q0mL. The surfactant, Pluronic
F127, is either in the water phase (indicated by 'water’ythie acetone phase ('solvent’). The overall
Pluronic F127 concentration in the final mixture is 0.1 wt%.

In case of relatively slow mixing, typically encounteredoiar experiments, there should
be no dependence between final particle size and the molar ohdise polymer. To assess
the dependency of the mixing time on the molar mass and tlesity of the used surfact-
ant solutions different molar masses of PVA (13-23, 31-5@ 86+-124 kDa,; similar degree
of hydrolyzation of 87-89%) dissolved in water at differenncentrations (0.10, 0.25, 0.50,
1.00 and 2.50 wt% of surfactant in water). The viscosity esthsolutions was measured in
order to grasp the influence of both the molar mass of the ciarfaand the viscosity of the
solutions in relation to the final particle size. In all expgents 5 mg PCL (25 kDa)/mL acet-
one was added to 10.00 mL of the different PVA/water soligiokiso here each experiment
was done in triplicate after which DLS analysis was perfatme

Besides a comparison of the size between these two extreses edove we confront
our theoretical predictions to the results obtained by $ohrand Prud’hommelp] who
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have carefully variednyix. They studied a somewhat different system comprising a aneth
solution of an amphiphilic diblock copolymer (polybutytsitate-b-polyacrylic acid, each
block 7:5 kg/mol) quenched in water. By using a highly efintienpinging jet mixer Johnson
and Prud’hommel[5] succeeded in covering a very broad range of mixing timesotisdrved
various regimes, Fig2.10 Their original measured data for the hydrodynamic diansaté
the particles formed as a function of the mixing time are showFig. 2.10 The coalescence
in a dispersion containing diblock copolymers must obeyekas very similar to the one
described by Eq.2.1) and, thus, yield scaling Eq2(19 for the NP size. This implies that
a master curve must be obtained in F&g10if one shifts the data along the abscissa by the
polymer mass fractiom,. Moreover, a typical diameter scalingmixwp)l/ 3 is expected to
be observed at long mixing times.
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Figure 2.10: The original data from Johnson and Prud’homrhg [

One important difference between the concentration degrazedof the size predicted by
our theory and the work of Johnson and Prud’homif} [s the fact that our Eq. 2,19
does not take into account the size of the surfactant layd¢oprof a NP. Indeed, such an
approximation certainly holds in case of a polymeric sugat In case of diblock copoly-
mers, however, the size of the hydrophilic corona surrougttie hydrophobic core cannot
be neglected. To compute a hydrophobic core diameter froydeodynamic diameter of
a copolymer micelle, we use the theoretical result of Daqutl @otton B9 that the latter
scales as a power 1/5 of the micelle mass. As the core of almzmmhsists almost solely of
the hydrophobic polymer segments, the core size scales@sex /3 of the mass, yielding

5/3
Reore I Dy~

The data obtained by Johnson and Prud’homb% see Fig.2.10Q, are redrawn irt)ﬁ/3
VersusTmixCp coordinates in Fig.2.11 Indeed the data follow a master curve obeying Eq.
(2.19: it is characterized by a typicétmix/Tcs)Y/® scaling at long mixing times and shows
a plateau in the fast mixing regime, exactly as the theordipte. Note, that the NP size
in Fig. 2.11is completely determined by the kinetics and is not relatethé equilibrium
diblock copolymer micelle size. Indeed the latter would elggh solely on the molar mass,
composition, and solvent quality, whereas the NP size isoagtfunction of concentration.
Although the NP system is not in thermodynamic equilibridtris long-lived. As an x-
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Figure 2.11: Master curve of the size of the core of the diblock copolymBsNs the rescaled mixing
time, following the scaling predicted by ER.L9), original data from Johnson and Prud’homm&][
Note that we use the quantityp, as polymer concentration on the abscissa. This is the wéigttion
(dimensionless) which is directly linked to the mass cot@ion cmp via the density. The quantity
WpTnix iS proportional tacpo Tmix in Eq 2.20Q

ray study on a somewhat different diblock copolymer systdégh $hows, micellization of
copolymers is a process consisting of two stages. The fipsl stiage is totally controlled by
kinetics and leads to the NP formation described in the pteserk. The second, a several
orders of magnitude slower process, drives the NP systelhetihermodynamic equilibrium.
Study of this slow process is outside of the scope of the pteserk.

2.4.5 Surfactant molar mass influence

To assess the dependency of the mixing time on the molar nmas¢ha viscosity of the
used surfactant solutions the effect of different molarseaf PVA (13-23, 31-50 and 85-
124 kDa with similar degree of hydrolyzation of 87-89%) wasdéed. These PVA samples
were dissolved in water at different concentrations (0.@5, 0.50, 1.00 and 2.50 wt%
of surfactant in water). The viscosity of these solutions waeasured in order to assess
the influence of both the molar mass of the surfactant and idw®sity of the solutions in
relation to the final particle size. In all experiments 5 mg.LR€5 kDa)/mL acetone was
added to 10.00 mL of the different PVA/water solutions. Alsgre each experiment was
done in triplicate, followed by dynamic light scattering aserements of these samples.

In Fig. 2.12the size obtained after nanoprecipitation as measured [Hi$ is plotted
as a function of the solution viscosity when using PVA vagyin molar mass. It is shown
that the size is linearly dependent on the viscosity of théastant solution and slightly
increases with the molar mass of the used surfactant. Basedramodel, the influence of
the surfactant molar mass can be explained qualitativeliyuk first focus on how particle size
depends on viscosity. As the experiments are performeddassxof surfactant, one expects

the final particle size scalin@™~ Rpo(Tmix/ Teis) /> ~ 3[kg T Gnp/ (10)]) /3. Note that the

mix
viscosity of the medium here refers to a surfactant-freé@renment where the coalescence of
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polymer droplets takes place before surfactant penetirtes att > 1,x. Hence, in the
last form hardly depends on surfactant properties. Thengikime 1y, on the other hand,
is expected to be determined by the viscosity of the sunfdst@ution 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 th@értecle size to increase with
increasing surfactant solution viscosity. As the visgoisés been varied by changing surfact-
ant concentration and/or molar mass, one should anticgatactant solutions of different
concentrations and molar masses but equal viscositieglwgiughly the same final particle
size. As the experimental results in FRy12show, indeed, the particle size is not very sens-
itive to the molar mass of the polymeric surfactant providisdosity is kept constant. There
is however a slight systematic increase in size with inéngasiolar mass. This might be due
to a prolonged adsorption time needed for a larger polynsnitactant to adsorb which is
not accounted for in our theoretical description.
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Figure 2.12: Linear dependence of the final particle siBg ) and Pdl on the surfactant molar mass
and surfactant solution viscosity.

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

Finally, we remark that we assumed that the equilibrium ketwfree surfactant and
surfactants in the micelles is faster than the typical smaece time scale. From E.3it
follows that for a typical initial polymer concentration 8img/mL for PCL with molar mass
of 25 kDa the time scale for coalescence is of the order of 1k typical time scale for
block copolymers exchanging in a micelle is about 1 ms (ske[4d, 42]). This supports
our assumption. Hence we may safely assume there is no effée value for the critical
micelle concentration.
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2.5 Conclusions

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

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

We have used the Scheutjens-Fleer self-consistent fiekB(&3H method to predict the self-
assembly of triblock copolymers with a solvophilic middledk and sufficiently long solvo-
phobic outer blocks. We model copolymers consisting of gtblylene oxide (PEO) as solvo-
philic block and poly(lactic-co-glycolic) acid (PLGA) oofy(e-caprolactone) (PCL) as sol-
vophobic block. These copolymers form structurally quethpherical micelles provided
the solvophilic block is long enough.

Predictions are calibrated on experimental data for méselbmposed of PCL-PEO-PCL and
PLGA-PEO-PLGA triblock copolymers prepared via the naegjpitation method.

We establish effective interaction parameters that enabldo predict various micelle
properties such as the hydrodynamic size, the aggregatiorer and the loading capacity
of the micelles for hydrophobic species that are consistithtexperimental finding.

keywords: Micelle, Scheutjens-Fleer Self-Consistent Field the@l-SCF), block copoly-
mers, encapsulation.
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3.1 Introduction

Surfactants, amphiphiles and copolymers in selectiveesévare widely used to create mi-
celles. For several applications the size, size distidnytoading capacity and stability (upon
dilution) are requirements of great importance. It is feksto invoke the statistical thermo-
dynamical machinery on invariably coarse grained modelinth detailed information on
self-assembly phenomena. However, the insights from e la qualitative rather than a
guantitative character because of a lack of suitable pasansets for such systems. This
is why in practice the selection of appropriate copolymeysable of forming micelles with
pre-set requirements is still based on trial and error ongresence rather than on theory.
Confronting theory with experiments is the only way to imyahis situation.

In this paper our focus is on triblock copolymers in a selecsolvent (water). Several
triblock copolymers have been studied both from a theaaktjé—6] as well as from a prac-
tical [7—10Q] perspective, see Chapter 4. Many of these polymers, suthegsoloxamers,
were selected to have a finite (reasonably high) solubititywater, implying that if the sys-
tems are diluted below their critical micelle concentrai@MC), the micelles break up into
freely dissolved unimers. When these micelles are usedc@psulate compounds then, upon
dilution below the CMC, their cargo is released. We studgbiopatible triblock copolymers
that have a very limited water solubility. The micelles méif be used as drug carriers as
one can employ alternative release strategld$ [ More specifically, we use copolymers
made from PLGA12] or PCL [13] as the hydrophobic fragment and PEO as the hydrophilic
species. The PLGA and PCL blocks are biodegradable by hyslsobf the esters and or
are subject to enzymatic degradatiddf17] and the PEO block is mainly excretable via the
renal pathway18, 19].

The block lengths of the PLGA-PEO-PLGA and PCL-PEO-PCL pwys are chosen
such that they exhibit ultra-low water solubilities. Exipeentally one can reproducibly fab-
ricate micellar objects by the precipitation method anddabeesponding micelles may be
referred to as frozen or 'dead’ because after their formatiey do not dissolve by dilution.
Our interest is in the modeling of these structurally quecsystems by using an equilibrium
self-consistent field (SCF) theory. This is not a trivial esige because the micellar system
clearly violates the important prerequisite of equiliimat \We may justify our approagios-
tiori, because for a particular set of interaction parametes<duind that there exists a good
correlation between the predicted micelle structure apgemental observations.

Association colloids composed of molecules in stronglgstle solvents have a densely
packed core and a solvated corona. Based on this, particidathe surfactant literature,
the surfactant packing paramefer= v/(ap x Ic) is used to assess the capability of some
amphiphile to form a certain association colloid. Heris the volume of the hydrophobic
block(s) (tails) | is the length of the tail(s) ana is the surface area occupied by the polar
fragments (head) at the CMC. FBr< 1/3 spherical micelles are preferred, whereas for
1/3 < P < 1/2 cylindrical micelles form. In the range’2 < P < 1 vesicles, folP ~ 1 planar
bilayers and folP > 1 reversed spherical micelles are expec2&] 21]. For surfactants that
have relatively short tails with little conformational degs of freedom, the main problem
in using the packing parameter concept is to estimgtél his quantity can be derived from
experiments. For polymeric self-assembly there are morélésito take. In addition to the
issue to know the area per 'head’ group, it is important tooaot 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 thedynamic stability of
micelles depend on the size of the core compared to that afdiena P2, 23]. More spe-
cifically, a particular geometry is stable when the cororlange compared to the core. Con-
sidering, for example, micelles of which the corona is reddy small, the system is expected
to reduce the curvature. In the cylindrical geometry thietaétween surface area and volume
is less and the corona chains are forced to stretch outwdheiradial direction so that the
size of the corona increases compared to the core. With siangument one can envision
the choice of a system for the lamellar phase. In order tohisertsight as a predictive tool,
one must get involved in the field of polymer brushes and iti@dar the physics of curved
polymer brushes. The analytical methods to estimate the @od corona sizes is mostly
limited to scaling relations which must be somehow calixat

By using the SF-SCF theory and evoking a molecularly réalisbdel of the polymers,
we can resolve these problems to a large extend. This givélseusapability to predict
structural properties of the micelles for given compositid the copolymers.

In the following we will first give a brief introduction on tHeF-SCF theory for micellisa-
tion. Subsequently our results are discussed and compassgherimental data presented in
more detalil in the companion publicatiori,[see Chapter 4. In our conclusions we elaborate
on the use of an equilibrium theory to describe micelles fxy the precipitation method.

3.2 SF-SCF Theory

3.2.1 Thermodynamic considerations

Micellar solutions are macroscopically homogeneoust gind second law of thermodynam-
ics for homogeneous solutions with= 1,2, - - - , ¢ different molecular components, the total
numbers of molecules of tH& componenty;, consisting ofc components with a chemical
potential of all componentg;, give for the change of the internal enerdy &r a homogen-
eous phase:

C
du =TdS— pdv+z;1idni , (3.1)
I

where the sum is over all molecular compone8ts, the entropy an¥ the system volume.
For systems at a given temperatdreand pressur it is often better to turn to the Gibbs
energyG = U — T S+ pV and the change in the Gibbs energy reads:

¢
dG = —-XdT +Vdp+2uidni . (3.2
|

Classical thermodynamics cannot account for micellisadi® specific correlations between
molecules are fully acceptable from a thermodynamic petspgeand the equations in the
presence or in the absence of some finite size aggregatesmapdately the same. Equations
only start to be different as soon as macroscopic phase esaugur.

Motivated by the knowledge that on some microscopic levelgisstem is inhomogen-
eous, it may be of interest to consider the small system aghradvocated by Hilld4]. Hill
suggested that when there is a hidden parameter, here theenwimicelles /", there is
an intensive quantitg, which Hill referred to as the sub-division potential, ctagto the
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number of micelles and the change of the Gibbs energy reads:
C
dG = —SdT +Vdp+ ) pidni +ed.A" . (3.3)
I

From Eq.3.3it follows that the sub-division potential is the work (G&bnergy) needed to
increase the number of micelles for given number of mole;ydeessure and temperature. In
equilibrium the Gibbs energy should be minimized. This nalst apply to the dependence
of the Gibbs energy on the number micelles:

G >
— =£=0 (3.4)
<d°/V T.p.{ni}

and the second derivative of the Gibbs energy with numberioélfes should be positive.
In words, Eq. 3.4 expresses that in equilibrium there is no Gibbs energy &ssalcto the
formation of micelles and under these conditions &&.returns to Eq3.2obviously. Hence
the small system approach is consistent with (macrosctipcinodynamics. The interesting
point of the small system approach is that Scheutjens-BeklrConsistent Field (SF-SCF)
theory considers the system on the small system level anghtlaét system thermodynamics
approach becomes meaningful. In these calculations wesforwone micelle in the center
of the spherical coordinate system of which we can changadbesgation number (by con-
sidering the number of copolymers in the small system). Wg ns® Eq.3.4 to select the
relevant number of polymers per micelle.

Returning to Eq3.3we notice thaG = §; uini + £.4". The Gibbs energy per micelle is
thus:G/.4" = 3 uin /4" + € from which it follows thate is interpreted as the excess Gibbs
energy per micelle. This quantity is also referred to as tteend potentialQ per micelle.
Hence, equilibriumin the SF-SCF protocol for micellisatie defined by the grand potential
of the micelle being zero. Below we will return to this issumvimusly.

3.2.2 SF-SCF machinery

We use the classical SF-SCF model for self-assembly, wiadhe context of surfactant
micellisation has been presented in the literature sevwenals [1, 25-27]. Here we will
only outline the most important features so that the resiltie modeling can be discussed
properly. We will pay attention to (i) the discretizatiorhsene, (ii) the molecular model, (iii)
the optimization of the free energy, (iv) the propagatoessh 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 @ty how the lattice sites
are organized. Here and below we focus on the sphericaldalti’e consider lattice sites with
linear lengthb and volumeb®. The lattice sites are arranged in lattice layers with spher
topology. Starting with a central point at= 0, we have layers of lattice sites at coordinate
r=1,2,--- M, which are a distancé away from the center. The number of lattice sites at
coordinater is given byL(r) = %n(re’ — (r—1)3) ~ 4rr?, where the approximation on the
rhs of this equation (which is accurate only for large valags) shows that the number of
sites is related to the area of the shell at distabdeom the center. In this coordinate system
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we need to compute so-called site averages defined by aldyeeaverage of some spatially
varying quantity®(r), for which we use the angular bracket notation defined by:

(D(r)) = A1 ®(r = 1)+ A, P(r) + A1 ®P(r+1) . (3.5)
In this equation the priori step probabilities account for the geometry
4m(r —1)?
Arri1=A———— 3.6
rr—1 L(I’) ; ( )
472
A =A— 3.7
rr+1 L(r) ) ( )
)\r,r = 1—)\r,r—l—)\r,r+l . (3-8)
For a cubic lattice, the limiting values, that is for largéues ofr, of the step probabilities
areArr—1 = Arr41 = % andA;, = %‘. For small values of there is curvature information in

the transition probabilities.
The SF-SCF theory makes use of the mean-field approximaliopractice this means
that we are going to average various properties over afl k{te at a particular coordinate

3.2.2.2 The molecular model

Scheutjens and Fleer promoted the idea that the polymeeiciesp should be expressed in
segments that fit on the lattice. In other words, a coarsmegladescription of the polymer
chains is implemented. In this approach the polymers arsidered as a string of segments
with linear lengthb. Let us for convenience number the different molecules wWithindex
i and focus on linear chains of which the segments have rankingberss=1,2,---  N.
whereN is the total number of segments in the chain. The chain tgyadan input for the
calculations. This means that we have to specify exactlyt wieasegment type is of each
segment. Segment types are generically referred with tihexi®. For example, we may
consider the symmetric triblock copolymeXg, Bng An,, Which has segments of type= A
for the ranking numbers=1,2,--- /Ny ands=Na+Ng+ 1, - ,2Na + Ng, andX = B for
the remaining ones= Na+1,---,Na + Ng. Besides polymeric species there may also be
monomeric compounds in the system. These are treated stmilae chains, yet they have
just one segmerg= 1. Below we will assume that the solvent has a segment8quad is
monomeric.

For convenience we introduce the so-called chain architecperators

1 when segmergof moleculei is of typeA

(3.9
0 otherwise

o =

These values of these operators are fully defined by the ohgat

The target of the SF-SCF equations is to find the equilibriistridution of all segments
and segment types in the coordinate system. The dimensgatscentration of segments
of type X at coordinate is given by the volume fractiogx (r), which is given by the ra-
tio between the number of segments of typat this coordinate and the number of sites
available:

_ Nx(r)

PO =)

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

3.2.2.3 The free energy and the optimization

In the calculation, the volume occupied by tidattice layers and the number of molecules
are specified. Hence, the Gibbs energy is the primary theymadic potential in the system.
Schematically the Gibbs ener@ycan be presented as

G({¢}7 {U}, a) =
—InQ({u})—ZL(r);ux(r)¢x(r)+F'“‘({¢}) (3.11)

— Z L(ra(r) <1— ;qu(r))

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

(qX({u}))nX ) (312)
(nx)!

Whereqy is the single-chain partition function of the molecule tyfsewhich in turn can be

computed once the segment potentials are available. Toutertips quantity it is necessary

to specify the chain model. Below we will go in more detail.Hg. 3.12the variableny is

the number of molecules of typéin the system.

The third term on the rhs of Eq3.12 expresses the free energy of interaction in the
system. Again, we will go in more detail below. Here it sufide mention that it can be
evaluated once the volume fractions are known.

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

The fourth term implements the incompressibility consiréor each coordinate. In other
words, the value of the Lagrange fieddr) is coupled to the requirement that on each co-
ordinate the volume fractions add up to unity. In passing ate that in the incompressible
system there is no volume work and the Gibbs energy is the aartiee Helmholtz energy.

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

Q=Tlx

oG
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oG

oG

Eq. 3.13leads to an expression for the segment potentials in terheofdlume fractions.
Here we take a Flory-Huggin27] type Ansatz, wherein only nearest-neighbor interactions
are accounted for. It implements the Bragg-Williams appration [28] and use Flory-
Huggins interaction parametexsto specify the strength of the interactions which has non-
trivial values for the unlike contacts only

() =a(r)+ 3 e ((0v() - 48) (3.16)

where the summation runs again over all segment types¢$ﬁd the volume fraction of
segments of typ¥ in the bulk.
Eq. 3.14enforces that system obeys the compressibility constrhiat is:

Zfbx(r) =1 . (3.17)

Last, but not least Eg3.15leads to the rule to compute the volume fractions from the
potentials. Formally the result is

ox(r) = _ 1 ohQ (3.18)

L(r) dux(r)
The computation of the functional derivatiddn Q/dux (r) is, in general, rather hard. For
a freely-jointed chain, however, there exist an extraadirefficient propagator formalism
which exactly computes the volume fraction as specified by 48 This formalism is
outlined in the next paragraph.

3.2.2.4 The propagator formalism

Motivated by the close analogy between the diffusion of awBrian particle and the flight
of a random walk, there exist a diffusion-like equation talaate the partition function of
Gaussian chains. Edward®] realized that the difference between the diffusion precesd
the polymer chain is that the polymer cannot visit previguslcupied sites. This is known
as the excluded-volume problem. He came up with a modififdsidn equation, which
corrects, in first order, for the volume interactions whiclspherical coordinates reads:

oG 1/190 ,0G
which must be supplemented with initial and boundary céoét The quantitys = G(r;s)
which obeys to this differential equation is related to thetition function and can be used to
compute the volume fraction distribution for a given chaiolecule. We map this differential
equation onto the lattice. Here we cannot go in full detail$ @iscuss the resulting formalism
instead. By implementing it, the chain model changes froenGlaussian chain to the freely
jointed one. The fundamental difference being that forynihlé chain ends can be separated
beyond the contour length in the Gaussian chain, whereasnibti possible in the freely
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jointed model (finite extensibility).

Let’s introduce the free segment distribution function fosegment typX asGx(r) =
exp—ux(r)], which is the Boltzmann weight for a segmefiiat locationr. We generalize
this quantity to the chain typeand ranking numbes dependent quantity by using the chain
architecture operators:

Gi(r,s) = ;Gx(r)a,fg . (3.20)

We may start for moleculé the propagators by setting the statistical weight for thst fir
segment to the free segment distribution functi@nir; 1) = Gi(r,1). End point distribution
functions for segmentsalong the chain now depend on similar quantities for segmerit
according to the propagator:

Gi(r;s) =Gi(r,s) (Gi(r;s—1)) (3.21)

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

g =3y L(NGi(r;N) . (3.22)

In the general case one has to compute also the complemeniguoint distribution func-

tions before the volume fractions can be evaluated. As incase the triblock copolymers

are symmetric we can make use of a shortcut and compute thmedtactions by:

bi(r.s) = ﬂGi(r;s)Gi-(r;N —s+1)
qi Gl (rv S)

where a chain fragment withsegments is combined with one with— s+ 1 segments. The

normalization with the free segment distribution is neettedorrect for the fact that both

walks already have the statistical weight for the conngctggment.

In passing we note that the normalization in Bcg3can be used to evaluate the volume
fractions in the bulk. It can be shown that= ¢ib/Ni. The volume fractions in the bulk for
the various segment typesfollow trivially from the bulk volume fractions per moleaail

The volume fraction profile of the solvent reads:

s(r) = 93Gs(r) (3.29)

wherein the volume fraction of solvent in the bulk is given @: 1-5% ¢Q; the prime
on the summation sign indicates that in the skira- Sis not included. The latter equation
enforces that the bulk is incompressible.

