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Chapter One

Introduction



2 Introduction

The general field
The term ‘polyelectrolyte complex’ (PEC) was intmoed several decades agmd

there are several characteristics which can be tesatdbdivide this broad term. PECs can
form in agueous solution when oppositely chargelgigbectrolytes are mixed together. Thus
they can be electrically neutral (stoichiometriangbexes) or charged (either positively or
negatively, usually named non-stoichiometric PERBECs). The PECs can have either a
liquid-like (e.g., complex coacervate) or a frozéolid-like, e.g., complex precipitate)

structure, and, once formed, they can phase separai a macroscopic phase (e.g., a
complex coacervate phase) or stay dispersed iimégium (e.g., in the form of colloidal

particles, stabilized by an electrical double layar as complex coacervate core micelles,
C3Ms, stabilized by neutral hydrophilic chains).r Boschematic summary of some of the

more relevant terms used to describe sub-regiotieed?EC area, see Fig. 1.1.

stoichiometric

complex coacervate
complex precipitate

on-stoichiometric

micellar

C3M BIC
PIC micelle
IPEC micelle

Figure 1.1: Overview of different terms used in tierature about PECs. C3M = complex
coacervate core micefleBIC = block ionomer compléxPIC = polyion comple’’, IPEC =
inter-polyelectrolyte complex (IPEC micélle PEM = polyelectrolyte multilayer. SCP =
soluble complex particfe NPEC = non-stoichiometric polyelectrolyte compl&xThe terms

complex coacervate and complex precipitate are fieft'® and references therein.

One of the earliest publications on complexationoppositely charged hydrophilic
colloids is almost a century dfland concerns the co-precipitation of gelatin amah grabic.

Initially an accidental discovery, this phenomenbacame the main topic for H.G.
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Bungenberg de Jong, with, according to H.R. Krimg, most important paper appearing in
1929". Much of his work on coacervation is summarizedCiolloid Science Il by H.R.
Kruyt'?, from which follows a quote: “If one starts fromsal, that is the solution of the
colloids in an appropriate solvent, then accordmthe nature of the colloid, various changes
(temperature, pH, addition of a substance) cangbaimout reduction of the solubility as a
result of which a larger part of the colloid sepaseout into a new phase. (...) The separated
colloid can either appear in a low dispersed staia higher dispersed states. In the first case
macroscopic or microscopic investigation allows tmelistinguish by crystallization, when
obviouslycrystallineindividuals are formed ancbacervationwhen amorphous liquid drops
are formed (...).” (italics expressing emphasis b Hungenberg de Jorig)

Complex coacervation was defined by the same alittrocomplex coacervatioit are
only the charges on the macromolecules which anearoned in the reduction of solubility
and the associations deriving from it. The Inteiore! Union of Pure and Applied Chemistry
(IUPAC) gives the definition of complex coacervati@s “coacervation caused by the
interaction of two oppositely charged colloids”.

In the following paragraphs we will emphasize thesimmportant properties of PECs,
and shortly discuss various sub-regions, in ordegive the reader a short overview of the
field.

Main parameters
Whether complexation of oppositely charged polyetdgtes occurs, and what type of

complex results depends on the salt concentradiod,the chemical structure and length of
the polyelectrolytes used. If the two oppositelargfed polyelectrolytes are both strong, the
complexation takes place independent of the pldnd is strong and one weak, there is a pH
region where the weak polyelectrolyte will be ungesl and no PECs are formed. For the
combination of two weak polyelectrolytes, e.g. gabtrylic acid) (PAA) and poly(N,N-
dimethylaminoethyl methacrylate) (PDMAEMA), thereillwbe a pH optimum for
complexation (Fig. 1.2). For a stoichiometric amiofiim this case an equal number of charges
of the reacting species) of PAA and PDMAEMA theiopim complexation pH coincides
with the maximum in the product of the charge déessiwhich is at pH 67 Deviation from
this optimum, either by changing the pH or the gbkamtio of the polyelectrolytes, leads to a

decrease in the interaction strength and a lovedilgy of the PEC against addition of salt.
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Figure 1.2: Charge density, of PAA (full line) and PDMAEMA (dashed line), boin 10
mM NaNQ; (data from ref. 13)apaa X appmaeva (dotted line) is a measure for the strength of
the attraction between the two oppositely chargedkwpolyelectrolytes, when mixed in a

ratio of 1:1.