, (3.23)

3.2.2.5 The SF-SCF solution and the grand potential

The previous paragraph outlined how the volume fractiomsbeacomputed from the poten-
tials and Eq.3.16implemented the evaluation of the potentials from the vaudnactions.
Numerically we search for the so-called self-consisteid elution for which the potentials
and the volume fractions are mutually consistent (we impgleted a precision of at least 7
significant digits), while at the same time the incomprdbsjtconstraint is obeyed. When
this solution is found, which typically takes only a few sade CPU time on a modern PC,
we can evaluate the free energy of E2j12 Starting from the free energy we can extract
various other thermodynamic potentials. Relevant forasfembly we should compute the
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grand potential. It is possible to evaluate the grand pa@kf from the summation over
the grand potential densitf2 = 3, L(r)w(r) and in turn the grand potential densityr) is
given by

ey 4D
o) == 5 PO a3 5 o (00 () —08}) . @25)

which may be interpreted as a local tangential pressuresimibelle.

In the section on the thermodynamics of micelle formationalveady mention that the
sub-division potential is related to the grand poter@®ial he formal difference between these
two quantities is that in the grand potential as found in tReSEF model, the translational
entropy of the micelle as a whole is not accounted for, wheieshe sub-division potential
the translational entropy is part of it. We will consideryroler micelles for which the degrees
of freedom in the translation of the micelle as a whole cangneried with respect to other
contributions, and therefore it is reasonable to equatgithed potential to the sub-division
potential. Hence, our interest will be in micelles that hawanishing grand potential only.
As this point is rather subtle, we will pay more close attemto 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 FELD, and PLGA blocks, see Fig.
3.1 For polymeric compounds it is required to describe therthas Kuhn chains, so that
each segment can assume any position in space with respbet poevious segment except
for back folding. Since the PEO parts of the copolymers stitlk the aqueous solution, and
the flexibility of the PLGA and PCL parts do not have a veryeliént chain stiffness chains,
we use the Kuhn length of PEO chains, belng 0.8 nm [30], as lattice unit in the SF-SCF
computations. Each unit in terms of r thus equals 0.8 nm. Rstance for a PEO chain
with a molar mass of 6.0 kDa consistsf= M /Mmen = 6000/44 ~ 136 segmentMmon
being 44 g/mol for PEO. Each ethylene oxide monomer has @Hesfd).36 nm. Hence a
Kuhn segment consists of&0.32~ 2.22 real segments. This means the number of Kuhn
segments equals 138.22 ~ 60 segments30]. In a similar fashion we can estimate the
effective number of Kuhn segments for PCL and PLGA blockswaadome to the numbers
listed in Table3.1

Table 3.1: Number of Kuhn segmentdk) 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 trddaopolymers. In our case
x =Y, andx+y is the number of D,L-Lactide and Glycolide repeating urétsdomly distributed in the
hydrophobic end blocks. In the caserof= 136 ethylene oxide repeating unks-y is 115, referred
to as TBB1, and fon = 68 ethylene oxide repeating unitst+y is 58, referred to as TBB2 for the
PLGA based triblock copolymers. For the PCL based triblomatymer, referred to as TBC1, there
aren = 68 ethylene oxide repeating units wijh= 17 caprolactone repeating units.

3.2.4 The Flory-Huggins parameters

A key moment is to estimate the Flory-Huggins parameterszdxat all components in the
mixtures. It must be noted that the values of the interagtimrameters should represent the
average solvent quality upon solvent exchange upto the gi@hthe micelles become kinet-
ically frozen. It is known that PEO monomers are well-soduibl water at room temperature
and often ay-parameter of 0.4 is used for describing PEO chains in w&#r [PCL and
PLGA are not soluble in water. The-parameters of their monomers must be bigger than
0.5. It is also known that the monomers in PCL are more hydsbjathan those in PLGA.
Some preliminary calculations resulted in a sexgfarameter summarized in Tal3& We

note that we did not try to fine-tune tlyevalues and mention that the reasonable comparison
with experiments justifies the values used.

Table 3.2: x-Parameters for the monomer-solvent interaction used i8 SF computations (EG: ethyl-
ene glycol, LGA: Lactic-co-glycolic acid and CL: caprolace. The block lengths and the correspond-
ing Kuhn lengths are collected in Tal8€el

Monomer-solvent interaction X

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 aesyatvith specified copolymer
chain, interaction parameters and concentration in a teedesolvent. In the calculations
there exists one single micelle in the center of the cootdisgstem bounded by spherical
lattice layers. For a given number of copolymers in the sgstié is possible to compute
the aggregation number defined by the excess number of copolymers in the micede, i.
g= N% 5. L(r)(¢i(r) — ¢P). Above it was argued that thermodynamically stable misadlgey
to e =0. Inthe SF-SCF model we compute the grand potef¥ig) of a micelle that is at the
center of the coordinate system and thus the micelle wittranslational degrees of freedom.
For not too concentrated micellar solutions we may write

e=Ingpm+Q . (3.26)

The quantityQ is the grand potential of the micelle of which the translagibdegrees of
freedom are frozen as indicated above. Addin§S/ksT = —S/kgT = In ¢y takes into
account the mixing entropy. This yields the standard stalbeligision potentiak [24] which
equals zero under equilibrium conditions. Note again tliaeans are normalized biT.
Using Eqg. 3.26we may compute the volume fraction of micelles from the grpaténtial,
i.e. dm(g) = exp—Q(g)]. Clearly,Q > 0 or else the micelle volume fraction exceeds unity
and clearly micelles witl®2 >> 1 can only exist at extremely low micelle concentrations.

From the above it is evident that it is necessary to analyeeythnd potentia@ of the
micelle as a function aj[1, 32]. In Fig. 3.2we present, as an example, SF-SCF results for the
grand potential for a spherical micelle composed Wit GAsoPEQ;oPLGAgo copolymers.
These copolymers contain three blocks of 60 segments eatls alescribed using thg-
parameters of Tabl8.2 For a micelle consisting of just a few copolymé&Xsncreases with
g, analogously to the nucleation of small droplets in an ateirsited solution. These micelles
are thermodynamically unstable due to the large surfaseiitome ratio. Indeed as long as
0Q/dg> 0, the micelle is unstable (free energy has a local maximimplying that micelles
with this aggregation number will have a vanishing low piloiby. From Fig. 3.2it is seen
that forg > 100 the grand potential becomes a decreasing functigndiis is the signature
of micelles that become thermodynamically stable (freeggnieas a local minimum).

The first micelles, that is whedQ/dg = 0, that are stable have an aggregation num-
berg = g* ~ 100 and the concentration in solution for this system maydeatified as the
CMC. For micelles withg > g* the grand potential decreases with aggregation number, tha
is dQ/dg < 0. The chains in the corona of the micelles are packed clostclaser to each
other and this generates a pressure in the corona that apinesgrowth of the micelles.

In the example of Fig3.2the micelle concentration at the CMC is exceedingly low.nfro
a practical point of view we should therefore focus on megthat have a higher aggregation
number. In surfactant problems it has been advised to fonusioelles with a reasonable
amount of translational entropy, e.@(g) ~ 10kgT, implying a volume fraction of micelles
that are still dilute, but measurable by light scattering.

Using this Ansatz, we extract from Fig3.2 that most-likely micelles consisting of
PLGAsPEQ;)PLGAgy copolymers are composed of on average 237 copolymers. @$eou
one should expect that in practice there are fluctuationsigelta composition. In other
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Figure 3.2: Grand potential of formation of a micelle consisting of PLEREQ;oPLGAgq of triblock
copolymers as a function of the number of copolymers per liei¢g).

words that micelles with a smaller or larger aggregation beinmust be expected. Within
the SF-SCF model it is also possible to estimate the width@fticelle size distribution.
From statistical thermodynamics it follows thég/du = <gz> —(g)? = &g, often referred
to as the dispersion of fluctuations (in our case fluctuatiotise micelle size), whereip is
dimensionless. It can be shown that the Sf-SCF equationstbbesibbs-Duhem relation

0Q/ou=—g
Multiplication of both sides withd 1 /dg results in

or__ 9 (3.27)

dg o9
We give the resulting micelle size distribution in Fi8.3, assuming a Gaussian size distri-
bution. The polydispersity, as predicted by the SF-SCF haglgery narrow; the standard
deviation is just 4%. It should be realized that SF-SCF i®tam a mean-field approach in
which shape fluctuations are not accounted for and ther@ferexpect that the size distri-
bution is somewhat underestimated. As compared to the iexgetal counterpart we further
expect that the theory underestimates the width of the s&tahiition because in the exper-
imental samples the polymers are both polydisperse in teeathmolecular weight as well
as with respect to the block sizes. A more detailed SF-SCFlsisaan be implemented
to account for a distribution of chain lengths. Here we canhdwothis because the detailed
information about the distributions is not yet available.

In Fig. 3.4we demonstrate what happens when the PEO block length isased, while
keeping the chain lengths of the PLGA blocks fixed. It follaat the equilibrium number
of copolymers per micelle is decreasing with increasingrchength of the PEO block. This
effect can easily be rationalized considering the packiggments. The outside of the co-
polymer micelle must be covered with solvophilic polymesdis being PEO. Obviously, a
certain amount of PEO on the outside of the micelles is reqliir order to provide sufficient
stability. As the PEO block length increases at gigehere is more PEO on the outside of
the micelle. Hencg 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) pricelle for a micelle of
PLGAgoPEQ;0PLGAg triblock copolymers.
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Figure 3.4: Grand potential of formation of a micelle consisting of PLEREQ\, PLGAgq triblock
copolymers with varying PEO chain lengtNg for Nx = 60 and larger.

In Fig. 3.5we show stability curves for the case of decreasing the PEM ¢bngth. The
most like micelle size, that ig-value, increases with decreasing PEO chain length, as can
be expected from the results in Fi§.4. When the length of the PEO moiety is decreased
there exists a limit below which spherical micelles can nugker 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 valuest®ea, but start to increase with
g above someg > g**. This implies that the theory predicts that there is an ufipgt in
the micelle concentration. Spherical micelles wgtk- g** are unstable and micelles with a
cylindrical or lamellar topology are expected instead. threo words, the overall composition
of the copolymers is simply too solvophobic to self-asseamiblstable spherical micelles.
Obviously, there is a limit to the composition of the bloclpotymers that can self-assemble
into spherical micelles. We have rationalized this limitipatent application draf8p].
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Figure 3.5: Grand potential of formation of a micelle consisting of PLEREQ\, PLGAg triblock
copolymers with varying PEO chain lengtNg for Nx = 60 and smaller.

3.3.1 Radial density profiles and micelle size

Once the most-likely number of copolymegsn the micelle is known, the radial segment
density profiles of all components composing the spheriée¢ie can be analyzed. In Fig.
3.6 we show the radial density profiles of copolymer segmentseaty and separate PEO
and PLGA blocks for a PLG&PEQ;0PLGAgo triblock copolymer micelle that corresponds
to using 7.5-6.0-7.5 kDa, see Tal3e8. This micelle consists of 237 copolymers, see Table
3.4. The density profile as a function of the radial distanceommences at= 0, the center

of the core towards largevalues, far from the micelle. It is noted thats given in lattice
units. Each lattice unit thus corresponds to 0.8 nm; the Kahgth for PEO.

Table 3.3: Comparison of experimental and theoretical SF-SCF hydraayc diameter®y, of co-
polymeric micelles prepared using the nanoprecipitati@thmd using copolymers of compositions as
indicated. Dy, = Theoretical hydrodynamic diameter, according to SF-Sif; = Practical hydro-
dynamic diameter measured by DLH,[see Chapter 4Al| is the percentual deviation between what
is practically measured and theoretically calculated.dé@olymer ID see Tabl8.4.

Copolymer ID | Dpp (nm) Dyt (SF-SCF) (nm) | |Al|
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 caristalume fraction of copoly-
mers of (in this case) abogt~ 0.87 and about 13 vol% of water molecules, also confirmed
in various other publication8g-37]. The amount of water is substantial for mixing entropy
reasons: full exclusion of water is unlikely as this coststaf mixing entropy. The(-value
between PLGA monomers and water molecules is taken as liéhwauses demixing, but
is not that extreme. Indeed the core will dry up with incragsj-value. The slight increase
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Table 3.4: SF-SCF determined averaged number of copolymers per migell

Copolymer Molar masses (1 Kuhn seg-| g Copolymer ID
kDa = 1000 g/mol) | ments
PLGA-PEO-PLGA | 3.75-3.0-3.75kDa | 30-30-30 132 TBB2
PLGA-PEO-PLGA | 7.5-6.0-7.5kDa 60-60-60 237 TBB1
PCL-PEO-PCL 1.9-3.0-1.9kDa 17-30-17 155 TBC1
1 0_- PLGA PEO,PLGA
) in water e

Copolymer

---- PLGA,, blocks

——————— PEO,, block

—m Water

SCF D, (45nm)
Experimental D, (45.2nm)

0.0 T T T 4”I e T T T T T

Figure 3.6: Equilibrium radial density profiles of water, total copolgmPLGA blocks and PEO block
as a function of the center from a micelle The micelle consists of PLGRHPEQ;gPLGAgg triblock
copolymers.

of water towards the core is caused by the presence of moré\RIn@ segments in the core.
Near such end groups it is somewhat less unfavourable tovaatex molecules. Moreover
the chains have to stretch to reach the micelle center. Byngalightly more solvent in the

core, the stretching of the chains can be reduced somewhat.

Aroundr = 20 the water concentration (dash dot line) increases Signifiy and the
copolymer concentration drops correspondingly. The itistion of the PLGA (dash line)
and PEO blocks are also plotted (dot line). The hydrophohi&# monomers are in the
core, while the PEO segments are completely expelled franttne and are all located in
the micellar corona. The PEO density goes through a maxinfadonaut 25 vol% of segments
providing steric stabilization. A rough estimation of theescan already be made based on
these density profiles. Near= 30 the density profile of copolymer segments drops to such
low values that these can not be seen in these coordinatesmeans an effective radius of
about 30 times 0.8 nm= 24 nm or a diameter of 48 nm.

Since we measure the averaged hydrodynamic diarDgtesing dynamic light scattering
we also computed the hydrodynamic diameter of the miceb@gyBrinkman-Debye theory
[38, 39], for which the copolymer density profile is needed as infiie resulting values for
Dy, are plotted in Fig. 3 of the companion publicatiaf), [see Chapter 4, sby, = 45 nm for
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the copolymer density profile in Fig.6. This value corresponds very well to the predicted
hydrodynamic diameter given in Tal8e3. In view of polydispersity effects and uncertainties
in estimating the properties of the micelles for the SF-S@mRputations we may only claim
that the micellar size can be well predicted. It seems tbeeethat the micelles can be
described by an theory that focuses on equilibrium strestur

PLGA, PEO, PLGA
1.0 in water o
4

0.84
0.6 Copolymer
7 ---- PLGA,, blocks
"""" PEO,, block
0.4 --—-- Water
SCF D, (28nm)
Experimental D, (31.3nm)
0.2
0.0 T T T T T
0 30 40 50
r

Figure 3.7: Equilibrium radial density profiles of water, total copolgmPLGA blocks and PEO block
as a function of the center from a micetle The micelle consists of PLGRAPEQ;gPLGA3 triblock
copolymers.

In Fig. 3.7 we show the radial density profiles of a PLgREO;gPLGAg triblock co-
polymer micelle composed of 3.75-3.0-3.75 kDa PLGA-PEQ5RLiriblocks (Table3.3).
This micelle consists of 132 copolymers (TaBld).

In comparison to the profile in Fig.6for the micelle with larger copolymers we observe
the density profile inside the core of the micelle varies nsirengly. Also the size of the
micelles is smaller as can be expected; the hydrophobioistae only 30 segments long,
so the cores are smaller, and the stabilizing PEO chainseonutside are smaller as well.
As a rough estimation one might speculate that half of the value for micelles composed
of PLGAsPEQ;0PLGAgp micelles ¢ = 237). Indeed thg value of 132 is only a bit larger
than an estimated 119. As a consequence the size should ineapicture scale ad; ~
d2(1/2)%3, implying a diameter of about 36 nm fds = 45 nm. Still, the SF-SCF size of 28
nm (Table3.3) is even smaller. Hence more copolymer as expected is neéedstdbilize a
smaller particle as the molar mass decreases.

Next, we discuss the effect of encapsulation of hydrophobiopounds in the triblock
copolymer micelles. Here we choose PLGA (homopolymer)rchaiith a molar mass of 20
kDa , corresponding to 180 segments, as the guest molediiese will be fairly insoluble
in the aqueous bulk and will prefer to be encapsulated indhe af the micelle because of the
PLGA environment. The composition of the micelle with 7.68¢a&psulated free PLGA in a
micelle composed of identical copolymers as in Hdbis plotted in Fig.3.8. The number of
copolymers per micelle now increased from 237 to 337 and idw@eter increases from 45
to 51 nm. As expected we see that, whereas the PLGA monomeewation in the core is
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1.0 PLGAPEO PLGA, .
' in water plus 7.6% PLGA ,,/"
0.8
—— Copolymer
---- Total PLGA
¢0'6 - PLGA,,
- PEO,, block
0.4 E— Water
0.2+
0.0 T e ma ; | : :
0 10 20 30 40 50

Figure 3.8: Equilibrium radial density profiles of water, total copolgmPLGA blocks and PEO block
as a function of the center from a micelle The micelle consists of PLGRHPEQ;gPLGAgg triblock
copolymers with added free PLGAp copolymers.

constant, the free PLGA is more concentrated close to thieecefthe micelle and the PLGA
monomers connected to the triblocks concentrate in the cote region. Not shown is the
finding that the influence of molar mass of the free PLGA is lydamperceptible. SF-SCF
obviously enables to study encapsulation effects and efifiges. Once all Flory-Huggins
X-parameters are known between any drug molecule, the polyggenents and the solvent,
SF-SCF allows studying encapsulation equilibriums. Thisputation inspired us to make
the study leading to the results that will be presented incirapanion publication], see
Chapter 4.

We have also studied triblocks with the hydrophobic polyR€L, replacing PLGA. In
Fig. 3.9we have plotted SF-SCF results for a micelle composed of,FREO;)PCL; 7 trib-
lock copolymers using 1.9-3.0-1.9 kDa PCL-PEO-PCL trikko(see again Tabl& 3for the
X-parameters used). For this micelle we find it consists ofcdgmlymers per micelle (Table
3.4). Since they-parameter is estimated to be substantially larger (3®¥xtre now hardly
contains water and can merely be viewed upon as a PCL metoament. In the corona the
PEO again goes through a maximum volume fraction that noshesaa maximum value of
nearly 50 vol% of PEO segments. It seems the PEO segmentsdreen the hydrophobic
core more strongly. They interact as a 'mediator’ betweetewand the very hydrophobic
core and in this case the peak is more sharp due to a more thabigpcore environment.
This might also have consequences for drug release; onadrdiys leave the hydrophobic
core the drugs need to pass the PEQO barrier before they aeseel from the micelle.

In summary, we have shown that the SF-SCF theory may be usetbatto unravel the
structure-function relationship between copolymer cositmn and micellar size and mor-
phology, also for situations that the resulting micellesstructurally quenched. Hence, using
SF-SCF predictions allow for more efficient experimentatids discussed more thoroughly
in the companion publicatior?], see Chapter 4, by utilizing this approach we were able to
prepare nanosized particles consisting of PLGA-PEO-PLGB-6-7.5 kDa and 3.75-3-3.75
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Figure 3.9: Equilibrium radial density profiles of water, total copolgmPEO blocks and PCL block
as a function of the center from a micelle The micelle consists of PGEPEQ;9PCL,7 triblock
copolymers.

kDa) or PCL-PEO-PCL (1.9-3-1.9 kDa) block copolymers in @th{several) hydrophobic
compounds can be encapsulated, see Chapter 4. One of tbas¢aslo this is that Ostwald
ripening was minimized. Stabilization of micelles by blaapolymers prevents particle ag-
gregation, but the stabilizing polymer layer is open enotagallow solute mass transfer. In
order to prevent/minimize solute transfer it is desireduteetthe particle core composition to
prevent this mass transfer. Additionally, the solubilifytlee encapsulated compound can be
decreased by antisolvent addition to the bulk resultingsigaificant slow down of Ostwald
ripening. The extremely low solubility of the used triblooépolymers limits copolymer ex-
change between micelle and bulk again minimizing solutesntramsfer and slowing down
Ostwald ripening. There is no need to use surfactant in tloisgss, conventional nanoprecip-
itation processes need an excess of surfactant, mostlywager soluble with relative high
CMC'’s. Since we incorporated the surfactant function ingblmer backbone no exchange
of adsorbed and free surfactant is needed for stable suspensThis also avoids wash-
ing the nanoparticle suspension to remove excess of fréacsamt used in the process and
limits Ostwald ripening. We were able to synthesize difféddnds of triblock copolymers
allowing simultaneous tuning of the size and loading. Wherfggming the nanoprecipita-
tion process there is hardly an influence of temperature rdsld¢k copolymer molar mass
polydispersity. However, using these micelles in elegtad, e.g. in vivo, care must be
taken to avoid destabilization of the micelles due to etestatic interactions. Non reported
data shows that it is feasible to perform the nanoprecipitgirocess, using the mentioned
triblock copolymers, in different electrolytes at diffetgoH’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 accuratigbion of structural prop-
erties of micelles processed via nanoprecipitation andpos®d of PCL-PEO-PCL and
PLGA-PEO-PLGA copolymers. The hydrodynamic size thatoiel from these computa-
tions matches surprisingly well with the measured parsttes from dynamic light scatter-
ing. From the computations it follows that the size of theoyzarticles is determined by the
number-averaged molar mass of the block copolymers; pgpgdsity hardly affects the size
of the micelles. We may speculate about reasons why an lequiti theory can be used for
an intrinsically off-equilibrium micelle formation pross. One must realize that in the mi-
celle formation procedure the solvent quality goes fromadggnlvent to a selective solvent.
We may suggest that this solvent exchange is sufficienthy slo that chains can respond
for some time to a local equilibrium, which we can mimic ussane effective (intermedi-
ate) parameters. When the solvent quality subsequentiynbes more extreme, the cores
solidifies and the aggregation number is quenched. The tatig occur relatively suddenly
in the process, so that the chains effectively cannot respmthese more selective solvent
conditions. The prediction of the aggregation number @gpoeding to the quench point is
apparently possible using a set of effective interactiorapeters. For given aggregation
number, the theory can then predict accurate radial digtob functions and corresponding
hydrodynamic sizes. Modifications of the nanoprecipitatieethod, for instance by chan-
ging the initial solvent quality and/or the exchange timetf@ solvent going from good to
selective, is expected to have an influence on the best vedudise interaction parameters
that should be used in subsequent SF-SCF modeling. Howawee, calibrated for given
process conditions, one can proceed also for these newtimngdio predict by the SF-SCF
theory a value for the aggregation number, the hydrodynainécand loading capacities.
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Abstract

We report on the formation of polymeric micelles in watemgstriblock copolymers with
a polyethylene oxide middle block and various hydrophobi@oblocks prepared with the
precipitation method.

We form micelles in a reproducible manner with a narrow sig&itution. This suggests that
during the formation of the micelles the system had time tmfmicelles under close-to ther-
modynamic control. This may explain why it is possible to ase=quilibrium self-consistent
field theory to predict the hydrodynamic size and the loadiagacity of the micelles in
accordance with experimental finding.

Yet, the micelles are structurally quenched as concludeth fthe observation of size
stability in time. We demonstrate our approach enableseapame rather hydrophobic block
copolymer micelles with tunable size and loading.

keywords: Micelle, (nano)precipitation, particle size predicti@mncapsulation, block co-
polymers.
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4.1 Introduction

Encapsulating active compounds in a controlled fashior poamount importance for ap-
plications in food 1-3] and pharmaceutical technologg{6]. One can use nanosized mi-
cellar structures formed by amphiphilic molecules in ale solvent. Here we focus on
water as the (selective) solvent and consider block copetgwith two apolar and one po-
lar block, the so-called ABA block copolymers where A is amlap block and B a polar
block. The hydrophobic entities are collected in a compaot.cwhereas the water soluble
compound remains hydrated and forms a corona. Flavorspiitaand drugs are often rather
hydrophobic ingredients for which polymeric micelles arerpising carriers, with potential
for controlled encapsulation of compounds at high loadinggditionally, using polymeric
micelles offers routes to control release, stability aratdistribution of active agents in the
body. The bio-distribution mainly depends on the micellesind corona structur@410].

It is known that small sized micelles, e.g., below 30 nm ritiste freely in the human body
due to a lack of tissue retention/obstruction. Larger siabjgcts, i.e., exceeding 400 nm,
may cause problems in the vascular system, especially ioapilaries which can easily be
obstructed by such particles. Indeed, sizes below 100 nuft iagelatively long circulation
times and these objects can accumulate in inflammatory oorttissues by the enhanced
permeability and retention (EPR) effedtl-15]. This phenomena can be exploited to give
passively targeted drug delivery systems. There is ampieree that the average size and
its size distribution mainly determine the biological faa@d therefore also the efficiency of
a treatment, when nanoparticles/micelles are used for deligery purposes. The corona
composition is also of importance for the distribution aisdue uptake of the particle. It
has been shown that PEGylated entities, sometimes cadlalihsor 'disguise’ particles, have
even longer blood circulation time4§]. Furthermore, presence of the cationic surfactant
dimethylammonium bromide on the surface of a particle wasvshto improve uptake by
arterial tissue 17, 18].

There is a broad range of amphiphiles, for instance poloxswaed PEO-PCL or PEO-
PLGA (di- and tri-) block copolymers, that can be used to prepnicelles with encapsulated
hydrophobic compoundd $-29]. Relatively polar copolymers and surfactants that rgadil
dissolve in water form rather dynamic micelles with unimenchange rates up to the micro-
second time scale3p, 31]. Encapsulated compounds in such micelles will also beasseld
rapidly because usage as drug delivery systems is alwagsnpanied with significant di-
lution. A fast unimer exchange implies a high CMC and thawfa fast release, almost
instantaneously upon administration.

We may distinguish thermodynamically stable systems, Wwhive an equilibrium size
and typically a narrow size distribution that do not dependte route of how the micelles
are formed, from kinetically frozen aggregates. For thietahe route of formation becomes
important. Kinetically frozen aggregates may show Ostwagldning, a phenomenon that
over extended periods of time large particles grow at therge of smaller one8%], sim-
ilarly as emulsion droplets. The growth of large particleshe expense of smaller ones is
facilitated by the solubility of the constituent moleculaghe solvent. Copolymers with a
sufficiently long hydrophobic block form micelles at verydaritical micelle concentrations.
The micelles have a compact hydrophobic core and a hydrateda. Although the chain-
parts in the corona continuously change conformationsaltleermal motion, the chainparts
that form the core are much less dynamic. Indeed, very oftercore is in the glassy state.
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The combination of a low (unimeric) polymer concentratioritie bulk (low CMC) and the
slow dynamics in the core (glassy core), results in mardDsiald ripening. Micelles with
limited Ostwald ripening have a long shelf life.

A complication is that such 'frozen’ micelles cannot be negal by simply dissolving the
copolymer in water, since water is a non-solvent for thetiredly long hydrophobic blocks
of the copolymers. We apply he ’solvent shifting’ or nanapéation procedure33-36]
to prepare micelles in aqueous solutions composed of otbemater-insoluble polymers.
In this procedure, the (co)polymers are first dissolved i@ yanic (good) solvent for both
blocks. The solvent should also have a reasonable miggikilth water. This solution is
subsequently added, rapidly, to an excess of water. Duniagrixing procedure the block
copolymers gradual goes from a good solvent to selectiveemblconditions, because the
organic phase is dispersed in the water phase. As a resultptie-forming blocks aggregate
(as they are insoluble) and form the micellar cores. Theagdlilic blocks remain solvated
during the solvent exchange process and accumulate ouksd=ore to form a corona. It
is expected that in the core the organic phase will prefeayhaccumulate. This keeps the
micelles mobile for some time. Depending on the conditidreayever, the organic phase
may be lost for the micelles and then the polymeric micellesngo a 'frozen’ or 'dead’
state, meaning that they no longer can exchange copolyreésebn each other. One may
intuitively expect that the solvent exchange is very fast e micelles become very quickly
trapped in a frozen state. However, this is not always the easl one can, alternatively,
imagine that the micelles have sufficient time to equilibrdieir size and possibly to some
extend their size distribution. In such a scenario, it isilela that the micelle size and micelle
size distribution are dictated by some equilibration psscthat continued in one way or
another until (relatively suddenly) the constituent males lose their mobility. In this line
of reasoning it is fair to try to attempt a modeling effort ®ek guidance to rationalize the
relation between molecular structure and micellar topyplog

To this end we performed numerical Scheutjens-Fleer sgifistent field (SF-SCF) com-
putations. The method and results are explaine@Th fee Chapter 3. SF-SCF is known to
be very accurate for densely packed polymer systems ingudicellar structures3g-41].
However, the theory pre-assumes that the molecules hasleaesheir thermodynamic equi-
librium. Although we are sure that the final micelles are kizaly frozen, we envision that it
is possible that we can find effective parameters that aezaat for the micelles that are be-
ing formed transiently and to some extend were under theymadic control. The molecules
form flower-like micelles in the dispersions studied whislsupported by unpublished cryo-
TEM analyses and DLS measurements at higher triblock copaiyconcentrations. This
implied that the corona is built up by looping chains, whichumably have some advantage
for targeting. The idea for this is that, when a minority amioof the triblocks is replaced
by copolymers for which one hydrophobic block is replacedaliyvater-soluble) targeting
moiety, one has flower-like micelles intermixed with polyisthat have their targeting moi-
ety dangling well outside the corona of the remaining triklecopolymers. This makes the
targets to be better, biologically, accessible.

In the following we will first give information on the polymierspecies. In the results sec-
tion we will focus on the characterisation of the micelled ataborate on the use of SF-SCF
modeling. In our conclusions we argue that the micelles &ty the precipitation method
assume a structure that resembles equilibrium charaitsiiisat 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 cop@gswith a general composition of
A-B-A, where A is the hydrophobic group poly(lactic-co-gbfic)acid, polyg-caprolactone)

(further referred to as: PLGA and PCL) and B the hydrophilicup polyethylene oxide,

polyvinyl pyrolidone, polyvinyl alcohol (PEO, PVP, PVA) hE (co-)polymer blocks of which

these triblock copolymers are made of comply with the foltaywprioritized requirements:

non-toxic, biocompatible, biodegradable and excretable.

The hydrophilic part of the copolymer is PEO, exhibiting daeater solubility and meets
the above requirements. Although its non degradability PFE@DN-toxic and can easily be
removed from the body by the normal excretion pathways as &srthe molecular weight is
below 20 kDa 2. The hydrophobic part consists of known biodegradablgmels used in
commercially available drug delivery applications: PLGAJ&PCL.

4.2.2 Stability; dynamic, static or dead/frozen micelles

In order to prepare "frozen” micelles in water several reguients need to be met. Import-
antly, water should be a selective solvent for the surfa&tapolymer, that is, a non-solvent
for one block and a good solvent for the other. It is known thalogCMC [0 N, wherel\; is
the number of apolar segments in the copolymer/surfackrotiided the non-solvent block
is long enoughfk >> 1), this results in a extremely low CMC-values, inhibitingt@ald
ripening. Finally, the conditions of the core forming blagkould be such that the mobility
of the chains is retarded, that is, preferably there shoatcbe a plasticizer in the system.
Typically, these requirements preclude using the normalefanaking micelles by dissolv-
ing the surfactant/copolymers, because of the exceedioglgritical solution temperature
(LCST), in the surfactant science often referred to as tredfkiemperature43, 44].

To overcome this we opted for the nanoprecipitation mett@ide first co-dissolves the
active ingredient, the stabilizer and the excipient, tsathe surfactant/copolymer together
with a compound that protects or tunes the release of theeaittgredient, in a suitable
water-miscible common solvent and then precipitates @ enbhanoparticulate form in water,
which is a selective solvent. The common solvent is used ittgkthe copolymers into a
homogeneous molecular solution, from which the self-ag$gmto micelles proceeds when
added to a selective solvent: one block avoids the selestivent and forms the core and the
other blocks remain solvated and form the corona. Typictily macromolecular nature of
the species involved prevents the molecular dispersiameoébdpolymers. In other words, the
bulk concentration of the copolymers (unimers) is extrgni@d resulting in static or frozen
micelles, minimizing the possible elution of active ingiexds and or excipients out of the
particle.

The micellar shape strongly depends on the copolymer coitigrasTypically the spher-
ical shape is stable as long as the dimension of the (highhatea) coronad exceeds that
of the (almost solvent free) coiR.. The core forming blocks collapse and then occupies
a volume proportional to its length. Thus the size of the ésnaroportional toR. [ Ml/3.
The corona block, on the other hand, remains solvated andhfted by the ends onto the
cores. Due to the lateral interactions the corona blockstecstretched outward and form
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a molecular brush. The height of the brudh(equal to the corona size) is proportional to
the degree of polymerizatidd, that isH O Nt. Hence, the stability of the spherical micelle
may occur already for relatively short corona blocklk & N;). Of course, in principle it
remains possible that the dimension of the core and thatofahona are comparable. Then
the cylindrical or lamellar structures become the geometighoice. In the current project,
however, the corona block is long (dimensionally big) erfotmexpect spherical micelles to
form.

The molecular weight of the micelle, that is the number ofalgmers in one micelle,
is also controlled by the copolymer composition. Basicadhyg longer the corona block the
smaller the aggregation number, whereas an increase in ¢hecuatar weight of the core
forming blocks increases the aggregation number. The milaeaveight of the micelle is
also a strong function of the driving force for micellisatidn some mixtures of a common
solvent and a selective solvent the driving force is expktidncrease with the increase of
the ratio 'selective solvent’ / 'common solvent'. Indeedyithg the precipitation procedure
we expect the driving force to be an increasing function efttme after the addition of the
selective solvent. In the SF-SCF modelir8y][we have simplified this process by taking
a simple selective solvent, which presents a moderatendrifidrce for micellisation. This
leads to predictions in trends in micelle size and molecwleight which can directly be
tested experimentally.

The micelles that can be generated by the precipitation adetlave ideal sizes for drug
delivery formulations. These formulations are very statléme and the elution profiles can
be governed by the excipients, species only present in tteeafdhe micelle together with
the active ingredient, and the used copolymer, presenteintbrface between micelle core
and corona. Most release profiles are governed by diffugioinoa desorption, an excipient
can alter the desorption of an active ingredient from mécetdiore to corona and thus hav-
ing an effect on release. In other cases an excipient canaatsas a preservative for the
active ingredient. Butylhydroxytoluend%, 46] (BHT) or 3-carotene 47] is often used as
a preservative (antioxidant), to avoid oxidative declii¢he active ingredient due to oxy-
gen, hydrolyses, salt, pH or other chemical species chdisnigiéering the original active
ingredient.

4.2.3 Self-consistent field theory and molecular model

The theoretical toolbox for the study of self-assembly gdf@ymersis not very large. Import-
ant for the success is that the molecular structure of thelgoers is relatively accurately
accounted for both from a structural as well as well as froninégractions point of view.
Molecular simulations can be used, but effectively needjaificant coarse graining step in
order to keep the simulation time within reasonable boudsan output, simulations give
very detailed picture, that is, the micelle structure pnéséself in full glory. Importantly,
the thermodynamic information of the system is typicallgkimg and therefore it is hard to
estimate the relevance of a particular micellar structar@fpractical system of interest.

In this work we opt for an approximate mean-field approachréMdpecifically we choose
for the Scheutjens-Fleer self-consistent field (SF-SCRhote The important argument in
favor of this approach is that the method starts with a (mesdd)ffree energy formula and
therefore the results are readily analyzed in the thermamyo context. This means that
one can estimate more easily the relevance of a particidaltfer the experimental system.
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The optimization of the mean-field free energy gives stmattinformation of the micelles,
which is still rather detailed. The fact that the micellee aomposed of copolymers that
are densely packed appears important. For this situaticim m@lecule interacts with many
neighbors and therefore the mean-field approximation &tively accurate. On top of this
the calculation time is extremely short (in comparison taidations). Last, but not least,
molecularly realistic models can be implemented with reddy few effective interaction
parameters. Although, in principle the interaction pareargcan be measured, in practice
they are largely unknown. The same holds true, obviouslytfe current systems under
investigation.

Polymers are considered to be composed of (so-called) Isegments, see Tabdel A
Kuhn-segment occupies one grid uni} in our calculations which corresponds witt8om
This allows for the use of a freely-jointed chain model. Witthis chain model, there exists
an efficient procedure to compute the partition function twd full thermodynamic inform-
ation can be obtained. In this approach the architectureeo€lhain parts in the copolymers
is accurately accounted for. The interactions are accdufimieusing the Bragg-Williams
approximation, which ignores local density correlationalagous to the Flory-Huggins the-
ory for polymer solutions. The Flory-Huggins interacticargmeters that specify the solvent
quality of the segments, as well as the interactions betweesegments are easily estimated
see Tablel.2

Table 4.1: Number of Kuhn segmentdlg) 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
[B-carotene 5

Rapamycin 9

As the accurate value of the interaction parameters depemtisw many details of the
polymeric chains is accounted for, it is not trivial to tadtel these. Hence, one should cal-
ibrate the parameter for each system under investigatitms Means that there should be
relevant experimental observables to do so. In practiaetbee, one typically selects a par-
ticular case (here a particular copolymer system), adibststeraction parameters somehow
until there is a reasonable match between, e.g., the mgieéeredicted by theory and found
experimentally. Subsequently, the set of parameters id fixel the model is used to predict
the structural features of the micelles for other systemg:id. 4.1 equilibrium density pro-
files of active ingredient loaded PLGA based triblock copody micelles are shown compar-
ing the SF-SCF calculated and DLS measured hydrodynamicadés. In Fig.4.1(a) the
loaded active ingredient i8-carotene, see Figd.6 for the stability data of thg8-carotene
loaded micelles. In Fig4.1(b) the loaded active ingredient is rapamycin, see Tatéfor
the stability data of the rapamycin loaded micelles. Werrefeef. [37] for more details.
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Table 4.2: x-Parameters for the monomer-solvent interaction used i8 SF computations (EG: ethyl-
ene glycol, LGA: Lactic-co-glycolic, CL: caprolactone, BB-carotene and Rapa: rapamycin. The

block lengths and the corresponding Kuhn lengths are delieio Table4.1

Monomer-solvent interaction X
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 0.40r2.0
1.04. i -
/ PLGA, PEO, PLGA
} / in water plusagt 6% ﬁs-ncarotene # PLGAPEOPLGA,
0.8 ’f : 5 in water plus 0,14% Rapamycin,
' ," ,r/ —— Copolymer
064 v e p-carotene, Raparﬁycin (x Rapa - LGA = 0.4)
1) \“ i “PEQgblocks Tl AN Rapamycinz (z Rapa - LGA = 2.0)
i o Water -+ PEQ,, blocks
044 | i SCF D, (32nm) - Water
,’\‘ Experimental D, (33.4nm) L i \ SCF D, (45nm)
i T. N Experimental D, (45.3nm)
o 0.004 -
0.002-
= ——y T T T T T 0.000 T T T T T
0 10 20 30 40 50 60 70 30 40 50 60 70
(b)

(@)
Figure 4.1: Equilibrium radial density profile of water, total copolym®LGA blocks and PEO block
as a function of the center from a micetle(a): B-carotene added to a PLGAPEGO;gPLGAg( triblock
copolymer micelle. (b): Rapamycin added to a PLGRE Q;oPLG A4 triblock copolymer micelle. In
this way we compare via SF-SCF and DLS measurement the ic#uamthe hydrodynamic diameter
and the difference between the theoretical calculationta@@xperiment. The SF-SCF hydrodynamic

diameter in Fig.4.1 (a) is calculated as follows{20+x 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-openirgypnerization of D,L-lactide,
glycolide or caprolactone using PEO-(3.0 kDa and 6.0 kDa)asb an initiator and stannous
octoate as a catalyst at 18D under vacuum. D,L-Lactide and glycolide were purchased
from Purac (Goringchem, the Netherlands), polycaprolat@andB-carotene from Sigma
(St. Louis, USA). PLGA 20 kDa was purchased from Ingelheimel®inger (Ingelheim
am Rhein, Germany). Polycaprolactone 80 kDa was purchasad$olvay (Oudenaarde,
Belgium) PEO (3.0 kDa and 6.0 kDa) and-8tt were purchased from Aldrich (St. Louis,
USA). Acetone was purchased from BASF (Bayern, GermanypaRgcin was purchased
from Oscar Tropitzsch (Germany).

4.3.2 Methods
4.3.2.1 Ring-opening polymerization method for the triblek copolymers @8, 49

PLGA-PEO-PLGA triblock copolymers

The PEO was weighed into a two-necked round bottle flask dftgng for 24 hours in
a vacuum oven at 9C€ and subsequently placed in an oil bath at°IG0A vacuum was
employed for at least 60 minutes before continuing the ®gith The addition of lactide
and glycolide (molar ratio of lactide:glycolide = 50:50) svaarried out by removing the
vacuum and at the same time flushing with nitrogen gas. Whemnaogeneous melt was
obtained under stirring, the catalyst, stannous octoatgd&), was added in the same way
as the addition of the monomers. The reaction conditiongweaintained for 20 hours
whereafter the vacuum was replaced by nitrogen gas andrjeogening polymerization
was completed, see Figl.2 for reaction scheme and Tabde3 for synthesis weights. The
copolymers obtained in this way are listed in Tadl&

o o
HO.
Ho. oo, HLT +\Hko T=150°C, nitrogen atmosphere ></\ XH/ ><)J\
O
O. O\H)\ Tin(Il)-octoate
o
(¢]
T=150°C, mtrogen atmosphere
HO Ho,
o T|n(II) -octoate

Figure 4.2: Schematic of the ring-opening polymerization of the trddaopolymers. In our case
x =Y, andx+y is the number of D,L-Lactide and Glycolide repeating urétsdomly distributed in the
hydrophobic end blocks. In the casernf= 136 ethylene oxide repeating unks-y is 115, referred
to as TBB1, and fon = 68 ethylene oxide repeating units+y is 58, referred to as TBB2 for the
PLGA based triblock copolymers. For the PCL based triblomatymer, referred to as TBC1, there
aren = 68 ethylene oxide repeating units wijh= 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 | Glycolide SnpOct (MQ)
(grams) (grams)

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 witte-caprolactone was charged in a 100 mL round bottomed flaske. Th
reaction mixture was heated to T@and stirred till a homogenous mixture was formed.
A catalyst stock solution of tin(Il)octoate was preparechgxane. 1 mL of the catalyst
stock solution was added to the reaction mixture at@{d he reaction mixture was further
heated to 15TC for an additional 18 hours (overnight) to allow the reattio proceed. The
following morning the reaction mixture was cooled to roommperature, an off white waxy
solid material was obtained, Tabled shows the synthesis weights. The copolymers obtained
in this way are listed in Tablé.5.

Table 4.4: PCL-based triblock copolymer synthesis weights.

Triblock Initiator; hydrophilic | Hydrophobic blocks| Catalyst-solution
copolymer ID | PEO block (grams) e-caprolactone 58.10 mg SpOct/

(grams) 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 7.5kDa

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 1.9kDa

4.3.2.2 Purification of the synthesized triblock copolymes

The triblock copolymer was dissolved in acetone at a weightgntage of 10-20%, filtered
over an Acrodisc premium 25 mm Syringe filter, GxF/Qu#é% PVDF membrane, to remove
particulate impurities and dust particles, which can iieter with the nanoprecipitation pro-
cess, collected into an 500 mL PTFE beaker and evaporatitgaolvent over night (10-12
hours) at maximum 4@ and minimum 300 mbar.
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4.3.2.3 Nanoprecipitation / nanoparticle preparation mehod

Typically, 300 mg of copolymer was weighed and dissolved i08 mL of acetone

resulting in a clear copolymer solution after 30 minutes orogbital shaker. Prior to the
nanoprecipitation process all solutions (milliQ waterpalymer-, copolymer / excipient
(homopolymer)- and copolymer / active ingredient- solusjpwere filtered over an Acrodisc
LC25 mm Syringe filter 0.24m PVDF membrane. See Fig.3for basic nanoprecipitation
process setup. In order to obtain excipient loaded mic80&smg copolymer was weighed
and subsequently dissolved in solvent, the excipient waighed and dissolved in the
copolymer solution. The excipients were chosen from twéediint homopolymers. The
weight percentage of the excipient in ratio to the copolymvas calculated as follows:
weight% = [(excipient mass)/(excipient mass + copolymessha 100]. A volume of 0.400

mL of the copolymer or copolymer/excipient solution was edido 10.00 mL of aqueous
solution with an Eppendorf pipette, the addition with thpgite was carried out within one
second, whereafter the suspension was manually homogewittén five seconds.

9
MRS Tl

ijﬁz ") Fast addition
vt vé’ . 5
R

J

Triblock copolymer / (in) active
ingredient -acetone solution; water
miscible

Blue block: hydrophilic block
Red blocks: hydrophobic blocks

Hydrophobic (in)active ingredient

Fast addition to non-solvent (water)
generates spherical micelles

Figure 4.3: Schematic of basic nanoprecipitation process setup.

Nanoprecipitation reproducibility

To check the reproducibility of the nanoprecipitation m@ss three different formulations
were made, weighed and dissolved, at three different daytsipleck copolymer type. After
nanoprecipitation the sample was measured within 15 ménut®B2 and TBCL1 triblock
copolymers were used to check the reproducibility of 'erhpticelles. The TBC1 triblock
copolymer was also mixed with an active ingredient, rapamyo check the reproducibility
on the active ingredient loaded nanoprecipitation practasle4.6 shows the concentrations
used of the TBB2 and TBC1 copolymer in the nanoprecipitasetup. 0.400 mL of the
copolymer solution was precipitated in 10.00 mL MilliQ wat&able4.7 shows the weights
of the used copolymer triblock together with the active edjent rapamycin (RAPA)
weights in the nanoprecipitation setup. 0.400 mL of the ¢yper/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 nareppitation process
for 'empty’ triblock copolymer, TBB2 (PLGAJPEQ;0PLGA3p; 3.75-3.0-3.75 kDa) and TBC1
(PCL17PEG30PCLy7; 1.9-3.0-1.9 kDa), based micelles.

Triblock ID Triblock mass (mg) / mL acetone | Sample ID Group ID
TBB2 59.89 TBB2R1

TBB2 60.07 TBB2R2 TBB2R
TBB2 60.13 TBB2R3

TBC1 60.07 TBC1R1

TBC1 60.28 TBC1R2 TBC1R
TBC1 60.19 TBC1R3

Table 4.7: Different weights for the reproducibility test on the nanagpitation process for active
ingredient, rapamycin, loaded micelles for TBC1 (RE€REO;0PCL;y7; 1.9-3.0-1.9 kDa) triblock co-
polymer based micelles.