Because the attraction is electrostatic in natwaf is expected to weaken the
complexation. The salt resistance of a particuB€C Rlepends on the polyelectrolyte pair in
question. For NPECs composed of the synthethicepetyrolytes poly(methacrylic acid)
(PMAA) and poly(N-ethyl-4-vinylpyridinium bromide)P4EVP) mixed in a ratio of about 3
to 1, it has been shown that the critical ioniesgth varies in the range 0.2-0.4 M NacCl,
depending on the length of the shortest polyelgged. The fact that the chain length
matters tells us that chain entropy consideratamesneeded in order to fully understand this
system. For the system of the natural polyeledieslyelatin and gum arabic the maximum
critical salt concentration of KCl is about 50 mMThe difference in the critical salt
concentration between the two systems is at leaslyplue to the differences in the charge

densities of the polyelectrolytes.

Driving forces
The main driving forces for the formation of PEQs;ahe decreases in free energy

upon complexation, due to the close approach ofogsositely charged groups (enthalpic

contribution), and counter-ion release (entropictgbution). Which of these two is dominant
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depends on the system and circumstances (backgraeladtrolyte concentration,
temperature). For some systems there is an incisasethalpy upon complex formatibn
which makes these entropy-driven. Secondary drifanges are due to the nature of the used
colloids (hydrophobic groups, hydrogen bonding,.)etend the factors affecting them
(temperature, pH, ionic strength, et®.)These can have large effects on the Coulombic
interaction energy between oppositely charged groagpecially if the dielectric constant of
the medium is lowered, as this can increase tleeantion energy dramatically.

Theoretically speaking, the work of Voorn and Owab is usually seen as a starting
point’. They derived that the gain in electrical freerggeupon complexation is enough to
drive complex coacervation, given that there ardtiple charges on the complexing colloids
18.19 veis and Aranyi tested the theory of Voorn andeek experimentally and found that
in some cases experimental data (showing complegetgation), could not be reconciled
with the theory (which predicted there should bae)o Therefore they adapted the theory,
including solvent-solute parameters (Flory-Huggiasyl ion-pair formation. Veis and Aranyi
showed that complex coacervation can be represeasedr two-step procéSs First,
aggregation of the oppositely charged colloidsvliby electrostatics) takes place, followed
by rearrangement of these aggregates. This reamsery is slow, is driven by a gain in

conformational entrogy, and has been observed in experiments for diffesgstems %

Complex coacervates
Natural polyelectrolytes usually have many chenhycdifferent groups. Gum arabic is

not a single chemical species, but a mixture deddht ones, overall consisting of > 95 %
polysaccharides with a small amount of protein. Boelectric point (i.e.p.) is < 2, and the
charge density is very |6 Gelatin is a protein which is produced by hydsisyof collagen.
The i.e.p. varies depending on the ionic strengthgreparation procedifethe one used by
Bungenberg de Jong had an i.e.p. of 4.8. A famiyplete phase diagram of the complexation
between these two weak polyelectrolytes was oldadoyemixing isohydric (= with the same
pH) sols. This figure shows some important featyfég. 1.3), some of which have been
mentioned here before for PECs. There is a crigadtl concentration, and for each pH (as
both gum arabic and gelatin are weak polyelecteslythere is an optimum mixing ratio,
which is at stoichiometric amount of opposite cleargor a certain pH (about 3.6) the gum
arabic and gelatin have an equal absolute chargsitgeand here the complexation is
strongest as can be seen by the high salt reséstand, hence, the largest gain in the free

energy upon complexation. This can also be dedfimed the fact that the lowest water
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content is found at the same pdift?® which means that the charged groups are closest to
each other and the electrical energy is lowest. iMpaway from the optimum mixing ratio
and/or pH lowers the salt resistance, and the paihtharge reversal are always very close to
the optimum mixing proportion. Also, the complexatitakes place over a range of mixing
ratios of the two oppositely charged componentse Width of the complexation range
decreases with increasing salt concentration andveaare discussing weak polyelectrolytes
here, on the pH as well.