Triblock ID | Triblock mass (mg)| Mass active ingredi{ Sample ID | Group ID
/ mL acetone ent (RAPA; mg)

TBC1 30.14 1.59 TBC1RE1

TBC1 30.05 1.63 TBC1RE2 | TBCIRE

TBC1 30.11 1.54 TBC1RE3

Single excipient, homopolymer, loaded micelles

The interest in copolymer micelles is in part due to theiatigély large loading capacity,
even for relatively high molecular weight compounds, th#ofeing experiments were
carried out. All three triblock copolymers were tested tbge with a homopolymer as an
excipient to determine the loading capacity / capabilitg #me relation between excipient
weight percentage and size. TBB1 copolymer was made in & swlation of 62.68 mg
TBB1 triblock copolymer per mL acetone (1.2536 gram / 20.00 acetone). Different
masses (see Tablke8) of PLGA 20 kDa were weighed into a vial. Afterwards 1.000mL
of the TBB1 triblock copolymer solution was added to all wed excipients. TBB2
copolymer was made in a stock solution of 63.45 mg TBB2 tokloopolymer per mL
acetone (0.6345 gram / 10.00 mL acetone). Different massesTablet.9) of PLGA 20
kDa were weighed into a vial. 1.000 mL TBB2 triblock copolyns®lution was added
to the excipient vials. TBC1 copolymer was made in a stocktsmi of 63.21 mg TBC1
triblock copolymer per mL acetone (0.6321 gram/ 10.00 mli@ue). Different masses (see
Table4.10 of PCL 80 kDa were weighed into a vial and dissolved as theratbpolymer
excipient solutions. After complete dissolution on an tabshaker, resulting in a clear
copolymer / excipient solution, the solution ready to becgri¢ated in MilliQ water (0.400
mL of the copolymer / excipient solution was precipitated @00 mL MilliQ water).
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Table 4.8: TBB1 (PLGAgoPEG;0PLGAg0; 7.5-6.0-7.5 kDa) triblock copolymer excipient (PLGA 20
kDa) loaded micelles (62.69 mg TBBL1 triblock copolymer pér acetone) series.

Mass excipient (PLGA 20 kDa) (mg) wt% excipient (%) Sample ID
0.000 0.00 TBB1E1l
2.334 3.39 TBB1E2
2.912 4.44 TBB1E3
6.222 9.03 TBB1E4
7.581 10.79 TBB1ES
7.969 11.28 TBB1E6
10.888 14.80 TBB1E7
13.554 17.78 TBB1ES8
13.213 17.41 TBB1E9
15.758 20.09 TBB1E10
16.521 20.86 TBB1E11l
18.072 22.38 TBB1E12
22.126 26.09 TBB1E13
22.541 26.45 TBB1E14
25.864 29.21 TBB1E15

Table 4.9: TBB2 (PLGAggPEO;0PLGAzp; 3.75-3.0-3.75 kDa) triblock copolymer excipient (PLGA
20 kDa) loaded micelles (63.45 mg TBB2 triblock copolymer jpd. 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 TBB2ES
21.150 25.00 TBB2E6
27.193 30.00 TBB2E7
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Table 4.10: TBC1 (PCL7PEQ;0PCLy7; 1.9-3.0-1.9 kDa) triblock copolymer excipient (PCL 80 RDa
loaded micelles (63.21 mg TBC1 triblock copolymer per mLtaene) series.

wit% excipient (%)

Sample ID TBC1E

Mass excipient (PCL 80 kDa) (mg)

0.000 0.00
0.703 1.10
3.538 5.30
7.023 10.00
11.242 15.10
15.803 20.00

TBC1E1l
TBC1E2
TBC1ES
TBC1E4
TBC1ES
TBC1EG6

Nanoprecipitation of single component loaded micelles

TBB1 copolymer and TBB2 copolymer were dissolved in aceteae Tabld.11for the trib-
lock copolymer solutions. The excipient, PLGA 20 kDa andabtve ingredients rapamycin
andp-carotene, were dissolved in acetone solution, see FabRfor the single component
solutions. 0.300 mL of the triblock copolymer solution wascead with 0.100 mL of the
single component solution, resulting in 0.400 ml of copagyrhsingle component-solution,
see Tablel.13 0.400 mL of the copolymer / single component solution waspaecipitated
into 10.00 mL of MilliQ water and measured by DLS in time to nitonstability.

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 1D
PLGA 20 kDa 6.8375 1.000 ES1
Rapamycin 0.800 0.800 ES2
B-carotene 8.75 1.000 ES3
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Table 4.13: Copolymer/single component solution; 0.400mL precipitsin 10.00mL Milli Q water.

Copolymer solution Single component solution
1-4 Copoly-| mL copoly- | Component | mL single compon- Micelle suspen-
mer solution| mer solution | solutionID | ent solution sion ID
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 difféeshniques. First a cryo-TEM
study was performed showing only the presence of perfepthgiscal particles. Secondly,
a static multi angle light scattering analysis was perfame&he static light scattering ex-
periment was done to validate; the more straight forwarddbyie Light Scattering (DLS)
measurement we performed. Both static multi angle and dimbgit scattering revealed
similar sizes. Cryo-TEM and static multi angle light scettg were both performed on non-
loaded, empty, and loaded micelles. Cryo-TEM and statidirangle light scattering results
are not included. We have limited ourselves to report DL8Itesvhich could be performed
on all samples.

The size of the micelles was determined by Dynamic Lightt8dalg (DLS) (Zetasizer
Nano ZS, Malvern Instruments Ltd., Malvern, UK) at°@5at a scattering angle of 17.3
Ideally the number of photon counts is high enough to get @gamal to noise ratio and yet
small enough to prevent multiple scattering effects. Tip®reed polydispersity index (Pdl)
is as given by the Malvern Zetasizer Nano ZS, as for the reddrydrodynamic diameter
(Dn) (z-averaged hydrodynamic diameter). Polydispersity fag ligiht scattering analysis is
used to describe the width of the particle size distribytiberived from the polydispersity
index. The polydispersity index is a parameter calculatechfthe Cumulants analysis of the
DLS measured intensity autocorrelation function. In thenalants analysis, a single particle
size is assumed and a single exponential fit is applied to uktecarrelation function. All
samples were measured as processed, undiluted. Sizéwtistns measured with DLS were
unimodal.

4.4 Results

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

To enable a nanoprecipitation reproducibility test, TBB@ daBC1, see Tabld.5, triblock
copolymers were made in three separate copolymer soluticexsetone and precipitated in
MilliQ to see what the reproducibility of the process is. .14 shows the results of the
reproducibility test of empty and active ingredient loadeitelles. We note that the Pdl
for all samples in this table are below 0.1. TBB2R series ishteck the reproducibility of
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making empty TBB2 copolymer micelles, TBC1R shows the itssuh the reproducibility
of TBC1 copolymer micelles and TBC1RE shows the reprodiitjitnf rapamycin loaded
TBC1 copolymer micelles, see Tabk$ and4.7 sample group ID.

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

active ingredient loaded micelles in terms of the (averadsdirodynamic diameteer]a") and the
standard deviatiorgpp.

DLS results for the size (nm)

Sample group ID Sample ID| Dy, D Obh
TBB2R1 311
TBB2R TBB2R2 31.6 31.3 0.3

TBB2R3 | 31.3

TBC1R1 26.8
TBCI1R TBC1R2 27.1 26.9 0.2

TBC1R3 | 26.9

TBC1RE1| 26.5
TBCI1RE TBC1RE2 | 26.4 26.4 0.1

TBC1RE1l| 26.4

The reproducibility of all three sample groups is excelletiowing low standard devi-
ations @py) on hydrodynamic diameter and Pdl. The hydrodynamic diamsetf the separate
sample groups are within 1 nm (range). The Pdl of the sepsaat@le groups shows narrow
monomodal particle distributions. Another observatiaihéessmaller averaged hydrodynamic
diameter size of the TBC1RE sample group compared to the R&ainple group. Although
the TBC1RE sample group is loaded with rapamycin and the B&imple group only con-
sists of empty micelles. Still the TBC1RE group has a smalj@irodynamic diameter size
which can only be explained by strong (hydrophobic) intéoas between active ingredient,
rapamycin, and the hydrophobic end blocks in the core lepattira higher packing density
and lower water content in the core resulting in slightly Bemgarticles.

4.4.2 DLS results of single excipient, homopolymer, loadeahicelles

Inspired by the SF-SCF results in Fig.8 of Chapter 3 87], we investigated whether a
hydrophobic polymeric excipient with a chemical compasitsimilar to the hydrophobic
blocks of the copolymers used can be encapsulated. In thisweadetermined the loading
capacity/capability and the relation between excipierighiepercentage and (hydrodynamic
diameter) size. It indeed appears to be possible to fill theeleis with inactive ingredients
as follows from the increase of the size of the micelles andrits out that the amount of
excipient allows tuning the particle size of the resultingeties. We have collected DLS
results of the hydrodynamic diameter and Pdl in Higiand4.5.

These results indicate that we can produce tailor-madepaaticles for drug delivery, at
a given size with a given loading. See the appendix for amat®for the linear dependence
of Dy, (hydrodynamic diameter) on the amount of excipient.
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Figure 4.4: Hydrodynamic diameter as function of the loading wt% TBBBBPR and TBC1 excipient
loaded, PLGA 20 kDa for TBB1 and TBB2 and PCL 80 kDa for TBClcellies, as measured by DLS.
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Figure 4.5: TBB1, TBB2 and TBC1 excipient loaded, PLGA 20 kDa for TBB1 ari8B2 and PCL 80
kDa for TBC1, micelles, DLS measurement results for the Pdl.
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For most medical applications micellar size is of paramaontortance for the thera-
peutic efficacy of the treatment. Some anti-cancer thesaple advantage of the EPR-effect
where size control between 50 and 80 nm is mandated. UsindlT&& Tabld.5, copoly-
mer triblocks with a 5% weight loading of excipient will reerdmicelles with a hydrodynamic
diameter of approximately 50 nm, if using TBB2, see Tahk copolymer triblocks with the
same weight percentage of excipient loading will renderetfés with an approximate hy-
drodynamic diameter of 40 nm. If the drug loading / conceitrais important the size can
be tuned using higher or lower molecular weights of the &gkl copolymers resulting in
respectively smaller or bigger micelles with the same Iogdif active ingredient, mass of
active ingredient per micelle.

Remarkable is the difference in slope comparing TBB trikl@opolymer excipient
loaded micelles with TBC1, see Tabides, triblock copolymer loaded micelles. In the Ap-
pendix there is a rationale about the linearity of the sléggem Equatiord.5, see Appendix,
it follows that the slope is proportional {Q, /Ccopol Since in these experimerntigo is fixed
a higher slope indicates the corona density is higher foPi@eE triblock copolymers. This
actually agrees with the SF-SCF computations, see Fig33/@&nd 3.9 in Chapter 37].

4.4.3 Size stability of single component, homopolymer andcéve in-
gredient (rapamycin and 3-carotene) loaded micelle formulations
in time

Using hydrolytically degradable polymers (PLGA and PCL) Wave an impact on micellar
suspension stability in time due to hydrolytic degradatibthe (hydrophobic) blocks in the
triblock copolymers in an aqueous environment. In ordesteas the real micellar stability it
is decided to focus on the stability before hydrolytic delgit#on can have an effect on micel-
lar stability. Arbitrarily we chose 15 days as the time aftdrich the hydrolytic degradation
of the block copolymers will have the most prominent effattire stability p0]. The lack of
change in size, hydrodynamic diameter, and Pdl within 15 ddier preparation will reveal
the stability of micellar suspensions in time. To avoid @omdus DLS measurements, the
samples were subjected to a daily visual inspection. Invtiaig we could detect instabilities
such as agglomerates, change in appearance and / or caochif change was detected the
sample was measured by DLS. If no changes were observedrthel&ion was measured
after preparation at day 1 and after 15 days. First homopeiyarcipient loaded micelles
were tested on stability and subsequently active ingrédoaded micelles were tested on
stability, all stability testing was at room temperature.

4.4.3.1 Size stability of single component, homopolymecaded micelle formulations
in time

TBB1, see Tablet.5, triblock copolymer excipient loaded, PLGA 20 kDa, micslieere
tested on stability in time. Between the first day and theofeihg 14 days no visual change
of the micellar suspension was observed. From the reprbiliticidata in Table4.14it is
clear that the results of day 1 and day 15 are (Tdbl&) 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; BBEX-series, DLS res-

ults.

Sample ID Time (days) | Dp (nm) Pdl
TBBLEX Day 1 48.7 0.19
Day 15 49.1 0.10

4.4.3.2 Size Stability of single component, active ingreeint (rapamycin and f3-
carotene), loaded micelle formulations in time

TBBL1 (see Tablé.5) triblock copolymer micelles were loaded with rapamycireasactive
ingredient to test the stability of active ingredient lodaeicelles. Since the weight percent-
age of the active ingredient with respect to the triblockalgmer content is small (approx-
imately 0.5% (wt%) in ratio to the used triblock copolyméwgtsize of the active ingredient
loaded micelle does not change very much compared to theyemipelles. However, it
was expected that the active ingredient would have someteaffethe size, therefore it was
decided to measure this sample without any visual indinatalso on the second day after
processing to see if something happens with the initial gsesed size.

As can been seen in tabfel6there was a slight decrease in size within the first two
days. Subsequently, however there were no visual indicgdimplying any instability. At
day 15 the sample was measured and the hydrodynamic diatmeted out to be similar to
the measurement on day 1. The Pdl however, seems to declingsirwhich is the same for
homopolymer loaded micelles (tabdel5. The reason for the initial size change between
day 1 and day 2 needs more investigation as the drop for theCR@kall, it seems that the
particle size is fairly constant and the dispersion appeeainsve a long shelf-life.

Table 4.16: TBB1 active ingredient, rapamycin, loaded micelle stagilfBB1R-series, DLS results.

Sample ID Time (days) | Dp (nm) Pdl
Day 1 45.3 0.20

TBB1R Day 2 43.8 0.20
Day 15 45.3 0.11

TBB2, see Table.9, triblock copolymers were loaded wifB-carotene as an active in-
gredient. For making micelles loaded wifircarotene it is known that they suffer from
Ostwald ripening 32]. If these micellar suspensions can resist Ostwald rigg(@onstant
size in time) we can conclude that active ingredient trartsjpom inner-micelle to bulk is
limited. Fig.4.6shows the results of the TBB2 triblock copolynfircarotene loaded micelle
stability test. On day 8 the suspensions color changed framge to yellow, probably due to
oxidation of theB-carotene. From the DLS measurements it appeared that timedynamic
diameter was increasing slightly while the Pdl was still ;or less stable at day 8. At day 14
there was a turn over from the color from yellow to white réisglin a stable hydrodynamic
diameter but an increase in Pdl. In order to see what wasdunidppening we continued the
measurement until visual aggregation of the suspensiorobssrved on day 26 were after
DLS measurements were no longer possible.
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Figure 4.6: TBB2 triblock copolymer active ingredient3f{carotene) loaded micelles stability,
TBB2BC-series, DLS results (line in the hydrodynamic diteneesults to guide the eye).

4.5 Conclusions

We have shown that well-defined micelles can be prepared aseapof PCL-PEO-PCL and
PLGA-PEO-PLGA triblock copolymers using the nanopreeaif)itn approach. By adding
hydrophobic compounds we can load the micelle in order tdezeha desired particle size
and loading. Ostwald ripening was minimized with this agmto. Stabilization of micelles
by block copolymers prevents particle aggregation, busthbilizing polymer layer is open
enough to allow solute mass transfer. In order to preventimke solute transfer it is desired
to tune the particle core composition to prevent this masssfer. Additionally, the solubility
of the encapsulated compound can be decreased by antisatidition to the bulk resulting
in a significant slow down of Ostwald ripening. The extremiely solubility of the used
triblock copolymers limits copolymer exchange betweenattécand bulk again minimizing
solute mass transfer and slowing down Ostwald ripeningré'tseno need to use surfactant
in this process, conventional nanoprecipitation processed an excess of surfactant, mostly
very water soluble with relative high CMC's. Since we incorgted the surfactant function
in the polymer backbone no exchange of adsorbed and freactamt is needed for stable
suspensions. This also avoids washing the nanopartigieess®n to remove excess of free
surfactant used in the process and limits Ostwald ripenieywere able to synthesize differ-
ent kinds of triblock copolymers allowing simultaneousitignof the size and loading. When
performing the nanoprecipitation process there is handipfiuence of temperature and trib-
lock copolymer molar mass polydispersity. However, usimgse micelles in electrolytes,
e.g. in vivo, care must be taken to avoid destabilizatiorhefricelles due to electrostatic
interactions. Non reported data shows that it is feasibpetéorm the nanoprecipitation pro-
cess, using the mentioned triblock copolymers, in diffesdectrolytes at different pH’s and
that the suspension stays stable in time.

SF-SCF computational predictions that we recently peréatiprovide an accurate pre-
diction of the size of active ingredient loaded and unloaaézklles. SF-SCF computations
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enable to predict equilibrium copolymer micelles. The logymamic size that follows from
these computations matches well with the measured pasiiods from dynamic light scat-
tering. From the computations it follows that the size of tfemoparticles is determined
by the number-averaged molar mass of the block copolymetgdispersity hardly affects
the size of the micelles. SF-SCF is a useful tool to unrawelstinucture-function relation-
ship between copolymer composition and micellar size antbhaogy. Using theoretical
SF-SCF predictions will lead to more efficient experimeiotat
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Appendix

The linear dependence B, on the amount of loaded component(s) can be rationalized as
follows. The micelles are stabilized by the copolymers it PEO parts forming a steric
stabilization layer. ConsideM, copolymer particles, each having a diameteand volume

vp = (11/6)d3, in a total volumeV. Such a dispersion has a volume fractipof particles:

NpVp
= 4.1
v (4.1)
The total amount of surface in the voluds:
Ar = Npd? (4.2)
From equationg.1+ 4.2it follows:
Ar = % (4.3)

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

AT

Ccopol = VAN

wherel ,, is the adsorbed amount of polymers (surfactant) at saturatror example, for
homopolymers this amountis 1 mg/nt. Insertion of4.3into 4.4yields:

(4.4)

e
Ccopol

This means that for instance fét, = 1 mg/n?, d = 30 nm andg = 0.1 one expects an
overall copolymer concentration of 20 g/L is covering thefaes. Frond.5it follows that
it is fair to assume thdDy, increases linearly with the wt% of loaded component(s) beea
it is proportional to the volume fraction of particles.

D (4.5)
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Abstract

A self-consistent field study is presented on the design feaand passive targeting block
copolymeric micelles. These micelles form in water by tHé aesembly of triblock copoly-
mers with a hydrophilic middle block and two hydrophobicertilocks. A minority amount
of diblock copolymers, typically just one, with the same wligtry, are taken to co-assemble
into these micelles. At the end of the hydrophilic block af thiblock copolymers a targeting
moiety (TM) is present. Assuming that the rotation of theetiztowards the target is suffi-
ciently fast, we can elaborate a one-gradient cell modegrain the micelle is in the center
and the receptor (R) substrate exists on the outer planeaitherical coordinate system.
The distribution function of the targeting moiety can beented into a Landau free energy
as a function of the distance of the targeting moiety fromattigsorbing substrate. Typically,
this Landau free energy has local minima and correspondadma. The lowest minimum,
which is the ground state, shifts from within the micellelie dsorbing state upon bringing
the substrate closer to the micelle, implying a jump-likanslocation of the targeting moiety.
Equally deep minima represent the binodal of the phaseitimmsvhich is, due to the finite
chain length, first-order like. The maximum in between the televant minima imply that
there is an activation barrier for the targeting moiety tactethe receptor surface. The time
to cross this barrier is expected to increase exponentidttythe barrier height.

We localize the parameter space wherein the targeting jm@diwhen the micelle is far
from the target) preferably hidden in the stealthy hydrbpltiorona of the micelle, which
is desirable to avoid undesired immune responses, andatiljump out of the corona to
reach the target quick enough, that is when the barrier h&ghufficiently low. The latter
requirement may be identified by a spinodal condition. Wentbthat such hidden TMs
can still jump-like establish a TM-R contact at distancesapwice the corona size. The
translocation transition will work best when the affinity thie TM for the core is avoided
and when hydrophilic TMs are selected.

keywords: Micelle, Scheutjens-Fleer Self-Consistent Field the@#-SCF), particle size
prediction, active and passive targeting micelles, capelss, targeting moiety receptor con-
tact.
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5.1 Introduction

Nanoparticles are nowadays used for pharmaceutical apiplics [l-4]. The drug deliv-
ery performance of such particles depends on control oweiclgasize, drug loading and
active targeting capability. One can use nanosized micglitactures formed by a combina-
tion of (different) amphiphilic molecules in a selectivév@nt. Nanoprecipitation enables the
formation of self-assembled block copolymer sphericaleiés, even for rather hydrophobic
copolymers. Potent drugs are often rather hydrophobieutignts for which polymeric mi-
celles are promising carriers, with potential for contdllencapsulation of compounds at
high loadings. Additionally, using polymeric micelles ef§ routes to control release, sta-
bility and bio-distribution of active agents in the body footh passive and active targeting
[5-13]. Here we focus on water as the solvent and consider blocklgomers with two
apolar and one polar block, the so called ABA blockcopolyswérich readily form spherical
flower-like micelles. To assure active targeting we propgoseombine the triblock copoly-
mers with AB diblocks with targeting moieties at the end & ttydrophilic block B. Within
the spherical micelles the hydrophobic entities are ctdéi a compact core, whereas the
water-soluble blocks remain hydrated and form a corona.ditilecks are designed in such
a way that their B blocks are preferably located outside gftrdphobic core of the micelle.
As hydrophobic blocks A we envision poly-(lactic-co-gljicd acid (PLGA) and as hydro-
philic block B polyethylene oxide (PEO). Although PEO is rdegradable it is non-toxic
and can easily be removed from the body by the normal exerétemal) pathways as long
as the molar mass is below 20 kDB4[. The hydrophobic part consists of PLGA, an FDA
approved and well known biodegradable polymer used in camially available drug deliv-
ery applications4, 15]. In principle PEO and/or PLGA can be replaced by other hptiic
and hydrophobic (co)polymers.

The goal is to obtain more fundamental insight in the behavid copolymers with tar-
geting moieties within composite micelles. Our method isige the Scheutjens-Fleer self-
consistent field (SF-SCF) theor§6-18], successfully used earlier (see Chapters 3 and 4)
to theoretically study the triblock copolymer micelle stture and stability 19, 20]. It was
found that by implementing a model wherein segments ar@septed as amorphous beads,
i.e. AsoBesoAso (PLGAsPEG0PLGAg0; 7.5-6.0-7.5 kDa), there exists a set of interaction
parameters that leads to structural properties of micéflascompare favourably with the
ones found experimentally using the solvent precipitatiggthod P1]. Once such micelles
have formed, we envision that the core becomes unresponsivglassy, and this allows us
to focus here exclusively on what happens in the molecutpargnched, but conformationally
adaptive corona. Basically we take the core to be a solidg®(composed of units of type
A; PLGA) of which the size is set equal to that found for the eflie cores. We graft both ends
of a hydrophilic chain By (PEO; 6.0 kDa) onto the core so that a spherical brush is farme
of looped chains. The grafting density of this brush is seiaétp the aggregation number
found for the self-assembled micelles. Next we considdrdghto the same core there is one
chain grafted by one end only, the AB (PLGA-PEO) diblocksieg one free dangling chain
end. We take the chemistry of this chain identical to thateftriblocks, only the length of
the B (PEO) block of this minority chain is a free variable.€Tkey is that the free end is
given some different properties, consistent with the ided this end is functionalized by a
targeting moiety (TM). The focus of this paper is to underdtthe behaviour of the minority
chain and in particular understand the whereabouts of thetiftnal free end. In more detail
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our attention will be on the translocation transition of thimority chain end going jump-like
from being inside the corona to outside the brush, a tramsitihich is driven by the potential
energy gain received when the TM is in contact with a rece®@rin our simple cell model
the receptor is expected to be present homogeneously adiengutface that surrounds the
central micelle.

Biodistribution of micelles in the human body is mainly dagant on their size, surface
and corona structure. Micellar size control exploits passargeting via the enhanced per-
meation and retention (EPR) effe@2-26]. For targeting purposes we focus on tumor cells
and tissue as an example. Improving chemotherapy offerga etzallenge in human health
treatments. Of course other diseased tissues will demdfiededit targeting moiety (TM) re-
ceptor (R) combinations. Especially for micellar accurtiokain tumor tissues the size and
surface structure is of crucial importance for passivedaing.

For active targeting one needs to incorporate moietiesgfecific targeting into or onto
the micellar corona. Ideally targeting moieties are ineldithat are specific for the targeted
tissue. When the connection between targeting moiety acepter is strong enough active
targeting will be enabled. From the biological perspediiere is a number of requirements.
First of all the micelle needs to have the proper chemisttys known that polyethylene
oxide micelles are stealthy (non interfering with the imrawystem) and have long blood
circulation times 27]. Hence we take the interaction parameter for the B group wiater
accordingly. To avoid any undesired interaction with thenime system we believe that it is
favourable to have the chain end well inside the micelle carthat is under normal operation
conditions, when the micelle is far from its target. We capliement this requirement in two
ways. In the first option we take the length of the minorityiotta be less then half the length
of the loops that form the bulk of the corona, iNg < 30. To go outside the corona will imply
extra stretching of the minority chain which is entropigalhfavourable. The second option
is to give the free chain end an affinity for the core of the iihéceTypically this already
occurs when the targeting moiety is hydrophobic. Then tieeenatural tendency that the
TM is associated to the core. In the adsorbed state of the Tikktoote the TM is obviously
inside the corona, even when the length of the minority cleateeds that of the half-loop
length. Experimentally, when the TM is hydrophobic, it magylbcked inside the core and
is subsequently unable to escape from it. Here we will igtloisescenario because we take
the core to be composed of A-segments only (the core is a laoyedndition in the current
calculations). On top of the hydrophobic interaction we nrayoduce some extra surface
affinity, e.g. due to some specific interactions. Of coursewhll complicate our analysis
because there will be a free energy barrier associated hétldetachment of the end-group
from the core and the time limiting step for the transloaatiansition may well be associated
with the desorption process, rather than being associatdtetentropic stretching towards
the adsorbing surface itself.

The design, manufacturing and characterization of ABA blompolymer micelles com-
posed of rather hydrophobic copolymers was reported pusiyd19-21], see Chapters 3
and 4. It was demonstrated that tuning the size and loadimpea@chieved by using triblock
copolymers with a particular chain length combined withva&cingredients. The synthesis
and incorporation of targeting moieties onto existing ioles$ is difficult and tedious. In
most cases the targeting function on a nanoparticle/micgkstablished after its formation.
Since most of these processes demand surface chemistgdnst physical interactions, a
purification step is mandative to remove reactaB&-32]. To omit the post processing and
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purification steps we propose a single micellar processieifpad. This allows incorporation
of the targeting moieties, present on the diblocks, fromstiagt of the micellar production
process using the nanoprecipitation method.

The remainder of this Chapter is the following. We will firs¢g elementary background
information on the modeling method, focusing on the mainrapimations. We then give
detailed information on the model used and discuss theaptg@arameters. We will present
the structure of the polymeric micelle that is used to furitady the escape or translocation
transition of the minority chain. We will subsequently diss in somewhat more detail on
how we are going to analyse the translocation transitiomefftMs. More specifically we
will elaborate on the Landau free energy as a function of tetjon of the free end. We use
this free energy to judge when the jump-like phase transiticcurs and what the origin is of
the free energy barriers that are encountered. We will eldbmn a typical example. The
main results are collected in diagrams of state wherein ithedial and spinodal curves are
collected. These diagrams facilitate the search for the opignal properties of the minority
chain in a composite micelle. In our discussion and conchssive sum up our theoretical
modelling results with regard to the design of an activeeatingy capacity for composite
micelles.

5.2 Theory

This section contains two major parts. In the first one thaei$os on the SF-SCF theory.
We explain the main approximations of the modelling in camaltion with the model that is
used for the copolymer self-assembly. For more detailentinétion we refer to Chapters 3
and 4 f19, 20]. We then will present the micelle that is selected as a s=pr&tive case in
some detail and reproduce a result from ChaptétQl for ease of reference. Subsequently
we will elaborate on the model used for the remainder of theepdor which the standpoint
is implemented that the micelles are molecularly quencheglying that the aggregation
numbers and core structure are frozen in. Important is tietrticelles remain responsive
in the micelle corona for which the chains can conformatignaarrange. In the second
section we elaborate on the use of the Landau free energy.il\govthis by elaborating on
a specific example, and explain in detail the physics thaaaceunted for. In this section we
will pay attention to the binodal and the relevant spinodahally, we discuss the relevant
SF-SCF parameters which will be investigated on their imftieeon TM-R contact.

5.2.1 SF-SCF theory

Making use of the mean field approximation, and more spetifitee Bragg-Williams ap-
proximation (more about this below) allows to formulate dosystem a free energy in terms
of two conjugate profiles, namely the measurable volumditna¢dimensionless concentra-
tions) ¢ (r) and complementary segment potentiél) distributions. In a way these poten-
tials are external potentials because we use them to olitdistieal weights, the so-called
Boltzmann weights as in a barometric height equa@n) = exp(—u(r)). (Here and below
we will make all energy quantities dimensionless by norsiadj them with the thermal en-
ergyksT). The weights are not fixed, but the segment potentials agpdse a function of
the volume fractions. The functionality follows uniquelpin the free energy optimisation.
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As a result the segment potential take the interaction of@gsegment with its surroundings
into account. These interactions are parameterized by+fHoggins interaction parameters
Xx_y wherein both X and Y are segment (or solvent) types. A pasitsdue means that the
XY contacts are less favourable than the average of XX and dfitacct. Hence a sufficiently
large positive value implies segregation. Low values oatigg values are needed for proper
miscibility.

Interestingly, not only do the potentials depend on the m@uractions, the inverse is
also true: the volume fractions are a function of the segmetentials. To implement this
dependence, it is necessary to invoke a chain model. Typia@l use freely jointed chain
model, which guarantees that neighbouring segments otthiae are at a distance of a bond
length. However, as no further through-bond correlatiomesmposed a chain can also fold
back on previously occupied places. Let us next focus onticpkar conformatiore of the
chain, completely specified by the coordinates of the imldigl segments. This conforma-
tion is found to have a particular potential enexgy which is computed by the sum over
the segment potentials felt by the consecutive segmentg dfee contour of conformation
c. The statistical weight of this conformation is then agaireg by a Boltzmann weight,
G¢ = exp(—Uc). Such weight is found for all possible and allowed confoiiore. With
these statistical weights we can construct the overallnaeléraction distribution. Of course
this requires a sum over the contributions of all possibkk @iowed conformations. As the
total number of possible conformations is very large indéleese sums suggests an insur-
mountably large job. Fortunately there exists an elegayggator method that copes with it
efficiently, in a computation time which is linearly propiortal to the number of segments in
the chain (not shown).

Summarizing, characteristic for the SCF method we have

¢l{u}] < ul{o}] . (5.1)

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

;(Px(r) =1 (5.2)

for each coordinate

In very few cases it is possible solve the self-consistelt §ielution analytically. It is of
no surprise that the self-assembly of copolymers into sphlemicelles is not one of these
rare cases. As a result we have to implement the equatiama icdmputer model and solve
for the fixed point numerically. Invariably, one needs tocdigize the equations somehow.
Here we follow the method of Scheutjens and Fleer and makefustattice of sites leading
to the SF-SCF method. The characteristic length of a lasiiigeis taken equal to the bond
length, so that one polymer segment exactly fits into a ktsite. 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 symmetnyeele For example
in spherical micelles we can easily imagine that the relegaadients in polymer densities
occur in the radial direction and that the density fluctuaio a shell of lattice sites with
equal distance to the center are very small. This motivates teduce the three-dimensional
system and implement this in a one-gradient spherical gggmd&hen lattice layers are
numbered starting from the center 1,2,--- ;M. Naturally, the number of lattice sitésr)
in layerr scales a&.(r) 0 r?. By ignoring the density fluctuations in the layer (mean field
approximation) we can implement the volume fractfei(r) = nx (r)/L(r), whereinnk(r) is
the number of segments of component X in lay.eit the upper boundary at= M typically
reflecting boundary conditions apply. This is implementgddvcing all density gradients to
be zero at this boundary, i.éx (M + 1) = ¢x (M). Usually the value oM is taken very large,
far from the micelle, which is positioned at the center of pherical coordinate system,
where the density gradients have vanished (bulk). Thertrefkecting boundary conditions
are inconsequential for any physical property of the systdowever, when the system size
M is not very large, the reflecting boundaries will simulate ithteractions between micelles,
wherein the micelle center to micelle center distatiéegiven byd = 2 x M.

Below we will consider a spherical 'micelle’ in the vicinitgf a surface. This typically
cannot be captured in a spherical geometry. Instead we dlisala two-gradient cylindrical
coordinate system. We have not implemented this here art o1s keeping our spherical
geometry. More specifically, we are going to assume that obegtional diffusion of the
micelle is quick enough so that the probe will find the recegtcen when some rotation
of the micelle is needed. Then having a surface in all dioastiaround the micelle (as is
explicitly implemented) is a reasonable approximationisTtiea is realized by imposing an
impenetrable boundary at laye= M + 1, that is, at layer = M + 1 the volume fraction of a
segment with typ® is unity. Segments with type X feel this boundary when theindayer
z= M through the interaction parametgg_r. Also the solvent W has an interaction with
this surfacexw_r and typically segments may adsorb onto the surface only \ahsatvent
molecule is displaced from it, hence micelleadsorptioxjseeted only whetAxgr = xx-r—
Xw—r < 0, otherwise the solvent is preferentially absorbed at thitase. It is well known
that polymer chains experience conformational entropgdesvhen they are directly next to
an impenetrable wall, the reason for this is that the ort@miaf bonds is hindered as these
cannot enter into the solid phase. To compensate for thsniécessary th@ixr < Xcriticals
for the segment X (part of a chain) to adsorb, where in goodadmation Xcriticas = —1
for typical segments in a polymer chain. The critical ad§orpenergy for end-segments is
expected to be less negative as these segments have jusbrmhednnected to them. The
critical adsorption is also a function of the solvent qyaliTo understand this, one should
realize that a segment next to the surface cannot interdletthé solvent in all directions.
Hence it can avoid one contact with the solvent and thus tiseae increased tendency to
be next to the (receptor) surface. Below the affinity of thelyerfor the (receptor) surface is
implemented using the paramejgiy_r.

In the SF-SCF method the molecules are discretized, thetakes to be composed of
segments numberesi=1,2,--- /N. We refer toN as the chain length, but possibly the
degree of polymerization is a better term for it. We do noktaky structural features on
the segment level into account. However, we do allow for tgper type of interactions,
e.g. one segment is hydrophobic and the other is hydropi do this by specifying the
Flory-Huggins interaction parameters for each segmer &geordingly (see sectidn2.3.
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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.rntioglynamically equilibrated
spherical micelles is a key application of the Scheutjelegifself-consistent field (SF-SCF)
theory. In Chapters 3 and 4 we considered the formation cérépdd micelles composed of
AsoBesoAso Where Agp (7.5 kDa) is the hydrophobic block mimicking PLGA andB6.0
kDa) the hydrophilic block representing PEO (also calledGPRolyethyleneglycol). Even
though the micelles were formed by the solvent precipitatieethod, we adopted an equilib-
rium model wherein the copolymers are assumed to exist iresmrt of effective solvent.

One may question how it is possible to use an equilibriummh&mcapture an intrinsic
state of the system that was reached by a complicated dymantie. The model, however,
was not arbitrarily chosen. To explain the rationale belirdmodel it is necessary to qualit-
atively describe what happens in the solvent precipitatiethod. In this method the copoly-
mers are originally in a good solvent and then suddenly mix@dth a selective solvent. As
the solvent quality for one block quickly drops, a number@balymers come together and
form what will become a spherical micelle. The density of tioee increases because the
solvent quality deteriorates when time goes on. In theahgiages the core size will grow,
but typically the size will go through a maximum, becauseatel stages, when the addition
of copolymers slows down, the core compresses due to thevedimithe good solvent. Dur-
ing the assembly process the corona chains accumulatesotballed ('looped’) corona. As
soon as the local concentration exceeds the overlap coatientthey start to stretch in the
radial direction and form a so-called brush. The coronaisiegpected to be strictly increas-
ing in time. The pressure in the brush eventually providesjapsng force for the assembly.
Typically in the initial stages of the self-assembly theesdf the corona may not be large
compared to that of the core. Then the micelle is still expetd grow, either by the addition
of individual copolymers or through a process of micellewnticelle fusion. However, when
the core becomes more dense, i.e. by loosing more and mocespbeent, the radius may
go down, that is when the addition of copolymers does not ersate for it. Meanwhile the
corona becomes more dense and the chains stretch more aad@ooisequently, we should
arrive at the situation that the corona size exceeds thdieo€ore. At this point the tend-
ency that cores from different micelles can fuse can be ntgfddoecause in this situation the
spherical micelles dominate over linear micelles. Alsotdrelency for new chains to add to
the micelle will drop dramatically: the passage of freelgpdirsed chains through the brush
becomes a rare event. Meanwhile the majority of copolymosilsl have found a place in
one of the micelles already and the micelles become molegujaenched. Hence, the point
where the core size is approximately the same as that of io@aalemarcates an important
point in the evolution of the copolymer self-assembly. Iths state of the process that the
parameter set in the SF-SCF model is designed to producelld f@asthe given copolymer
chain and the effective solvent.

Let us now formulate a key property of the molecular modek $ét of parameters should
result in micelles wherefore the core and corona sizes atleeo$§ame order of magnitude.
Even though the topological stability requires the sizehaf tore to be less than that of
the corona, as explained, the dynamic process by which teelles form is more likely
characterized by the situation that the micelle corona isesghat smaller than that of the
core. We have opted for a driving force for micellisationngsa modest valug ca—H,0 =
1.6, whereas the solvent quality for PEO is marginglo—n,0 = 0.4. This value ensures that



Theory 103
1.0 PLGA,PEO,PLGA,, - PLGA,PEO, PLGA,,
in water 1.0 in water
0.8
0.8
—— Copolymer
06 ---- PLGA,, blocks —— Copolymer
7 - PEO,, block 0.6 ---- PLGA,, blocks
WAt - PEO,, block
4 @ e Water
SCF D, (45nm) SCFD. (45
0.4 Experimental D_(45.2 ) (45nm)
xperimental D, (45.2nm) 0.4+ Experimental D, (45.2nm)
—— Pinning surface
0.2 0.2+
0.0 . — T T T 0.0 T = T T 1
0 10 20 30 40 50 0 10 20 30 40 50

(@)

Figure 5.1: Equilibrium radial density profiles.

(b)

(a): The equilibriunadial density profile of

PLGAgoPEQ;0PLGAgg in a spherical coordinate system. The profiles for the amdgments PLGA,
the polar segments PEO and the solvent W (water) are giveantersy ca-n,0 = 1.6, XLca-E0 =

1.0 and Xeo-H,0 = 0.4. The aggregation number= 237. The grand potentidd = 10 kgT. (b):
The equilibrium radial density profile of the brush made o34 PEQ;gPLGA; where the A-units are
pinned to be next to the particle surface, with radis 20 x 0.8 = 16 nm. The particle is made of
segments of type A. In line with the aggregation number ofrtieelle of panel a, the grafting density
o = 0.047. Here the radial coordinate is given in latice sites.tReradial coordinate we have used a
lattice site dimension af = 0.8 nm.

the corona is well-solvated and the pressure in the brushides the stopping mechanism
for the self-assembly of the micelles. The spatial segregaif A segments in the core and
the B segments in the corona is improved by a repulsion betwesse segments. Here we
have used( ca_eo = 1.0 for simplicity. The justification of this set that it largabbeys with
our requirements. We stress that small modifications of &rameter set will do the same.
In Fig. 5.1 (a) the micelle structure, wherein the radial volume fiactprofiles for the
polar segments, the apolar segments and the solvent medgsuiven, here we see that the
core has approximately a homogeneous density of polymersiitall decrease of density to-
wards the center of the core is attributed to an inhomogengtoetching of the corona chains,
being largest near the core-corona interface (where thayplack a bit more efficient). The
solvent in the core is not extremely low, which is consistgitl the relatively low value for
the X ca-H,0 that was adopted to mimic the assembly at the quench conslitithe corona
has a much lower density, as it is well solvated. The profitpiigsi parabolic, and the height
(dimension) of this brush is expected to scale linearly whtnlength of the B block.
Inspection reveals that the core radius, which in this casgpproximately 16 nm, is
slightly larger than that of the corona. The latter may bevested from the hydrodynamic
diameter of the micelle which is found to be 45 nm. This is ¢stest with one of the
targets that were used for the molecular model. The overakdsion of the micelle is in
good agreement with the micelles found in the experimemtadition. From the modelling
point of view the micelles are stable and relevant. For examge have selected a micelle
with a grand potential (work of micelle formatio® = 10kgT. This value is thought to be
compensated by translational entropy of the micelle, angd tiepresents the situation that
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the micelles are far apart (dilute regime). Thermodynahsiedility requires that the slope
0Q/0dgis negative, which was shown to be the case (see Chapterdadgdregation number,
that is the number of tri-block copolymers in the micelle isqicted to bey = 237. Again
the order of magnitude is consistent with experimental.défa recall that a brush of loops
with chains of lengtiNg = 60 is usually seen as a brush composed of tails of leNgts 30
with double grafting density. We have checked that this is@dgapproximation also in this
case (result not shown).

In the following we will use the presented micelle and analy® behaviour of a minority
chain that is added to this micelle. The analysis is fatdidawhen the micelle is replaced
by a simpler structure. Considering the sharp interfacevéen the core and the corona, we
argue that it is possible to replace the core by a solid paried replace the corona by a set
of polymers that are anchored by both ends to this solidgartin Fig.5.1(b) we present the
structure of a brush of loops connected to a spherical parfihe parameters are chosen to
resemble the corona of the micelle presented in &ify.that is, the number of grafted 'loops’
is equal to the aggregation numiggrand the solvent quality is again set{eo-_n,0 = 0.4.
The differences in radial structure of Fi%.1 (a) and (b) are minor which proofs that the
model of Fig.5.1(b) is sufficiently accurate to mimick a triblock copolymeiceile for our
purpose as used below. The most significant differencesdaetthe two radial profiles occur
just next to the 'core’-corona interface. As explained abthe entropic penalty for chains
next to a sharp interface results in a small depletion of pelss and a small adsorption of
solvent. In the micelle the core corona interface is lesspshad then the latter effects do
not occur. One can easily correct for this entropy loss byragdn 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 strucpuesented in Fig5.1 (b) and
admix in this structure one minority chain with a structurgBf; TM1. One single chain is
not expected to strongly influence the colloidal stabilityhe micelle, but we do not forward
a proof of this. Instead our attention is drawn to the radralfife of this minority chain
inside the corona made ofiBgpA1. More specifically our interest is in the profile of the
end-segment referred to as TM. In Fi§.2 we present a number of radial volume fraction
profiles of the TM segment in semi-logarithmic coordinat®se of the profiles, that is for
Ng = 30, is dotted. This case represents a mimic of the majoraynsthat makes up the bulk
of the corona. When the minority chain is shorter, the chaimore likely to fully remain
inside the corona. Longer chains typically escape from tierta. The shape of the free end
distribution is not much affected by the length and thus notimaffected whether or not it
is predominantly inside or outside the corona; the end pang distributed throughout the
corona, but the most likely position is further from the cardeen the probe length is larger.
The average position of the end point, e.g. measured by gtarfoment over the end-point
distribution, grows approximately linear with lengila and in this dependence there is no
discontinuity aroundNg = 30.

For the remainder of the discussion it is important to mentlwat upon the transition
of the chain from the inside to the outside of the corona, tige@oint distribution has just
a single maximum and smoothly goes to zero for largalues and approaches a value of
1/(41R?) at the core surface. This result is true for an ideal TM, whgcsmall (similar to
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Figure 5.2: The equilibrium radial density profile of the end-point (T®F)the minority chain in the
corona of the micelle-like particle given by Figh.1 (b) in log-lin coordinates and lattice site units
(r = 0.8 nm). The minority chain length is modified froNg = 20 to 40 as indicated. The curve for the
chain length 30 is dashed. The dashed grey line representytiiodynamic diametebg,).

an A-segment) and for the case that the water has the sanemsqlvality for the TM as the
tether A. We are interested in parameters that deviate fhisrideal situation and then there
are discontinuities, meaning that there is a minor jump-titansition from the TM being
inside to being outside the corona upon, e.g. an increasedéhgth of the minority chain.

Continuing with the ideal TM case, let us now consider thesgnee of a surface (re-
ceptor) at the upper boundary of the spherical coordinatery, that is at = M + 1. Below
we refer to the position of the receptor by the distaAce= (M — R,) x 0.8 nm, wherein
M — R, is the distance of the receptor from the hydrodynamic radiudke micelle in lattice
units and 0.8 is the length in nm of one lattice site. Obviguss long as an adsorbing re-
ceptor surface is present for distances larger than the édagth M — R > Ng), the probe
chain cannot reach this receptor surface and the end-pisinibdtion is unaffected. How-
ever, when the receptor is in close proximity, the end of tta@be can reach the receptor.
When the end has a significant affinity for the receptor, wesekthat the end segment, that
is the targeting moiety (TM), is able to reach and adsorb ¢imoreceptors. By doing so,
the probability for the TM to be near the surface will draroally increase as compared to
the value at the same coordinate in the absence of the sighs&r@artoon of this situation
is given in Fig. 5.3 (b), which mimics the situation depicted in Fi§.3 (a). In this figure
the end-point sits at the substrate. However, in reality &tithe receptor surface only with a
given probability less than unity. Our interest is in thelpability distribution of the end point
(receptor), which in fact is proportional to the radial vole fraction profile. The end-point
distribution may potentially have two maxima, namely on&iaund the corona (we will
call this the central maximum) and one next to the adsorhimfpse (we call this the distal
maximum) and two minima, namely between the core and th@lpery of the corona (the
proximal minimum), and one between the adsorbing surfaddtenperiphery of the corona
(the distal minimum).
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Figure 5.3: Schematic two-dimensional representation of (a): A méwelith a minority chain adsorb-
ing with a targeting moiety (TM) to a receptor (R) site on ateewal planar substrate (e.g. a cell wall
with receptor). (b): A central micelle surrounded by a sptarsubstrate’ as considered in the cell
model; the TM of the minority chain adsorbed on this substrathich is expected to be covered by
receptors (not indicated). The core of the micelle is red,dbrona blue (a few corona chains -loops-
are indicated). The minority chain is green and has a TM ésgmted by TM).