50 L L L [ L ] L L
- 3.75 3.5
- 4.0 3.25
40 b i
—~~ I 4.2
=
E 3l L i
(2) 4.4
20 i 28 ]
i 46 2.6
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Figure 1.3: From ref. 9. Mixing fraction A/(A+G)xpressed as gum arabic, A, over total
colloid content (including gelatin, G), vs. KCI| aantration. Obtained by mixing of two 0.05
% sols of A and G, respectively. The points aresfdutions with 2 % turbidity and the region
below the lines gives a higher turbidity. Numbershe graph denote pH for the points on the

line. Arrows indicate the point of charge reversal.

An important variable for complex coacervation he tharge density (or the distance
between the charges) of the polyelectrolytes. Afhhcharge densities more salt will be
required to dissociate the complex than if the gbatensity is low. The charge densities of
both gum arabic and gelatin are low and this lgadthe earlier mentioned low maximum
critical salt concentration (50 mM KCI). The extdatwhich a liquid character is displayed
depends on the charge density, on the nature (mesef hydrophobic groups) of the

polyelectrolytes, and on the concentration andreatflions present in the solution, which all
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influence the solubility of the components and ¢benplex. The solubility can be influenced
by other parameters as well, e.g. temperature. him @above example, the complex
coacervation of gelatin and gum arabic was invattd above 33 °C as gelatin forms a gel
below this temperatuf® When the complex coacervate contains many chatigesomplex
coacervate drops can be destroyed by applying engtrenough DC electric field.
Deformation of the drops can be observed in an Ad@tec field. The water content of
complex coacervates is generally high, e.g. foatgeland gum arabic at 1:1 mixing ratio at
pH 3.5, only about 18 % of the complex consistgpolymer. The water content can be
increased by increasing the salt concentrationnBkieugh the water content is high (> 80

%), rather hydrophobic materials, such as e.g.cragarticles, are taken up by the complex

coacervaté
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Figure 1.4: Composition A/(A+G) as a function oftisd composition (A/(Act+Go) of the
complex coacervateo] and the bulk phasei), expressed as gum arabic, A, over total colloid
content (including gelatin, G). The vertical dashieéd denotes the transition from positively
to negatively charged complex coacervate. The dbdlagonal line gives the composition if
no changes would take place upon complexation. fixeatal data frorff® Lines to guide

the eye.
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Since complex coacervation is an associative pkaparation, involving two solutes,
composition is an important variable. Generallg tomplex coacervate strives to be near an
optimum composition, as was made clear by mixing ¢blloids at different ratio’s and
determining the composition of the complex coadenand the equilibrium solution (Fig.
1.4). The complex coacervate is enriched in theonityncomponent, while the bulk phase is

enriched in the majority component.

PolyElectrolyte Multilayers
Polelectrolyte multilayers (PEMs) are built up btematingly applying solutions of a

cationic and anionic polyelectrolyte. This can léada multilayer composed of alternating
layers of cationic and anionic polyelectrolyte aisdalso known as layer-by-layer, LbL,
assembly. Whether a multilayer can be grown in Wy depends on the combination of
polyelectrolytes used and the type of salt and ciostrength (and pH, for weak
polyelectrolytes¥. For example, the total adsorbed amount doesardtntiously grow with
alternatingly applying polyelectrolyte solutions &4EVP and poly(methacrylic acid)
(PMAA) when the solvent is 10 mM phosphate bufieoy for (in the same buffer) the
combination of PAA and PDMAEMA,; with this salt ty@ad concentration, the presence of
an excess of one of the polyelectrolyte speciagybrihe system to the edge of the PEC phase
diagram and thus causes dissolution of the polythdrswering the buffer concentration to a
value where the polyelectrolyte complex is in asglatate prohibits dissolution and allows
continuous multilayer growth in both cases. Thisd ather experiments, show that the
complexing polyelectrolytes have to be kineticdilyzen on the time scales of the deposition

or exposure times in order for multilayer formatioroccur?.