5.2.2 Landau free energy and a short case study

The free energy of the systef in units ofkgT is found byF = —InQ, whereQ is the
canonical partition function. In a mean field theory, we canampose this partition function
into so-called single molecule sub-partition functigps

q"
=1 5.3
Q=r o (5.3)
wheren; is the number of molecules of typeFollowing the line of arguments, it is natural to
take a closer look at the minority chain, while assuming thatther sub-partition functions
are invariant upon changes in the conformational propeati¢he minority chain, e.g., when
it binds onto a nearby receptor. Of course for this to be traeskhould insist on the case that

the receptor surface remains outside the corona of the lmicedll cases.

The sub-partition function for the minority chain in priptg should contain the statistical
weights of all possible and allowed conformations. The watbn of this partition function
is simplified because the first segment is strictly positibteebe next to the core surface. In
practice we use the propagator formalism to generate thigigafunction. In this formalism
there are distribution functionG(r,s|R+ 1,1) that specify the statistical weight of having
segmens at coordinate, under the constraint that the first segmeatl is at coordinate =
R+ 1, thatis next to the core. In the propagator equation tsisidution function is computed
starting withs = 1, and ending with segmest= N giving G(r,N|R+ 1, 1). Interestingly this
end point distribution function can be used to directly comeghe volume fraction profile of
the free end, that ish(r,N) O G(r,N|R+ 1,1). The proportionality constant is found to be
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1/q, wherein the single chain partition functigrs found by summing this quantity over all
available coordinates
q= ZL(r)G(r,N|R+ 11) . (5.4)
.

Inspired by this relation we can identi®(r’,N|R+1, 1) as a positional sub-partition function
of the probe chain, which starts (per definition) with seghees 1 atr = R+ 1 and ends
with segments = N at coordinate = r’. The free energy associated with this positional
sub-partition function is called the Landau free endrdy) [33-35], which in units ofkgT
is given by

F(r)=—=InG(r,NJR+1,1)=Ing—In¢(r,N) . (5.5)

The constant Iq can be absorbed into the Landau free energy. Here and belowillve
useF (r) = F(r) —Ing. Below we will not write the tilde and trust that this will niad to
confusion, hence the Landau free energy can directly be atsddrom the radial volume
fraction profile of the end point of the minority chain. In tberrent context the position of
the free end is often referred to as the order parameter. Following stechdrocedures one
may normalize the order parameter by the chain lehgthnd convert the end-point position
into a distance to the substrate. However, we do not implémsgch transformations for
practical reasons.

In practice a targeting moiety (TM) consists of a somewhadafragment than an ethyl-
enoxide segment. We can mimic this by taking a minority chiéth the following architec-
ture: A1Bng TMngy, With Nry > 1. We may subsequently generalize the Landau formalism
by relating the Landau energy to the volume fraction distitn of all the TM-segments, that

is,F(r)=—=Ingrm(r).

F(r)
F(n

35 40 20 25 30 35 40

(b)

Figure 5.4: The dimensionless Landau free enefgr), wherer is the distance to the center of the
core for a probe chain B,5TMj5 in lattice site unitsi( = 0.8 nm) for various values of the affinity of
the TM for the receptoxTm_r as indicated, for the position of the receptor surface.Rakition of the
receptor surface = 32 (= rr = 32x 0.8nm= 25.6 nm). (b): Position of the receptor surface- 35
(=rr=35x0.8nm=28.0 nm). The Landau free energy is normalized such f{d6.8) = 0. Note
that in panel (a) the curves for< 27 overlap. The same happens in panel (byfer30. The vertical
(dashed black) line represents the upper limit of the callwahere the receptor surface is present.
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At this stage it is of interest to discuss an example of how reeyaing to use this Landau
free energy. For this we will use the minority (probe) chaiyBsTMs. The segments TM
are taken similar to that of B, with the exception of the affirof the TM for the receptor
surfacextm_r. While all affinities xx_r = 0, the (strong) affinity for the targeting moiety
for the receptor is reflected in a negative value for this patar. Landau free energy curves
are presented in Figh.4. Without loosing generality one can add a constant to thelaan
function. Here we choose to shift each curve such that aldaarfunctions attain a zero
value at the core side. For illustration purposes we seteabeptor surface very close to the
edge of the corona, namely st = 25.6 nm in Fig. 5.4 (a) and slightly further outward, that
isrr =28.0 nmin Fig.5.4(b).

As can be seen in Figh.4, as long as(tm-r = 0 the Landau function has one central
minimum and two maxima. With respect to the core, we have sipral maximum afF M =
0 and a distal maximum at the receptor surface. Of courseémgal minimum corresponds
to the central maximum in the volume fraction profile (see Bi@). With increasing affinity
for the receptor a new (distal) minimum develops, that isy tiee receptor surface. The distal
maximum is naturally moved to lower valuesrofFor a particular value gf1y,_g the depths
of the central and the distal minimum are the same. This edouy,,_gr ~ —2 in Fig. 5.4
(a) andxF,,_r ~ —3 for Fig. 5.4 (b). Using phase transition terminology we can identify the
equal depth condition as the binodal. The distal maximuneiwvben the central and distal
minimum is identified by the activation barrier that needsé¢mvercome by the TM to reach
the receptor. At the binodal the height of the bardedoes not depend on which minimum is
used to measure the height. Whenu—r < X¥y_r. the height as measured from the central
minimum is lower than that measured from the distal minim&elow, when we discuss the
height of the barrier, we will always measure this heightrigkhe central minimum as the
reference. The physical origin of the barrier is clear. Befine TM can reach the receptor,
it has to stretch even further than its naturally stretch@afamation in the corona. This
stretching costs entropy and hence the free energy ined$e lowest minimum it (r)
corresponds to the ground state. Taking the affinity for dueptor as the control variable it
is clear that agTm-Rr = XTu_r, the ground state is degenerate. For lower affinities thesow
free energy is when the TM is inside the brush, whereas atiaffjnities the ground state is
when the the TM is at the receptor. For successful targetiedgiter is required.

In all cases the height of the barrlérdecreases whexry_r becomes more negative. In
this case the probability of finding the TM next to the receptoreases more and more and
eventually the height = 0. This condition is identified by the spinodal of the trasliion
transition. In Fig.5.4(a) this happens foxy_g ~ —9. In Fig. 5.4 (b) the receptor is placed
just beyond the corona. In all cases the helgldf the barrier is higher than in Fidh.4(a),
and the spinodal condition has shifted to much lower valdegr@_r. When this barrier
is gone, all chain ends have moved to the receptor and theulgtign of conformations’
that otherwise would have remained as the unperturbed poat®mns in the corona, has
vanished.

Fig. 5.4(a) and (b) can be used to understand j{jg}_g decreases withg, and that the
height of the barrier at the binoddl increases withig. Also the spinodaji},_g decreases
strongly withrr. Clearly, for the minority chain to be a good targeting mpiete need
rr to be larger than the hydrodynamic radius of the micelle, thedaffinity for the target
should bexTm-r < XTm_r- Meanwhile, the barried should be not too high. Of course
it is not necessary that the barrier vanishes (spinodalitonjficompletely. We expect that



Theory 109

whenU =~ 3 kgT the barrier can easily be crossed and therefore we will rnob#sides the
binodal and the spinodal also thle= 3 situation. Obviously the latter is only relevant when
the barrier at the binodal* > 3 kgT.

LrmLoa
Lrmica
LrmLoa

Lrica

*20 % % % P
r

Figure 5.5: The dimensionless Landau free enefgy), wherer is the distance to the center of the core

for a probe chain AB,5TMs in lattice site units (= 0.8 nm) for various values of the affinity of the

TM for the core (composed of units Ayrm_Lca as indicated, for the position of the receptor surface

(dashed black line), = 28.0 (= rgr = 35x 0.8nm= 28.0 nm) nm andytm_r = —3. The Landau free

energy is normalized such thiat28.0) = 0. Note that all curves overlap for> 25.

Before advancing to the results section we need to considerngore complication,
namely when the TM has an affinity for the core. In this case iniore natural to nor-
malize the Landau free energy so that the value at the recspitface is zero. In Fig5.5
we show results for the Landau function for which the receptiostrate is set tor = 28.0
nm, and the TM has, in addition to a mild affinity for the rec@p)Tm_r = —3 (close to
the binodal of the translocation transition), some extfaif of the TM for the core. A
more negative value foxtm_Lca implies stronger adsorption of the TM onto the surface
of the core. The curve foxTm_Lea = 1 also given in Fig.5.4 and is here reproduced for
comparison reasons. Whemy_Lca < 1 a proximal minimum develops in the Landau free
energy and the natural proximal maximum is shifted to a osin between the proximal
minimum and the central minimum. Now the situation is siguaifitty more complex: there
are three minima, the proximal, central and distal minimaongpared to the core) and two
maxima (proximal and distal). Again we may identify the ciioth that the proximal and
central minima are equally deep. This binodal correspoodké detachment transition of
the TM from the surface and occurs fgf,,_ ca = 0. We may also identify a spinodal for
the detachment transition. In this cggg,_, ca =~ —6 and the barrier between the proximal
and central minimum vanishes. Whgfv—Lca < XTy_Lca the proximal maximum and the
central miminum are gone and we are left with two minima, nigragoroximal and a distal
one with one maximum in between. When the three minima aralggdeep, that is when
XTM—-LGA = XTm_Lca aNdXTM-R = XTm_r, We have so-called triple point conditions as three
'phases’ (types of conformations of the probe chain) carxisbe

From this result we can already extract our first designfari@ successful targeting for
a receptor. We should avoid a strong affinity of the TM for thbstrate. Indeed, it is not
expected that the receptor can successfully fish for the TRhitis strongly attached to the
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core. Of course as long as the affinity of the TM for the receistmuch higher than that for
the core, we should expect that at a sufficient close proyiofithe receptor to the micelle,
the TM-R contact is the ground state. However the energydrdor this case will always
be very high and the translocation transition will be a vdowsone. That is why, in the
following we will restrict ourselves to the case that the Thtsla small repulsion to the core,
which technically is equivalent with the situation thatréaés no affinity with the core. This
does not mean that the TM cannot adsorb onto the core. Asiegflaalso when the TM is
not very soluble with water, there may be an induced adsmrpnergy and corresponding
high concentration of the TM next to the core. As a result thadau free energy will have
a primary minimum and when this minimum is deeper than thérakone, we will use this
one to measure the height of the bartierfor obvious reasons.

Below our focus is on finding conditions so that the grountkesigthe distal minimum,
while the central minimum is at a position lower than the logymamic radius of the mi-
celle. Then the minority chain will try to reach the receptarting from a ’hidden’ (for the
immune system) position. However, the energy batdi¢ghat needs to be overcome to reach
the receptor may well be so large that the translocation ®fTtik towards the receptor is
a rare event. The idea is then to monitor the= 3 kgT condition (as measured from the
micelle core/corona). The numerical value isehhocestimate below which the receptor is
expected to be found fast enough and above which this is two §esults can be collected
in so-called phase diagrams. Such diagram collects thelbimmd spinodal points when one
parameter (e.g. the length of the minority chain) is varied the transition is triggered by
some control parameter (erg). The binodal curve(s) in such phase diagram give the im-
portant information regarding the translocation and/@aadement transitions. The spinodals
give information on where the respective barriers vanishe @ = 3 (kgT) curve will be
presented for discussion purposes only.

5.2.3 SF-SCF parameters

Similarly as above, we base our analysis on the model defioed the spherical micelle
composed of PLGAPEQsPLGAg chains (see Chapters 3 and1®9[20]). Again, the core
was replaced by a spherical particle composed of PLGA segméth radiusR = 16 nm,
decorated by 237 chains with length 60 grafted on both entlset@ore. These chains are
assumed to be composed of PEO and this was modelled by thensajuality parameter
Xeo-H,0 = 0.4. We used minority chains with lengtiNg = 5, 10, 15, 20, 25, 30, 35, 40,
60 and 120, composed of EO units that are end-grafted ontediie particle, while they
have a targeting moiety at their free ends. There are thigestypf interaction parameters
connected to the TM: (i) the affinity of the TM for the core. Agaed above we will avoid
large affinities of the TM for the core and here tgkeu—_Lca= 1.0 (recallx ga-H,0 = 1.6),
(i) that for the receptogtm-r = -3, -6, -12 and —18 (recatk_H,0 = 0) and (iii) the solvent
quality xtm-n,0 = 0.1, 0.4, 1.0 and 3.0. On top of this the length of the TM (tbkume
of the TM or the repeating TM units) was varidiy) = 1, 3, 5 and 10. Without mentioned
otherwise just one minority chain was used.



Results and discussion 111

5.3 Results and discussion

The relevance of several parameters for the translocatmsition of the targeting moiety is
conveniently presented in phase diagrams. We will presegpir@sentative set of these in the
first part of this section. After that we will zoom in onto thptimized system for the use of
polymer micelles as a targeting device for medical (drugvde}) applications.

5.3.1 The default phase diagram

Below we will adopt the convention to define the position & thceptor surface with respect
to the hydrodynamic radius of the micelle, that is we intreelsr = rr — (Dy) /2. Hence,
Ar = 0 means that the receptor is 'touching’ the micelle corogaraNegative values of the
receptor distancAr < 0 (overlap of corona and receptor surface) were disregavdeetreas
positive values are of interest (the larger the better). Yésgnt phase diagrams (cf. F§6
(a)) in the coordinates (Mg, that is the length of the hydrophilic block of the minorityain
(y-axis), and (ii)Ar, which is the distance, in nm, of the receptor to the micaligaze on
the x-axis. We adopt the following conventions. Solid ceriepresent the binodal condition
and dashed curves represent the spinodal. Let us, for ctenples, mention how to interpret
such phase diagram. When for givip, the TM is far from the micelle we are to the right
of the binodal, and the central minimum is the ground staforireducing\r we approach
the binodal-curve air = Ar*. At this point we expect that the TM can thermodynamically
reach the receptor 50% of the time, but this is an activatedgss as a barrier with height
U* needs to be overcome. When the receptor comes even cloder toitelle, the TM-
R state is the ground state and the energy barrier is grgdwelliced. When the dashed
spinodal curve is crossed, At = Ar**, every attempt of the TM to reach the receptor is
expected to be successful as the energy barrier is gone. €iglet fof the energy barriey *
at the binodal as a function of the chain lenbkhat the binodal is additionally presented in
panel b which accompanies the phase diagram, i.e., %&(b). Here we have adopted to
present the dependence with a solid curve when the TM is mrfflg short, so that in the
absence of the receptor the TM is hidden inside the miceller@ For longer chains this
is no longer the case and part of the chain including the TMuiside the corona (dotted
curves). In this regime we have used a dashed curve. As lorthiagnergy barrier is
sufficiently low, we choose a value of KT, the binodal is the most relevant curve in the
phase diagram, as it demarcates the point from whereonathgldcation can effectively take
place. However, when this energy barrier is much higherjm@t ptwser to the spinodal is more
relevant because of kinetic reasons the binodal is notembtiét the spinodal translocation
occurs spontaneously. In such cases we will present ona extve in the phase diagram,
namely the condition for whicbh = 3 kgT. We will use the dotted curve for this condition.
We start with a basic/default phase diagram shown in Bi§. Here we have opted for
a TM which is 3 segments long and a relatively low value for dfffanity for the receptor
of xTm—r = —3. Again we have taken the situation that the minority ghes a vanishing
affinity for the core. The current phase diagram is repregmeatfor all cases that the TM is
repelled by the core or has a very negligible attraction.&Harge affinity of the TM for the
core the phase diagram alters dramatically (not shownhisnciase the energy barrier at the
binodal is very small and thd = 3-curve is not relevant. Inspection of the phase diagrams
shows that with increasing length of the minority chain, ¢hgture distances (binodal-solid
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Figure 5.6: (a): Phase diagram in th&lg, Ar) coordinates. The solid curve is the binodal condition
and the dashed curve represents the spinodal. (b): Thetladithe energy barried * at the binodal
as a function of the chain lenghls. The solid curve in panel (b) indicate that the TM (in abseoica
receptor) is within the hydrodynamic diameter and the diotteve indicates that the TM is outside the
hydrodynamic diameter. Affinity of the TM for the corgsv_Lca = 1.0, for the receptoxtm—r = —3
andxTm-H,0 = 0.4,Nt = 3. Other parameters: see sectn@.3

curve)Ar* as well as the spinodal conditioAs™ (dashed curves) increases. There exists
a minimum value foNg below which the binodal, and spinodal distances are beapmin
negative, meaning that the minority chain is too short ardréfteptor has to penetrate into
the micelle before the TM can capture it. The binodal andeséhcurves are not plotted for
longer chains thaNg = 120 either.

For large values oNg the TM is outside the micelle (see dotted curve in F5g6 (b)).

It this regime the minority chains have a flower-like confatian: they have a strongly
stretched stem and a coil-like crown. The crown is outsiéenticelle and this crown can be
used to stretch towards the receptor. For these long chagithie the binodal and spinodal
distances grow linearly with the length of the minority ahailhis indicates that the chain
has to stretch proportional to the chain length to reachabeptor. In this limit the stretching
free energy (conformational entropy loss) is expected tprogortional to the chain length
Ng as well and this is in good agreement with the result of Bi§.(b) for large values oRg.
Hence the barridd * has an entropic origin. When the TM extends towards the tecépe
chain has a reduced conformational entropy. The positidheobarrier is invariably close to
the receptor surface, because when the TM is at this baw#tign, there is already a first
contact with the receptor surface (this causes the Landerggno go down). This means
that with increasing length of the TM moiety the barrier caniticreasingly displaced from
the receptor surface.

Arguably more relevant are the systems for whigh< 30 as for these systems the TM
remains inside the corona of the micelle when the recepttariaway. Now the minority
chainisin a more or less homogeneously stretched confamiaside the corona region and
the crown is missing. In this regime the binodal and spindddnces grow also linearly with
the chain length, albeit that the slope is less than for loolgain lengths. One possible reason
for this is that when the minority chain is shorter than hh# toop lengths of the corona
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forming chains, the natural conformation of the minorityachis somewhat less stretched
than the corona chains. These shorter chains therefordtatretch comparatively stronger
to reach the receptor surface. Hence the shorter chainsrageegsively less effective in
capturing the receptor than longer ones.

The height of the energy barrier at the binodal (cf. F5¢6 (b)) is very low in this case.
These low values indicate that already at the binodal théucapfficiency of the TM for
the receptor must be very high. Upon close inspection we sathar complex behaviour
for Ng < 40. Apparently, flower-like conformationdl§ > 30) have a relatively low value
for the barrier height at the binodal. Chains that must aaptite receptor from inside the
corona (g < 30) have a relatively high energy barrier: these chainsliase to stretch to
get out of the corona and then have to stretch further to ghecaeceptor (adding up to a
relatively highU*). Apparently as a result, neblg ~ 30, we findU* to drop, but it must be
kept in mind that the absolute value of the drop is small (u&tkgT). Indeed, we can see
this non-monotonous behaviourdf (Ng) because the absolute values of the barrier heights
is small in this case. Below we find situations that the bai&ght is significantly larger
and then the irregularities f&#*(Ng) 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 quality\Tm—H,0

Obviously, we can construct many different phase diagramdsreext, in Fig. 5.7, we will
collect four different ones in a so-called collection of paaiagrams. The different colours
represent different values for the solvent quality of the: TiMm_n,0 (= 0.1,0.4,1.0 and
3.0). Meanwhile the values of the other parameters in the cdéatipas were maintained at:
XTM-R = —3, XTM—_Lca = 1.0, Nty = 3 (as in the default phase diagram Fig.6). With
decreasing solvent quality, i.e. increasixigiv—n,o the binodal shifts to highehr values,
while the spinodal shifts to lower ones (Fi§.7 (a)). Meanwhile the height of the energy
barrier at the binodal (Figs.7 (b)) increases with decreasing solvent quality. Still therier
height remains below the I&T value so that the kinetics for the TM-R formation is still
expected to remain sufficiently fast. The shift of the birlodith decreasing solvent quality
is attributed to the fact that the TM-R affinity also has a salvquality induced part; the
effective adsorption energy increases slightly. Below vilesge that with increasing affinity
between the TM and the receptor the binodal shifts drambtimethe right.

One clear consequence of the increasing repulsion betwiglesn@ water is an induced
adsorption energy for the TM to the core. This is reflectedrogpessively longer minority
chains that can maintain their TM within the hydrodynamiandeter (in the absence of a
receptor), reflected in the length of the solid curves in Big.(b). In more detail, when the
TM has an affinity for the hydrophobic core, the minority ahhas a loop-like conformation,
similarly as the corona forming chains. For very poor solwemditions xtm-n,0 = 3.0, the
local minimum of the Landau energy near the surface appearthés implies a finite energy
barrier near the core (i.e., a barrier associated to thergiso transition) and therefore the
spinodal curve suddenly drops to very negatlvevalues, see Fig5.7 (a). Fortunately, as
the energy barriers still remain modest, the spinodal ciave not very relevant in this case;
the key feature is the binodal.

The intricate behaviour found for tHé*(Ng)-curves in Fig.5.7 (b) easily catches our
attention. However, the energies involved in these irragigs are very small. On top of the
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effect discussed above (the flower-like conformationstgeailower barrier than internalized
minority chains), we now also have an extra contributiornt desorption-transition of the
TM from the core. Hence the extra energy needed to decouplENhfrom the hydrophobic
core and the stretching (unfolding) of the hydrophilic pafrthe diblock copolymer, may
induce one extra maximum and/or minimunn(Ng), noticed for small values dfi.
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Figure 5.7: (a): Collection of phase diagrams in thg Ar coordinates. The solid curves are the binodal
conditions and the dashed curves represents the spingd#isthe height of the energy barrigr* at
the binodal as a function of the chain lenddf. The solid curves in panel (b) indicate that the TM (in
the absence of a receptor) is within the hydrodynamic diameatd the dotted curves indicate that the
TM is outside the hydrodynamic diameter. The colours regredifferent parameters, namely black:
XTM=H,0 = 0.1, red:Xtm—n,0 = 0.4, blue:xtm-H,0 = 1.0 and greenxtm—n,0 = 3.0 (spinodal curve

is for Ar < 0 and therefore not plotted). Other parameters as in3-@.

5.3.1.2 Influence oiNty

In this subsection the attention is drawn to the number ofesds at the end of the minority
chain. Changes in this value represent a larger/smaligetiag moiety. AlternativelyiNr v
can be seen as a series of targeting moieties in a row. As ampdeaNT =10 andxtm_r =
—3 can be regarded either as a single targeting moiety @fkDa with a totalyty_-r =
—30 (10x —3) or as 10 repetitive targeting moieties each witlgtay_r = —3, the latter
interpretation has our preference. The effect of the molassror repetition of targeting
moiety (Ntm) units is collected in a collection of phase diagrams giveRig. 5.8, lengths
ranging from 1 to 10. Other parameters were the same as irefaeltphase diagram Fig.
5.6.