Micelles
Obtaining micelles, i.e. objects, with a finite esizequires a driving force and a stop-

mechanism which stops the growth of the core ofntieelle in such a way that well defined

spherical core-shell particles are obtained. Masetre traditionally composed of amphiphilic
molecules; in aqueous solution, the hydrophobit fmms the core and the hydrophilic part
the shell. Micelles can be made from a variety ofeoules, most common being surfactants
and amphiphilic diblock copolymers. Their formatiendriven by what has been called the
hydrophobic effedf; water looses a lot of entropy around hydrophafaups, and therefore,

hydrophobic groups in water tend to aggregate dewoto minimize the hydrophobic surface

area in order to maximize the entropy of the watéor amphiphilic molecules this
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aggregation only happens above a certain (usually toncentration of the amphiphiles,

which is called the critical micellar concentratig@MC). Above the CMC, micelles and

molecularly dissolved amphiphiles coexist in sauatiFor surfactants, the hydrophilic head-
groups (either neutral or charged) provide the -st@ghanism, whilst in the case of
amphiphilic diblock copolymers it are the neutrgttophilic chains that stop the growth of
the hydrophobic core.

Figure 1.5: Schematic of a C3M, BIC, or PIC-micellehe core is composed of the
complexed oppositely charged polyelectrolytes anduirrounded by the neutral hydrophilic
corona. Black = polycations, light grey = polyarson dark grey = neutral hydrophilic

polymers.

The initial aggregation of PECs is due to electatstforces and a gain in entropy due
to counter-ion release. There are two ways to dhice a stop-mechanism in order to try and
obtain small stabilized complexes. One, is to nhi& dppositely charged polymers at non-
stoichiometric amounts; than NPECs can be obtaamet excess charge is their stabilizing
factor. The second, is by mixing solutions of ddiacopolymers with one polyelectrolyte
block and one water-soluble neutral block with appedy charged polyelectrolytes. If the size
of the neutral block with respect to the that @& gfolyelectrolytes is large enough to prevent
macroscopic phase separation, small (10-40 nm Hdydeomic radius) micelles can be
obtained? Several groups used this strategy successfulthénmid nineteen nineties and
thus polyion complex micelles (PIC micellésblock ionomer complexes (BICs)and

complex coacervate core micelles (C3fsyere born. The core of these micelles is formed
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by the complexing polyelectrolytes, and the neulnadrophilic blocks form the shell, or
corona (Fig. 1.5).

The use of neutral blocks, especially the usehaimdcally different neutral blocks,
gives rise to extra forces which can be exploitedttain new structures. Using poly(ethylene
oxide) (PEO) and poly(acrylamide) (PAAmM) as neubtacks, Janus C3Ms — with on one
side of the complex coacervate core the PEO andhenother side the PAAmM — were
obtained®.

This thesis
In this thesis we explore several aspects of C3aff@cts of corona densities, core

hydrophobicity, added polyelectrolyte homopolymad &3M layers on solid substrates. In
chapter 2we investigate the formation of C3Ms from eith@eoor two diblock copolymer
species, with the aid of light scattering. The udéddock copolymers are PAA-PAAM and
PDMAEMA-poly(glyceryl methacrylate) (PGMA), whichacry opposite charges in the used
pH range. The homopolyelectrolyte PDMAEMA is alssed and different mixtures of the
two positively charged polymers (diblock and homigpkectrolyte) are used to investigate
the effect of incorporation of more diblock and bemore neutral blocks on the size and
aggregation number of the formed C3Ms. As the maédtlocks act as a stopping force the
size and aggregation number goes down with inargaseutral block (second diblock
copolymer) content. A simple geometrical model ngaduced which uses the measured
hydrodynamic radius and light scattering intensayinterpret the light scattering results in
terms of aggregation numbers.

In chapter 3the emphasis is on the formation and rearranges@#rRECs formed from
poly([4-(2-amino-ethylthio)-butylene] hydrochlorigblock-poly(ethylene oxide) (PAETB-
PEO) and PAA. The PAETB polyelectrolyte has a nathgdrophobic backbone leading to
complexes with a low mobility. This allows us to keaobservations on intermediate stages
during C3M formation. The formation of the PEC opuixing with PAA is investigated as a
function of the mixing fractio. (the number of negatively chargeable groups diiole the
total number of chargeable groups), with light sétg measurements. Cryogenic
transmission electron microscopy is used to vigeathe differences between the initially
formed highly aggregated PEC (HAPEC) and the fiisahaller) PEC. The rearrangement
behaviour as a function df is explained in terms of excess charge on the P&t(sthe
amount of neutral block; excess charge increasesdarrangement rate and neutral blocks

slow it down. Also, pH-cycles are performed on C3blutions. In these, the pH is first
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changed to an extreme region where one of the lealyyelytes carries virtually no charge, in
order to completely dissociate the C3Ms. Then,dHeis brought back to the region where
C3Ms are formed, thereby allowing the polyelectredyto form complexes once again. It is
shown that the pH cycle is a fast method to obtmall C3Ms (which are close to
thermodynamic equilibrium) from large PECs, thatevmitially formed by direct mixing of
the oppositely charged polymers.

A method to control the size and mass of the C3818y effectively adding extra
complex coacervate core material to the C3Mschapter 4this is achieved by mixing
solutions containing both PAA-PAAmM and PAA (in vemy amounts) with solutions
containing PDMAEMA, in such a way th&t = 0.5. The geometrical model introduced in
chapter 2 is extended, and used to interpret tiperexental results. If the polymers are
mixed in 10 mM NaN@ solutions, the formed non-relaxed C3Ms grow ums&eally
strongly (as compared to the model) upon the amditif complex coacervate core forming
material. Performing the experiment in phosphatéebuwith a 10 mM ionic strength,
however, yields particles of the expected sizascé&these particles are probably equilibrium
structures, we refer to them as complex coacercate micro-emulsions (CRES).
Discrepancies between the growth as predicted k® dkeometrical model and the
experimental data are explained with the help Bfcmsistent mean field calculations. These
show that there is a transition from more ‘staelito ‘crew-cut’ morphology caused by the
increasing size of the core and the concomitantedse in curvature that goes with the
addition of core forming material to the GE&s.

In chapter 5the effect of a C3M coating on protein adsorpttonthe solid-liquid
interface is investigated. The C3Ms used here havagher hydrophobic, more glass-like core
and their effect on reducing protein adsorptioringgour proteins; lysozyme, bovine serum
albumin, fibrinogen, an@-lactoglobulin) is compared to a previous studyngsC3Ms as a
surface coating to prevent protein adsorption @yswe), which showed promising results
(100 % reductiorif. The advantage of using C3Ms with a glass-likeedor coating over
normal C3Ms is the more irreversible nature of fitkener, as this is expected to result in a
more stable coating. It is shown that the more dpdobic C3Ms adsorb as particles without
coalescing and that the amount of protein adsarptiepends on the type of surface and
solvent as well.

A general discussion and summdoflows in which a comparison between C3Ms and

conventional micelles from amphiphilic diblock cdyroers is made.
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Chapter Two

Comparison of complex coacervate core micelles from two
diblock copolymers or a single diblock copolymer with a

polyelectrolyte

Abstract

With light-scattering titrations, we show that cdeypcoacervate core micelles (C3Ms)
form from a diblock copolymer with a polyelectrayblock and either an oppositely charged
polyelectrolyte, a diblock copolymer with an oppeli charged polyelectrolyte block or a
mixture of the two. The effect of added salt and ggHboth types of C3Ms is investigated.
The hydrodynamic radius of mixed C3Ms can be cdlietloby varying the percentage of
oppositely charged polyelectrolyte or diblock comoér. A simple core-shell model is used
to interpret the results from light scattering, igg/ the same trends as the experiments for
both the hydrodynamic radius and the relative edaty intensities. Temperature has only a
small effect on the C3Ms. Isothermal titration catetry shows that the complexation is

mainly driven by Coulombic attraction and by thérepy gain due to counterion release.

Published as: Hofs, B., Voets, I.K., de Keizer, A. and Cohen Stuart M.A., Physical
Chemistry Chemical Physics, 2006, 8, 4242



16 Comparison between C3Ms of one or two diblock copolymer species

Introduction

Complex coacervation is the associative phase agparinto a liquid like phase that
occurs when two oppositely charged polyions areedfixThe highest density of the resulting
complex coacervate is reached when the mixing atiptimat, i.e. when the charge density
on the oppositely charged polyelectrolytes is gt the total number of anionic and cationic
charges is equal. The pH influences the chargeitgesfsmany polyions, e.g. proteins and
weak polyelectrolytes, and thus changes the optooaiposition. Added salt weakens the
complexation; above a critical ionic strength coexptoacervation is suppressed.