Inspection of Fig. 5.8 (a) and (b) reveals a clear trend that more repeating tageti
moieties gives a shift of the binodal and spinodal curvesitgdrAr values and an increase
of the corresponding energy barrier at the binodal; agdieradrgy barriersy{*) remain
below 3kgT. These trends may be explained by the fact that more rejeatiits of the
targeting moiety effectively give a stronger TM-R inteiant(see also results below). There
may also be an entropic effect that as one particular TM-Ramiiis not realized there is in
close vicinity another targeting moiety capable to contethe receptor. There is a subtle
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effect that the largeNty requires a shortelg block lengths to keep the TM within the
hydrodynamic diameter, see Fic.8 (b). This implies that largeNry for the sameNgs
block lengths establishes TM-R contact at highewvalues. When we add the length of the
TM and the spacelg we again see that the non-monotonous behaviold*@gNg) occurs
atNs + Nty = 30, and thus should be attributed to the (undesired) foomatdf flower-like
conformations of the minority chain (in the absence of tleepgor).
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Figure 5.8: (a): Collection of phase diagrams in tNg Ar coordinates. The solid curves are the binodal
conditions and the dashed curves represent the spinodalBh@height of the energy barrier* at the
binodal as a function of the chain lendtj. The solid curves in panel (b) indicate that the TM is within
the hydrodynamic diameter (when the receptor is absentjtendotted curves indicate that the TM is
outside the hydrodynamic diameter. The colours represéfateht lengths of the TM, namely black:
Nrm =1, red:Nrv = 3, blue:Ntyp =5 and greenNr iy = 10. Other parameters as in FB§6.
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5.3.1.3 The influence of the affinity of the TM for the receptorxtm-r

We have already mentioned twice that when the TM has a higdfiaityfor the receptor,
the translocation transition occurs at larger distancéaden the receptor and the TM. In
this section we take a closer look to this TM-R affinity paréene A collection of phase
diagrams is presented in Figh.9 for xtm—r (-3, =6, —12 and —18) while the remaining
parameters were the same as the default phase diagram ib.Eign line with expectations
we observe that the binodal distance shifts strongly, aadiimear fashion, to larger distances
with increasingly negative values gfv_r. Remarkable, as can been seen in Bi§.(a), for
this range of parameters the spinodals overlap within ticaracy of the lattice model and
hence there is just one dashed red curve. The corresponalingsvof the energy barrier at
the binodal Fig.5.9 (b) is a linearly increasing function of the absolute valfigpy_r. As
the barrier can easily become larger than the threshol@é\&BkgT (for the xtm_r —3 and
—6 values) we now also present for these caseld the3-curve in Fig.5.9(a) (dotted curves).
Again, these 'practical spinodal’ curves are given becausenvision that an energy barrier
of 3kgT can easily be passed and these practical spinodal valuesoaesrelevant than the
true spinodal (and the binodal) curves. The practical spahdistances increase slightly with
stronger affinities between TM-R. In passing we note thah witreasing affinity of the TM



116 Design of block copolymer based micelles for active aasbjve targeting

for the receptor the irregularities th* (Ng) still exist but become less clearly visible.

As long adu* < 3 we take the binodal and above this valuelthe- 3-curve to estimate
the relevant 'capture distance’. Inspection of Fig9 (a) then reveals that with increasing
affinity of the TM for the receptor the 'capture distance’r@ases continuously, but does not
easily go beyond the 10 nm (fd\z < 30) value.
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Figure 5.9: (a): Collection of phase diagrams in tiNg-Ar coordinates. The solid curves are the
binodal conditions, the dashed curves represents thedadsand the dotted curves are drawn for the
U = 3 kgT condition. (b): The height of the energy barri¢t at the binodal as a function of the chain
lengthNg. The solid curves in panel (b) indicate that the TM is (whem tixceptor is absent) within
the hydrodynamic diameter and the dotted curves indicatetlie TM is outside the hydrodynamic
diameter. The colours represent changes in TM-receptanitgffinamely red: x1m_r = —3, black:
XTM-R =—6, blue:xtm_r =12 and greenxtm_Rr = —18. Other parameters as in Fig6.

5.3.2 Optimization and discussion

Finally, after the assessment of the relevant modelingtipptameters on the phase diagram
and the free energy barrier* we will now zoom in onto systems with some preferred tar-
geting design. The optimal design obeys to a set of conditinost of which we already
encountered above. (i) The TM should not have a strong affiaitthe core. As long as the
affinity for the receptor exceeds that for the core, fem_r < XTm-_LGa, the translocation
transition is still expected to occur. But, as soon as thaigfffor the core is significant,
the total free energy barrier, that is the desorption- plasdlocation barrier, is expected to
be correspondingly higher, so that the kinetics becomegrpssively (exponentially) slower.
(ii) There exists a minimum affinity of TM for Ryrm-_r < —3. When the affinity is too low
the binding is not expected to take place in a significantifash(iii) The TM should not be
too hydrophobic, that is¢tm—n,0 S 1. Various complications are foreseen for hydrophobic
TM. First of all, in the preparation the TM may be internatizaside the (glassy) core, and
can then only be released when the core is degraded. Sectimelly is a solvent-induced
affinity for the TM to adsorb onto the core. Then some extraggnis required to desorb the
TM from the core. Thirdly, hydrophobic TMs are expected tadnon-specific affinities for
apolar substrates (molecules, receptors, tissues, map®)raBinding to these entities will
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decrease the ultimate efficiency of the targeting micel. The minority chain should be
short enough so that the TM is kept inside the corona as lonlgeaseceptor surface is not
in capturing distance. When the minority chain is too shibe, translocation is impossible.
Hence the longer the minority chain the better. As long asTiMeis ideally repelled by
the core, the maximum length of the minority chaiNisy + Ng ~ 30. (v) The number of
repeating TMs along the minority chain is preferably notwv&mall. In the current system
we have focused on linear chain architectures. We argudtthtnds also model for the
case that a minority chain has a branched or dendritic emgphfeat which features several
TM to be coupled to one or more receptors, albeit that theilddta this will be slightly
different. Alternatively, one can include multiple mintyrchains inside a micelle to enhance
the capturing efficiency.

We here like to argue that the capture distance, whidkriswhen the energy barrier is
low, and the distancAr whenU = 3 kgT, should be as large as possible. When this value
is sufficiently large the minority chain can in practicalusitions circumvent obstacles and
wonder around, which is important when the micelle is neairdividual receptors (different
from our modeling assumption that the receptor is aroundticelle). The following results
are presented with the idea in mind to maximize the captstanice.

From these requirements we have identified two parametectidbserve a closer invest-
igation, namely the affinity of the TM with respect to the rptme xTm-r (We choose values
-3, -6, —12 and —18) and the number of repeating units of TMeémtinority chain. Larger
values of these two parameters give larger capture dissai@tber parameters are the same
as for the default system (cf. Fi$.6). This means that we still ignore a significant affinity
of the TM for the core and insist on good solvent conditionstfi@ TM ( Xtm-n,0 = 0.4).
The requirement to focus on the longest possible minorigircprompts us to fix the total
length of the minority chain tdry + Ng = 35 (slightly larger than the value advised above
to press our luck). In Fig5.10we present a set of phase diagrams in the coordintgs
(longer values imply shorter spacer lengitig versus the receptor distanfie. As typically
U* > 3, we only present the spinodal curves (dashed) and the3 kgT curves (dotted).

It follows that forNg + Nt = 35 a wide array of spinodals and practical spinotlais 3
ksT can be realized. Let us first discuss the practical spindmdause these are of primary
interest for the application. The practical spinodalst@tbturves) foNty = 1 (andNg = 34)
can be realized a&tr = 2 nm forxtm_r = —3,Ar =4 nmfor xtm_r = —6 andAr = 6 nm for
XTm—R = —12 and —18 (the difference vanishes in the lattice approtkims). The larger the
Nrm value the largeAr for the practical spinodals, although for the smajgefs—_r values
(-3 and —6) the practical spinodals reach a plateau valdg at5 nm for xtm-r = —3
and atAr =~ 10 nm for xtm_r = —6. Meanwhile the practical spinodals fgfy_r = —12
and —18 still show a more or less linear growth/sfwith N1y, enabling a record TM-R
capturing distancAr =~ 6 nm up toAr ~ 15 nm forNry = 20. For the higher TM-R affinities
the saturation of the 'capture distance’ is expected to ofmueven larger values dftry.
Note that the practical spinodals fgty_r = —12 and —18 (dotted blue and green curves) are
close to each other. For small values\gfy the practical spinodals fofry-r =-12 and —18
effectively coincide, while for larger values Wiy a constant difference of just 1 nm forAr
is maintained. This implies that the 'capture distance’as easily increased by increasing
the affinity xtm_r to even larger values. However, increasigy remains effective as a
means to increase the capture distance as mentioned aliadyill elaborate on why this
is the case below.
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Figure 5.10: (a): Collection of phase diagrams in tNe 1 Ar coordinates for TM situated within the
hydrodynamic diameter. The dotted curves are the pradpiabdald) = 3kgT and the dashed curves
represents the spinodals. The colours represent diffeeeaimeters, namely regirym_r = —3, black:
XTM—R =—6, blue:xTm—_r =—12 and greenxtm_Rr =—18. The other calculation parameters are similar
to the default system (cf. Fid.6). Here we have chosen for the longest possible minoritynshahat

is we have implemented the constraiity + Ng = 35.

The difference between the spinodal (dashed curves) angr#iotical spinodals (dotted
curve) is indicative for the height of the energy barrierta binodal, i.e.U*. When this
difference is very small the value &f* must be a bit larger thanI&T, whereas when the
difference is large, the barrier at the binodal is much latigan 3kgT, see also Fig5.6(a)
and (b). With this information it is of interest to inspecetiwvhereabouts of the spinodals.
The spinodals (dashed curves) coincidégt' = 0 nm for Nty = 2 (andNg = 33) for all
XTM-R Values. Within the accuracy of the lattice, the spinodal)¥ef_r = —6, —12 and
—18 overlap untilNty = 3 from this value the spinodal fgrrm_r = —6 splits off, while
the spinodals foxtm_r = —12 and —18 still overlap untMyy = 5. The spinodals (dashed
curves) in comparison to the practical spinodals (dottegles) first seem to go in parallel
where-after they achieve a maximum difference and frormethethey converge back to each
other. Again, the latter implies that* increases with increasingry. For the spinodals
and practical spinodals ofrm-_r = —3 and —6 this behaviour can be completely monitored
in Fig. 5.10 For the spinodal and practical spinodah@iv_r = —12 this behaviour can be
seen until the maximum difference between the two spinddaksblue curves). The spinodal
and practical spinodal foxrTm—r = —18 (see green curves) only show the parallel part, and
the other features are found fidf > 20 (not shown).

From this optimisation study we conclude that it is posstblincrease the capture dis-
tance to at least 15 nm. This distance is significant as it th@same order or a bit larger
than the size of the corona. Apparently it is possible tacréhe minority chain by a factor
of more than two to reach the receptor surface. Of courseetlagiviely long series of TM
contributes to this remarkable finding. A long sequence ofsTdtIthe end of a relatively
short spacer, allows the position of the barrier to be sigauifily displaced from the receptor
surface. In a good approximation this distance scalesdiyn@ath Nty (not shown). The
further the barrier is displaced from the receptor the lessninority chain has to stretch to
reach the barrier. That is why the overall barrier heightreamain so low while the receptor
is relatively far away.
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Thus far we only focused on a single minority diblock copolrmer micelle. We note
that while using the nanoprecipitation method the dibloogalymers are distributed ran-
domly over the micelles and hence it is impossible to achéxaetly one diblock copolymer
per micelle. This implies that some micelles certainly wdhtain more diblock copolymers,
while others remain empty. In order to prevent that some lleg&ontain no diblock co-
polymers it is advised to aim at an average of esg10 diblocks per micelle in order to
achieve that at least the majority of all micelles contaileast one diblock per micelle. Also
in order to increase the probability on TM-R contact we sdanotorporate more than one
diblock copolymer per micelle. We recall that the coronadmposed of over 200 tri-block
copolymers and therefore having 10 minority chains is skiffected to be only a slight per-
turbation. We have checked that his is indeed the case (petrgh In these cases we found
that each minority chain behaves independently from albthers and therefore we simply
can linearly add up the capture efficiency. In other words pifobability for a TM-R contact
will increase linearly with the number of minority chainspeicelle.

Here we only focused on repeating TM in a linear chain-aechitre. Other architecture
can still be handled by the SF-SCF machinery. It can be tharaeometries (star-like or
dendrimer-like) have even a more pronounced effect on TM1Ract and\r. These could
even be used with larger values fidg while maintaining the TM within the hydrodynamic
diameter and enabling TM-R contact at larger To study such modifications becomes
appropriate when corresponding experimental systemaeewailable.

There are several ways to check the viability of our SF-SCHeting approach and we
hope such experiments will be performed in the near future €@n, for instance, investigate
the strength or possibility of a TM-R connection with atorfocce microscopy to generate
or validate the parameters needed. Another way of checkimgfficiency of the hidden tar-
geting moieties within the micellar corona and their reoeptteraction is by exposing the
micelles to specific antibodies for their targeting moti€omparing against micelles which
do not contain targeting moieties with micelles that cantheir targeting moieties beyond
(flower-like conformations) and within the micellar coroffeomogeneously stretched con-
formations). A similar experiment can also be performedhait immune response evoking
targeting moiety. Again, when the TM is hidden inside theooar this should avoid an im-
mune response, while a clear immune response is generatd v (too long) minority
chains are in the flower-like conformation which exposesiile

5.4 Conclusions

Copolymer micelles are promising structures for passiwk aotive drug delivery applica-
tions. Experimentally it is attractive to use the nanogsitation method to generate micelles
with a well-defined structure and composition. This methad be adopted to include tar-
geting moieties without the need to perform elaborate postessing of the micelles. We
have presented a modeling approach aimed at finding the &eshpters for such composite
micelles to perform as active delivery vehicles. We hopétiia modeling study allows for
a more efficient design of active drug delivery micelles irdioal applications.

We have used the Scheutjens-Fleer Self-Consistent Fi€led5(&-) theory in a spher-
ical coordinate system with concentration gradients in dinection, and implemented a
coarse grained model with appropriate parameters thatlglpsedict the micellar structure
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when triblock copolymers with the PLGA-PEO-PLGA architgetself-assemble through the
solvent-precipitation method. We postulated that it isside to admix a small number of
diblocks PLGA-PEO into these micelles without affecting thverall micelle structure. We
reported an SF-SCF analysis to reveal which diblock copelymolar masses/block lengths
are beyond or hidden within the corona the micelles. We tloended on the hidden ones:
these systems avoid the possible immune response upomipdication in the human body.
At the free end of the diblock copolymer we have attached getarg moiety (TM) or a
series of TMs and we have positioned in the cell-model a tecepirface around a (slightly
simplified) composite micelle. A parameter search was execio find the largest possible
capture distance, that is, the distance between the re@midhe micelle at which the TM-R
contact is efficiently established. We have introduced adiearfree energy as a function of
the distance of the receptor (surface) to the micelle anutiiiled the so-called translocation
transition, wherein the TM jump-like goes from the hiddesigion inside the corona to the
receptor which is outside the corona. Here we have takendH®a estimate that the free
energy barrier (the minority chain has to stretch to reaehréiteptor) for the translocation
transition should be aboutlgT to estimate the experimentally relevant capture distance.
We have shown that it is possible to reach capture distarfcassleast 15 nm. This length
corresponds to the size of the corona and implies that itldhoe possible to double the
stretching of the minority chain in the process of captutimg receptor. On top of this we
formulated a number of design rules. For example, we adisaidthe TM should not be
too hydrophobic. It is also better to prevent specific adsonmf the TM on the core of the
micelle. It is expected that the number of minority chainghie micelle can be larger than
unity without adverse effects. More chains imply a highertaee efficiency, but increasing
the value too much will perturb the micelle structure in uekeen ways. We also speculated
that a branching of the terminal end of the minority chain lsarused to further improve the
design.
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In this thesis the focus is on rationalizing the size andilogdf colloidal particles that
are to be used as drug delivery vehicles, as obtained by tlsnganoprecipitation process
[1, 2]. In this chapter the implications and possibilities forther research and applications
are discussed while the main findings of the previous chater briefly reviewed. Nan-
oprecipitation is an apparently simple process which wasjever, still poorly understood
(3.

When we started this work, nanoprecipitation had beenestluekperimentally quite thor-
oughly, but there was limited understanding of the undedyphysics that determines the
final particle size. A physical picture of the nanopreciia process of hydrophobic mo-
lecules in water and the role of stabilizing surfactants described by Lanniboist al. [4],
and was extended to high concentrations of polymeric hylirbjz compoundsd] and ap-
plied to obtain rather narrow size distributior@®.[ Knowledge of the physics that governs
the nanoprecipitation process could help to rationalize Verious experimental parameters,
such as mixing efficiency/time, surfactant and polymer emi@tion and molar masses, af-
fect the final particle size. This tremendously facilitaties design of a smarter preparation
protocol.

Especially the relation between the physical chemistryyfper and surfactant size and
concentration), the mixing efficiency of this process aredréfsulting particle sizes had been
poorly investigated systematically and understood preshio Only advanced heavy com-
puter simulations permitted to gain some understandindnefrelation between the used
chemistry, the present physical properties and the finallrethe size and loading of col-
loidal particles ¥, 8]. Other approaches were based on more or less design ofimeuer
(DOE) research which fails to give an insight into how exigtmaterial and processing para-
meters influence the size obtained when using the nanojiedimp process.

For many applications where compounds are encapsulatad/taneous control over
both size and loading is a prerequisite. Especially for dietivery applications, more
specifically in oncology, control over size and loading isutiost importance9-14].

A more thorough understanding of nanoprecipitation coule gise to a more general
strategy to apply the resulting particles, for drug delvapplications in medicine. A
key ingredient of drug delivery particles are biocompatilpolymers and amphiphiles
(surfactants and copolymers). The amphiphilic nature dastants or copolymers can be
roughly divided into two separate categories. First, theme water soluble (polymeric)
surfactants, which can be brought into solution by simplsdiving them into water, see
Fig. 1.3 in the Chapter 1. Second, there are non-water sol{galymeric) surfactants
which can only be dispersed into water by special means. @heprecipitation technique
allows to bring the latter in water where they will form catls. During this process
they undergo a transition from good to poor solvent condgioUpon this solvent switch
the polymers can form stable colloidal particles, see Fig4 it the Chapter 1. Both
water soluble and non-water soluble surfactants can betosméke stable nanoparticulate
suspensions of hydrophobic (co)polymers and/or activieetignts in aqueous environments.

For water soluble surfactants combined with hydrophobigmers we tried to grasp the
physics of the nanoprecipitation process into a simplerthessulting in simple analytical
expressions19| for the size dependence based on von Smoluckowski's thHd@y17], as
described irChapter 2. The rapid switch from good solvent to poor solvent for th/peers
results in a coalescence process which can be describedfiby tato account three differ-
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ent time scales: mixing time, coalescence time and protetine. The end particle size is
mainly dependent on the mixing time. The mixing time shows tegimes: the 'slow’- and
the 'fast’-mixing regime. For the slow mixing regime theesid mainly dependent on the
concentration and the viscosities of the solutions butdependent on the molar mass of the
polymer. This dependency, which is linear in the polymerasration, enables experiment-
alists to accurately target specific sizes. For the 'fasking regime the end size is mainly
dependent on the mixing time/speed, however, below a oarigiing time the size attains a
plateau value and cannot be further reduced. Understanflthgse two regimes enables the
utilization of two approaches to generate particles of tatedesired size. First, the polymer
concentration can be increased or decreased in order tim @dasired bigger or smaller size
in the 'slow’ mixing regime. Second, if the polymer concexitbn does not permit to obtain
smaller sizes the mixing time can be decreased by utilizifigrdnt techniques (e.g. using
an impinging jet mixer).

The particles made with water soluble surfactants can bé nsdifferent applications
where a more fine distribution, on a surface or in the bulkypla dominant role and
where fast release is desired. For a fixed particle volumatifna small particles have a
larger surface area and number density compared to bigclesiti This implies that the
distribution of the encapsulated species is better. Eafpggarticles which are stabilized
with surfactants having a high critical micelle concentmat(CMC) will exhibit a fast
release. In the final application drug delivery systems dwedl to a high degree. Then the
particles come into an environment where the surfactantenation gets lower than the
CMC which speeds up the release of the encapsulated comgdupdn this dilution, below
CMC, stabilizer molecules will desorb from the self-orgasd particles whereupon they
can take along encapsulated molecules into the aqueousemént. Medical applications
that require a fast release profile can benefit from this. Adsdood applications (e.g. food
preservatives) these systems could be useful since a ldéttgbution will result in using
less preservative while obtaining a higher efficacy. Slowézase for these systems might
be achieved in case of strong attractions between surfaamanencapsulated compound.

As non-water soluble surfactants we focused on tribloclobapers. These triblock co-
polymers were designed and synthesized in such a way thatithdle block consisted of
polyethylene oxide (PEO). The outer two blocks, equal inanohass/size, were made of
poly-(glycolic-co-lactic acid) (PLGA) or poly-(caprolame) (PCL). The triblock copoly-
mers were synthesized via the ring-opening polymerizatiethod L8, 19]. PEO, PLGA
and PCL were chosen because of their excellent biocomfigtfi20-25] and vast usage in
pharmaceutical applications. Rather than choosing didopolymers we opted for triblock
copolymers. Because the (PEO) corona of these micellemgedéhan the corona of diblock
copolymer micelles. The higher the PEO corona density,dvell the mobility of water res-
ulting in a slower drug release. Prolonged drug releaselesafi time are more beneficial: (i)
from a patient’s point of view, because less treatmentseeeed, (ii) from an efficacy’s point
of view because long and preferably stable drug releasdgs@fie often desired for better
treatment results, and (iii) from an economic viewpointdese less frequent treatments and
longer drug release also cut down costs.

In order to predetermine the relationship between chosemidtry (PEO, PLGA and
PCL), used molar masses and the size of the spherical nsogleemployed Scheutjens-
Fleer self-consistent field (SF-SCF) theoB6f29], seeChapter 3. In order to perform
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SF-SCF computations, several important parameters adedeé&irst, the number of Kuhn
segments and Kuhn lengtBQ, 31] of the used (co)polymers are needed. The Kuhn segment
can be found from literature dat83] and the molar mass, reflecting the polymer’s chain
length, then provides the number of Kuhn segments. Secbad;lory-Huggins interaction

or x-parameter32 is needed. Although it is difficult to exactly measure thargmeter

it can often be rationalized from the hydrophobicity (in tteese water is the poor solvent)
of the polymer. It is possible to rank different polymersacting to their hydrophobicity,
deriving in such a way an estimatgdparameter. Water-octanol partition coefficients and
surface tension measurements can also aid in making a aelivted educated guess for
the x-parameters. Moreover since SF-SCF calculations are¥at(10° times faster than
computer simulations) a certain interval fpiparameters can be calculated in order to assess
their influence. In this way it is possible to see which bloekdths in relation to &-
parameter range are capable of forming spherical micelles. PEO thex-parameter is
known and for PLGA and PCL thg-parameter can be derived from their hydrophobicity.

Chapter 3 explains in detail how SF-SCF for spherical triblock copoér micelles
is performed. We checked our theoretical predictions witheeimental findings. To
characterize the size we calculated the hydrodynamic demg®;) from SF-SCF using
Brinkman-Debye theory33, 34] and compared this with hydrodynamic sizes measured
by dynamic light scattering (DLS). We concluded from thisngarison that given certain
chemistry and molar masses SF-SCF can be used to designedqumithed size of spherical
micelles. SF-SCF can be used as a tool to unravel the stesfitaction relationship between
copolymer composition and micellar size and morphol@&$}.[Hence, SF-SCF predictions
allow for more efficient experimentation. If some applioas demand a specific chemistry
together with a desired size, one can easily assess whetlsepadssible, by tuning the
molar mass of the desired chemistry, to achieve this desimgl by performing SF-SCF
calculations.

In Chapter 4 we studied the simultaneous tuning of size and loading. SF{8edictions
of loading versus size were compared with experimental datealing that SF-SCF is an
excellent tool to predetermine the loading capacity of aateicopolymer composition and
the influence of this loading on size. This approach enalbledesign of predetermined
size and loading of spherical micelles. @hapter 4 we also checked the stability of these
spherical micelle formulations in time. As expected ongalrblytic, degradation of PLGA
starts the stability of these micellar formulations onlgrthis affected 22, 35]. Ostwald
ripening B6] was not detected for these formulations indicating thaftarticles appear to be
equilibrium structures. Our approach of loading block dgpeer micelles with hydrophoic
(co)polymers and/or active ingredients allowed to modify $ize of polymeric nanoparticles
[37].