The phase separation becomes microscopic when orimth of the polyions are
attached to a water-soluble neutral bfoc®ne then obtains colloidal (nano-)objects, for
which the terms Block lonomer Complexes (BfCspoly-ion complex micelles (PIC
micelles§, InterPolyElectrolyte Complexes (IPE€snd Complex Coacervate Core Micelles
(C3Ms) have all been used. These complexes or micell® she following properties; (i)
the aggregation is largely driven by Coulombic aation of the oppositely charged
polyelectrolytes and counter-ion release, (ii) aecof micro-phase-separated complexed
polyelectrolytes is surrounded by a neutral watgutde corona, (iii) the complexes or
micelles are responsive to the surrounding mediiom.example, they fall apart above a
certain critical ionic strength”.

Investigation of their responsiveness to additiofisextra polyelectrolyte has been
performed by Light Scattering Titrations (LS®T)The aim of our study is to compare the
formation of complexes from a diblock copolymer lwitither oppositely charged
polyelectrolyte, oppositely charged diblock copofymor a mixture of these two. This will
help to elucidate the effect of the neutral blocktbbe hydrodynamic radius and aggregation
number of C3Ms. The effects of ionic strength, piHd atemperature on the size,

responsiveness and stability of the formed comgexe also investigated.

Materials and methods

Chemicals

Poly(N,N-dimethyl aminoethyl methacrylatbleck-poly(glyceryl methacrylate)
(PDMAEMA-b-PGMA) diblock copolymer was synthesizéxy anionic polymerizatich
Characterization of this diblock copolymer with mpetassisted laser desorption/ionisation-
time of flight mass spectrometry (MALDI-TOF MS) wWitan a-cyano-4-hydroxy-cinnamic-
acid (ACHCA) matrix, prepared with the sandwich hwef, showed the expected peaks
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around a molecular weight of 20 kDa. Also a low ewollar weight peak at 3000 Da with a
peak spacing of 157 Da, the molecular weight oNABMA unit, was observed. UsintH-
NMR, which gives a constant peak height per protmme takes the MALDI-TOF MS data
into account, we conclude that the polymer is atunex of 89 wit% PDMAEMAPGMAg
and 11 wt% PDMAEMAg. This mixture was used as such. For notationapkdity and
since PDMAEMA homopolymer will be taken up in there of the C3Ms as if it were part of
a charged block, we consider PDMAEMAas a part of the main diblock polyelectrolyte
chain, denoting the sample as PDMAEMRGMAgo.

Poly(acrylic acid)block-poly(acryl amide) (PAA-b-PAAm) diblock copolymeras
synthesized with the MADIX proceSsand was a gift from Rhodia, Aubervilliers, France.
The PDMAEMA homopolymer and PAA homopolymer werdgantied from Polymer Source
Inc., Canada and used as received. Propertied pblgimers are summarized in Table 2.1.
Polymer concentrations given are in monomeric uwlitsthe charged block. Numbers
following the abbreviation of a polymer are the tfoenof monomeric units. NaNGd>99%)
and NaHPQO, (>99.8%) obtained from J.T.Baker, Deventer, ThehEéands were used as

received.

Polymer no. of ionic monomers no. of neutral moneme M,/M,
PAA-b-PAAM 42 417 1.2/1%4
PAA 139 - 1.15
PDMAEMA-b-PGMA 45 90 1.08
PDMAEMA 150 - 1.04

Table 2.1: Polymer characteristics.

& First M,,/M,, is for the PAA, second for the total diblock copukr.

® Mw/M, of the neutral block in the diblock copolymer. Witl wt% of PDMAEMA,
included in the polyelectrolyte block of the dilbkocopolymer.