However, these spherical micelles are not indefinitelylstaban aqueous environment.
Since hydrolytically degradable (co)polymers are useatjray them in an agqueous suspen-
sionshortens their shelf life, there is a need to find a wayrévgnt this. If the aqueous
environment is removed (e.g. by evaporation or freeze djtime micelles will collapse and
then they are not resuspendable to their original size angmidis collapse can be prevented
by cross-linking the copolymers inside the micelles. Suchapproach would demand an
additional processing step after the nanoprecipitatimtess. This post processing step
often demands the usage of cross-linking chemistry whiah affect the encapsulated
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cargo (by unwanted chemical reactions) and may need reraftealcross-linking has been
performed. Another option is to replace the aqueous enrisamt with a hydrophilic and
biocompatible (polymeric) liquid which does not promotedhylytic degradation upon
storage. Alternatively, it may be possible to perform th@amecipitation process in a
hydrophilic (water soluble) and biocompatible polymerieltwhich solidifies upon cooling.
In the solid polymer matrix the micelles get embedded whicy mrovide a solution for
long term storage. This solid matrix can afterwards be win® a powder, by e.g. milling,
which reduces the solubility time and suspension of the ieie@rior to application.

Besides using SF-SCF to study passive targeting micellesyiing size and loading,
it can also be used to study active targeting by analyzinggetimg moiety (TM) into the
micelles and study the possibility of linkage with the relcedR). This is the subject of
Chapter 5. Diblock copolymers with a targeting end group (targetingjety), targeting dib-
lock copolymers, were added to triblock copolymer baseckli@s. A theoretical study was
performed using SF-SCF in which a micelle composed of mixedrd triblock copolymers
was brought closer to a surface with a receptor. From the GF<&lculations a maximum
interaction distance could be derived. This defines theeawgr which a targeting moiety
can jump to the receptor. The maximum interaction distagsdke largest distance between
micellar surface and receptor for which TM-R contacts aresfide. TM-R contact is only
possible after crossing an energy barrier. Interactiomgesless thar: 3kT are considered
to be spontaneous, enabling targeting moiety-recepterdntion. In general these targeting
moieties are attached to the micelles after the formatiath@fmicelles which implies that
the reactants need to be removed from the system. We envisiog the nanoprecipita-
tion method to prepare these micelles to omit this postgssing step and incorporate the
targeting diblock copolymers within the micelle upon naremipitaion.

Since the synthesis of these targeting diblock copolynmeiimplicated and expens-
ive, we strived to come to an optimized design using as liflehese targeting diblock
copolymers as possible, while maintaining targeting nyoietceptor interaction. The
optimized design takes into account the relevant intesaqgiarameters of the whole system.
In addition, we varied the lengths of the hydrophilic PEOdi®f the targeting diblock
copolymer in order to assess the possibility that even whertdargeting moiety is hidden
within the micellar corona targeting moiety receptor iation could still be achieved.
Hiding the targeting moiety within the micellar corona, wihis regarded as stealthy, may be
beneficial in avoiding undesired immune responses possildied by the targeting moiety.
Our theoretical SF-SCF calculations show that it is indeeskible for a targeting moiety
hidden within the micellar corona to maintain its receptteraction. Another benefit of
using short targeting diblock copolymers is that the sditybfor copolymers having a
smaller hydrophilic block is lower. This is beneficial forarllar 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 otbeputer based simulations (order
of magnitude 16 to 1(°), (ii) before starting synthesis of copolymer surfactamte can
calculate the desired polymer architecture for a desiresnistry in order to obtain desired
size and loading, (iii) targeting moiety recpetor intei@a$ can be modeled giving insight in
maximum interaction distance and required interactiomggné€iv) it is a valuble toolbox for
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the design of passive and active targeting micelles. The aiaadvantage of SF-SCF is that
for some desired chemistry the needed input parameter®areadily available. They have
to be estimated, experimentally determined or calculat®i;h can be difficult.

In this last paragraph we would like to propose suggestionguture investigations as
a follow-up of the research described in this thesis. Thétald design the proper poly-
mers using theory for passive and active targeting offerexabfle toolbox to develop drug
delivery applications. However, once an application idglesd at a desired size, loading and
envisioned receptor target, it needs to be assessed farftrmance.

First, the micelles containing a targeting moiety shouléxgerimentally made and char-
acterized. The functionality of micelles with a targetingiaty can be studied using an an-
imal study. There are mouse models which allow to monitoratt@imulation of particles
within tumor tissue due to the enhanced permeation andtiete(EPR) effect for pass-
ive targeting. The EPR test will allow to practically confimtich micellar size(s) or size
ranges result in an improved performance/higher accuioulaf micelles in the tumor tissue
without using the targeting moieties. Since tuning size laading is easily performed util-
izing SF-SCF one may find an optimal system using as littleassiple of the active agents
and enabling improved release profiles resulting in a mdieiait, less repetitive medical
treatment.

Second, the active targeting capabilities need to be coedirim practice.In vitro cell
testing can be performed revealing when an improved effigielue to active targeting is
achieved or not. One could easily compare similar sized lieg®ithout targeting moieties,
and with targeting moieties, both beyond and within the traceorona. Adding these three
systems to a cell culture which has an expressed receptdreocetiular surface can reveal
the efficiencies of the systems after the cells are sepa(btediashing for instance) from
non-bound micelles. An encapsulated fluorescent dye witlkdy reveal the differences in
active targeting capabilities by using different visuatian techniques.

Thirdly, it is useful to study the maximum interaction dista. To validate the maximum
interaction distance it is possible to deposit receptora atirface surrounded by brushes
which hold the micelles from the receptor at a distance larggual and smaller than the
(modeled) maximum interaction distance resulting in a ficatmaximum interaction dis-
tance. In a biological system it might not be possible for aeiié¢ to approach its target
closer than a maximum interaction distance. It can very belhat other species present on
a cellular surface (e.g. sugar chains; the so called patysaitle trees or other molecules),
by steric hindrance, depletion, repulsion or other reagoegent the micelle to come close
enough to the receptor to establish a bond. Therefore thetigghmaximum interaction
distances still need to be assessed in a cell culture takiogaiccount that the (biological)
maximum interaction distance in a biological system mighstnaller than the practical and
modeled results.

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

We envision that if all above mentioned tests give positegutts one could tailor make
micellar based active and passive targeting drug delivepji@ations for cancer treatments.
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Since the detection of cancer is difficult in early stageg, uthe small tumor sizes or wide
distribution of tumor cells (metastasis) throughout théypthese passive and active targeting
micelles could offer a solution. Due to their high efficieribgy can be administered in low
guantities and accumulate in high concentrations in theip&umor tissue. Ultimately, they
might even be used as preventive treatments for cancelikesiaccination for flue.
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Summary

Many active ingredients like drugs, preservatives andmiita are hydrophobic. In most
applications for food and pharma, however, they need to betienal in agueous environ-
ments. In order to facilitate their usage in aqueous enwir@mts one needs a way to enable
the dispersion of hydrophobic compounds into submicrotigles in water in a controlled
manner. We investigated the stabilization by surfactantsencapsulation into micelles of
hydrophobic compounds using the nanoprecipitation metfbé research described in this
thesis is about building more understanding of the nandgpitaion method in relation to
the relevant physical chemical parameters. The theotetsalts led to predictions that
were compared to experimental data. For water-solubleastanfits as stabilizers in the
nanoprecipitation process a new theory was developeddtertile process parameters to the
final particle size. For non-water-soluble surfactantseehsistent field theory was used in
order to unravel the structure-function relationship kew used copolymer chemistry and
the form and morphology of the obtained particles, spheniseelles and their size.

In Chapter 2 we analyzed new and existing experiments onaheprecipitation method
using water-soluble surfactants as stabilizers in a sysiermanner. These were interpreted
in terms of a new theory that links the process and materigbgaties to the final particle
size. The nanoprecipitation procedure consists of quegchpolymer solution from a good
to a poor solvent containing surfactant solution. Threerattaristic time scales can be
identified which affect the final particle size, see Fify. First, the mixing time {mix) was
identified; the time needed to mix the polymer solution (paody in good solvent) into the
surfactant solution (poor solvent). Second, the coalescgme () was identified; the time
needed for the collapsed polymer chains to coalesce intgebidroplets and subsequently to
harden out into particles with long term storage stabiligst, the protection timerfr,) was
identified; the time that the surfactant molecules need topetely cover the coalescing
droplets and by this stop the coalescence of the collapsbaingo chains/droplets. The
two latter characteristic times are intrinsic propertiéshe used solvents, surfactants and
polymers and cannot be changed without addition of extva/melecules. However, the
mixing time is the only parameter which can be changed witmoodifying the material
properties of the system. The mixing time can be easily dabi the method of mixing
the good and the poor solvent. Using a pipette to mix the twotisms will result in a
'slow’ mixing time regime and utilizing for instance an inmgient jet mixer can result in
a 'fast’ mixing regime. For both mixing regimes a clear atial expression could be
derived enabling more efficient experimentation in ordeoltain a specific final particle
size. For the 'slow’ mixing regime the relation between fipatticle size R%“d) was found
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Water miscible (‘good’)
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Figure 1: Different stages of a nanoprecipitation experiment: (@jdgily 1 mL of a 10 mg/mL of
polymer solution in good solvent is added to 10 mL of 1 wt% actdint solution in water; (b) the mac-
roscopic mixing step; (c) the initial state of the systemsidered: polymer spheres are homogeneously
distributed within the experimental volume; (d) end of tkperiment: polymer spheres have coalesced
until a protective layer of surfactant protects the indisdtispheres against coalescence.

only to be dependent of the used polymer concentratipg) @s R‘;”dw Cmp. The practical
interpretation of this analytical expression is ratherggén an eight times higher polymer
concentration will resultin a two times bigger final parisize. For the fast’ mixing regime
the analytical expression can be interpreted also in an wagy the faster the mixing the
smaller the final particle size. Below a certain value for ithiging time the final particle
size attains a plateau value; even faster mixing will nothieir decrease the final particle
size. When using water-soluble surfactants the releadeeatdrgo, which in practice often
takes place after significant dilution, is expected to bé fasorder to increase the release
of the encapsulated compound(s) in time we incorporatedtinactant functionality into
a non-water soluble triblock copolymer (in Chapter 3 and®)is results, even upon huge
dilution, in an extended release profile in time.

In Chapter 3 we employed self-consistent field theory for-nater-soluble surfactants
in order to relate the (block copolymer) surfactant chemyith the size and composition
of the resulting spherical equilibrium micelles. The saotéats, triblock copolymers
synthesized via ring-opening polymerization, were em@tbyn the nanoprecipitation
process in order to make spherical micelles, see Rig.The theoretical predictions were
compared to the experimental results and it was concludgd#if-consistent field theory is
an accurate theoretical tool to predict the size of sphiemazelles given a certain chemistry
and composition of the copolymers and the conditions regitio form these micelles.

In Chapter 4 we experimentally studied whether hydrophabimpounds (polymers,
different active ingredients or a mixture of the two) wereled in order to verify whether
these spherical micelles could be loaded by these compou¥ids investigated the en-
capsulation behavior of these micelles for hydrophobic poumds both theoretically and
experimentally and considered the influence of the sizeHerniicelles. From both the
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+ triblock copolymer

Water miscible (‘good’) solvent U
+ (in) active ingredient

Water (‘poor solvent’)

Figure 2: Cartoon of the nanoprecipitation process for triblock dgpr micelles. Typically 0.4 mL
of a 45 mg/mL of copolymer solution in good solvent is addetiGonL water. Upon this mixing the co-
polymer shifts from a good solvent to a poor solvent evokhggformation of micelles. If an (in)active
ingredient (which is hydrophobic) is added together with ¢tbpolymer to the good solvent it accumu-
lates upon solvent switch within the hydrophobic micellarecresulting in micelles encapsulating the
(in)active ingredient.

theoretical predictions and the experimentally obtainathdt followed that these micelles
can be used for encapsulation of hydrophobic compoundsedier, the theoretical predic-
tions matched with the experimentally obtained data. It e@scluded that self-consistent
field predictions can be used to predict the size and stalfitspherical micelles with
encapsulated hydrophobic compounds.

Tuning size and loading is mandatory for passive targetinglieations because the
particle size mainly determines the biologic faith. In arde enable active targeting,
utilizing a targeting moiety and (specific) receptor intgi@n is needed while maintaining
the stealthy nature of the spherical particles developé&hapter 3 and 4. In Chapter 5 we
performed a theoretical self-consistent field study on spakblock copolymer micelles
to investigate whether it is feasible to hide the targetirgeaty within the micellar corona
while maintaining receptor interaction. We determined mieeximum interaction distance
wherefrom targeting moiety receptor connection can bebéisteed and the required energy
barrier at different distances. The outcome of these catliculs was used to design a
(theoretical) optimized system for active targeting.

We used self-consistent field theory to calculate the simalihg and targeting capability
of triblock copolymer based micelles enabling both pasaivé active targeting and verified
our calculation results experimentally. Although the \atiargeting predictions were not
verified experimentally we established a design for pasaikactive targeting micellar ap-
plications for, for instance, drug delivery applicationsil® maintaining the stealthy nature
of these micelles.






Samenvatting

Actieve ingrediénten zoals medicijnen, conserveermalden vitaminen zijn vaak onoplos-
baar in water. In de meeste toepassingen voor voeding erafatoygie is het echter nuttig
wanneer zulke ingrediénten fijn verdeeld worden in een niggeomgeving. Om hun
gebruik in een waterige omgeving te vergemakkelijken is et manier nodig om deze
ingrediénten op een gecontroleerde manier te dispergenaater. In dit proefschrift staat
onderzoek beschreven naar de stabilisatie door middel ppearaelakteactieve stoffen en de
incapsulatie in micellen (deeltjes bestaande uit oppkteétieve stoffen). Deze stabilisatie
en incapsulatie van niet-wateroplosbare stoffen werdadisezrd door gebruik te maken van
de nanoprecipitatie methode.

Het onderzoek beschreven in dit proefschrift handelt oe¢blegrip van de nanoprecip-
itatie methode in relatie tot de relevante fysisch-cheh@sparameters. De theoretische
begripsvorming werd aan de hand van experimentele datetgetoOm in staat te zijn
deelties met eera priori gewenste uiteindelijke grootte te maken met wateroplasbar
oppervlakteactieve stoffen werden verschillende parareegecombineerd tot een eleg-
ante begrijpelijke analytische uitdrukking in hoofdstuk ZTijdens de nanoprecipitatie
methode worden, in aanwezigheid van oppervlakte actiesffent polymeren van een
goed oplosmiddel naar een slecht oplosmiddel gebracht. d&ie overgang van goed
naar slecht oplosmiddel werden drie verschillende tijdakn geidentificeerd, zie Fig.
1. De grootte van deze drie tijdsschalen bepalen de uitejkeealeeltjesgrootte. Als
eerste werd de mengtijd geidentificeerd; de tijd die nodigin de polymeeroplossing
(polymeer in goed oplosmiddel) te mengen met de oplossinglesopperviakteactieve stof
(slecht oplosmiddel). De tweede tijdschaal is de coalastgd; de tijd die de gekrompen
polymeerketens nodig hebben om zich samen te voegen t@rgnoolymeerdruppeltjies om
vervolgens uit te harden tot deeltjes met een lange opstdajlitgit. Als laatste werd de
beschermingstijd geidentificeerd; de tijd die oppendaktieve stof moleculen nodig hebben
om het hele oppervlak van de polymeerdruppels te bedekkardwar het coalesceren van
de polymeerdruppels tot een einde komt. De twee laatstged@dijden zijn intrinsieke
eigenschappen van de gebruikte chemie (oplosmiddel, msyrnen opperviakteactieve
stof) en kan niet worden veranderd zonder toevoeging vara et nieuwe moleculen.
De mengtijd daarentegen is de enige parameter die verahkd@rdvorden zonder enige
verandering van de materiaaleigenschappen. De mengtijé&avoudig worden veranderd
door een andere mengmethode te gebruiken. Gebruik van peinoph de twee oplossingen
te mengen zal resulteren in een langzaam mengregime. Do@peeiaal mengapparaat te
gebruiken kan de mengsnelheid worden gevarieerd. Vooebaighgregimes (langzaam en
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Water mengbaar
(‘goed’) oplosmiddel; aceton
+ (in) actief ingredient

Water (‘slecht oplosmiddel’)
+ oppervlakteactieve stof
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Figuur 1: Verschillende stadia van een nanoprecipitatie experim@)jtgewoonlijk wordt 1 mL van
een 10 mg/mL polymeeroplossing ('goed’ oplosmiddel) bijD van een 1 gew% (gewichtsprocent)
oppervlakteactieve stof oplossing toegevoegd ('sleghibemiddel); (b) de macroscopische meng stap;
(c) de initiéle staat van het systeem beschouwd: polymeppels zijn homogeen verdeeld in het exper-
imentele volume; (d) einde van het experiment: polymeglels zijn gecoalesceerd totdat het gehele
oppervlak bedekt is met een beschermende laag van oppeattieve stoffen die de individuele drup-
pels beschermd tegen verdere coalescentie.

snel) kon een analytische uitdrukking afgeleid worden. Badische vergelijkingen stellen
experimentatoren in staat om efficientere experimentete woeren met als doel om deeltjes
met een specifieke uiteindelijke deeltjesgrootte te makéror het langzame mengregime
werd gevonden dat de (uiteindelijke) grootte deeltjesgeo(Rf)"d) enkel afhankelijk is
van de gebruikte polymeer concentratggf) in het goede opIosmiddeR%“dw Cmp. De
praktische interpretatie van de analytische uitdrukkegrij simpel; een acht keer hogere
polymeer concentratie resulteert in een twee keer groteetjesgrootte. Voor het snelle
mengregime kan de analytische uitdrukking ook op een sienp&nier geinterpreteerd
worden; sneller mengen leidt tot kleinere deeltjes. Ondmr bepaalde mengsnelheid
bereikt de deeltjesgrootte een plateau waarde; snellegemenal de deeltjesgrootte niet
meer beinvloeden. Wanneer wateroplosbare oppervidigeastoffen gebruikt worden om
niet-wateroplosbare stoffen (actieve ingrediénten)ntapsuleren wordt verwacht dat het
vrijkomen van deze stoffen snel is. om dit vrijkomen te vagin is de oppervlakteactieve
functie geincorporeerd in niet-wateroplosbare triblapalymeren. Dit resulteert, zelf
tijdens significant verdunnen, in een vertraagd vrijkoman ge actieve ingrediénten. Voor
wateroplosbare oppervlakteactieve stoffen werd een réetheorie ontwikkeld om het
verband tussen proces parameters en de deeltjesgrooterterkbegrijpen.

In hoofdstuk 3 werd voor niet-wateroplosbare opperviattiese stoffen, de reeds
bestaande, Scheutjens-Fleer zelf consistente veld th¢B8R-SCF; Scheutjens-Fleer self-
consistent field) gebruikt. De SF-SCF theorie maakte hetatijigom de structuur-functie
relatie tussen de gebruikte blok copolymeer (opperviakieee stof) chemie en de vorm,
morfologie en grootte van de verkregen deeltjes, bolvoemigcellen, te ontrafelen.

Voor niet-wateroplosbare oppervlakteactieve stoffendw8iF-SCF theorie gebruikt om
een relatie te verkrijgen tussen (blok copolymeer) oppditelactieve stof chemie, fysische
kenmerken en de grootte van de bolvormige micellen. De ofgideactieve stoffen,
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Water mengbaar (‘goed’)

oplosmiddel
+ tri-blok copolymeer
+ (in) actief ingredient

Water (‘slecht oplosmiddel’)

Figuur 2: \oorstelling van het nanoprecipitatie proces voor micelgemaakt van tri-blok co-
polymeren. Gebruikelijk wordt 0.4 mL van een 45 mg/mL copader oplossing, in goed oplosmiddel,
toegevoegd aan 10 mL water, slecht oplosmiddel. Tijdensieeigen van beide oplossingen ondergaat
het copolymeer een overgang van goed naar slecht oplosimidtiele vorming van micellen veroorz-
aakt. Indien een (in)actief ingrediént (dat niet wateosphar is) wordt toegevoegd bij het copoly-
meer in het goede oplosmiddel dan zal het zich tijdens degawnervan goed naar slecht oplosmiddel
ophopen in de niet-wateroploshare kern van de micel. Dittesrt in de incapsulatie van de (in)actieve
ingrediénten in de micel.

tri-blok copolymeer gesynthetiseerd via ring-opening/pwérisatie, werden toegepast in de
nanoprecipitatie methode om bolvormige micellen mee teamgkie Fig.2. De theoretische
SF-SCF voorspellingen werden vergeleken met de experafeergsultaten. Hieruit bleek
dat SF-SCF een nauwkeurige theoretische methode is om ditegvan bolvormige micellen
te voorspellen met een gegeven compositie van de blok commwBn om deze micellen te
vormen.

In hoofdstuk 4 werden vervolgens, niet-wateroplosbaréesto(polymeren, verschil-
lende actieve ingrediénten of een combinatie ervan),eemegd om te controleren of deze
bolvormige micellen geladen konden worden met deze ni¢tnoplosbare stoffen. Wij
bestudeerden het incapsulatie gedrag van deze micellenniebwateroplosbare stoffen
zowel theoretisch als experimenteel en onderzochten deeidvop de grootte voor deze
micellen. Uit zowel de SF-SCF voorspellingen als de expenirele data volgde dat deze
micellen gebruikt kunnen worden voor de incapsulatie vat-wiateroplosbare stoffen en
dat deeltjes kunnen worden gemaakt van elke gewenste gtosten enkele nanometers en
een paar honderd nanometer. Bovendien kwamen de SF-SCépetlotgen overeen met de
experimenteel verkregen data.

De grootte van de deeltjes is van groot belang aangezienegialend is voor hun
biologische "bestemming”. Indien micellen een bepaaldeotie hebben zijn ze in staat
om zich op te hopen in specifiecke weefsels (bijvoorbeeld tumeefsels). Dit leidt tot
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passief behandelen van (ziek) weefsel. Indien gebruik tvgethaakt van moleculen die
een interactie/binding aangaan met specifieke aangr§pungten, bijvoorbeeld receptoren
op een cel, dan wordt van actief richten gesproken. Om agtiefen mogelijk te maken
voor micellen moeten aan de micel richt'-moleculen gekeldpwvorden die het mogelijk
maken om met receptoren een binding aan te gaan. In hooféissukeoretisch bestudeerd
of micellen gemaakt kunnen worden die zich actief op begasddeptoren kunnen richten.
De uitkomst van deze berekeningen laat zien dat het mogdelgkn deze 'richt’-moleculen
in een micel te verstoppen terwijl ze toch nog kunnen bindehde recpetor als de micel in
de buurt komt. Deze resultaten werden gebruikt om een optisyateem te ontwerpen om
tot actieve micellen te komen.

Wij gebruikten SF-SCF berekeningen om de grootte, incapisulvan niet-
wateroplosbare ingrediénten en het actief richtvermag@mmicellen, gebaseerd op tri-blok
copolymeren, te voorspellen. Voor passieve micellen wetieberekeningen experimenteel
bevestigd. Hoewel het actief richtvermogen van de micatlieh experimenteel werd on-
derzocht zou het mogelijk moeten zijn om voor farmaceuggolepassingen micellen te ont-
werpen die zowel passief en actief gericht kunnen worderpepiiek weefsel.
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