Light Scattering Titrations

Light Scattering (LS) at a scattering angle of %yr@es was performed with an
ALV5000 multiple tau digital correlator and an angaser operating at a wavelength of 514.5
nm with 0.20 W power. All LS measurements were qgrened at 298 K (temperature

controlled by a thermostat, +0.01 K), unless na#eérwise. In the experiments with varying
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temperature a Haake C35 thermostat was used ararate of 0.6 °C/minute. Typically,
solutions were filtered (0.2m Acrodisk, Pall, Ann Arbor, MI) and degassed befbiration.
Light Scattering Titrations (LS-T) were performedtiwa Schott-Gerate computer
controlled titration set-up, communicating with th8 computer, which allowed to control
added volumes, stirring times and pH measureménmost of the LS-T a polyelectrolyte or
diblock copolymer solution was titrated into an ogipely charged diblock copolymer
solution (typical volume 10 ml) in a glass sampé equipped with a pH electrode.
The composition of the system is defined in tewhd., the fraction of positively
chargeable polymer groups with respect to the tataedber of chargeable polymer groups:
fo=1-f =0l
[c+]+[c-]

Here [c.] and [c] are, respectively, the molar concentrations ef lositively and negatively

2.1)

chargeable monomers in the polyelectrolytes. Foh gmint in the LS-T curve five dynamic
light scattering measurements were performed, antyages of these are shown. The titration
typically took about 3 hours. Prior to measuremehés pH of the sample and titrant were
adjusted to within 0.1 pH unit of a chosen valuéhv.1 or 1 M NaOH or HN@solutions.
To compare the different titrations qualitativelye intensity of scattered light fat I(f.), was
normalized by the total concentration of polymerdil) atf., Cy(f.).

The diffusion coefficient of the scattering objeat®s obtained with the cumulant
method! and expressed in hydrodynamic radi@, using the Stokes-Einstein equation.
Corrections to the radii for changes in temperatarel for changes in refractive index and

viscosity due to changes in temperature were takeraccount using tabulated ddta

Isothermal titration calorimetry

The heat of mixing of a solution of polyelectrolyte diblock copolymer with a
polyelectrolyte solution was determined with theefithal Activity Monitor (TAM), an
isothermal titration calorimeter (Thermometric LKR77, Sweden). Enthalpies of dilution of
PDMAEMA were also determined. Experiments were qrened in two 4 ml stirred cells
(sample and reference) positioned in a 25 | thetatiesl water bath. This bath is connected to
a pre-thermostat resulting in a temperature comfal0.01 K in the operating range of 278-
353 K.
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The titration was controlled by a PC with DigiTAMfsvare (v.4.1.0.32, ThermoMetric
AB, Sweden), which collects the data and integrétesoutput signal. Electrical calibration

was performed at the end of each measurement.

Results and discussion

Simple geometrical core-shell model for C3Ms

LS-T as a function of. for a diblock copolymer consisting of a polyeletyte block
and a water soluble neutral block with an oppogit#larged polyelectrolyte, have already
been reported in literatuteThe following aggregation mechanism was propg$égl 2.1).
At low f, so called soluble complex particles (SCPs) arméar which are stabilized by an
excess anionic charge. With increasing the excess anionic charge decreases until at a
critical excess anionic charge (CEAC), complex eoaate core micelles (C3Ms) appear. At
the preferred micellar composition (PMC) there nsegual amount of positive and negative
charges on the polyelectrolytels € 0.5) and all polymeric components are preserth@
form of micelles. Upon further increasefpfbeyond a critical excess cationic charge (CECC),

the C3Ms dissociate into positively charged SCPs.

CEAC PMC CECC

C3M§

A

SCP- SCP+

0 05 1
f

+

Figure 2.1: Aggregation diagram for C3Ms. Intensits. f. is shown. The dashed line shows
the changes in the scattering intensity due to S@ifessolid line shows the changes in the

scattering intensity due to C3Ms.
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Here, we study how the aggregation of two oppositeharged diblock copolymers into
double diblock C3Ms (D-C3Ms) differs from to thegaggation of one diblock copolymer
plus oppositely charged homopolyelectrolyte intogk diblock C3Ms (S-C3Ms). A simple
model can be derived for the radius of such C3Msetlaon the ared of the interface
between the core and the corona, equation (2.2)ydhume of the cor®¥e €q. (2.3), and

the volume of the coroné.,rona. FOr a spherical micelle, we have

A= 471?30re =ma; +hya, (2.2)
whereRre IS the radius of the core; andn, are the number of diblocks 1 and 2 in a single
micelle anda; anda, are the (effective) areas they occupy in the fater. For S-C3Msa,
obviously vanishes. The volume of the core is

Viero = 2 7R3, = (”1V1p P+ vy pf) (2.3)
core — 5 ore — ¢ '

Here le and vg’ are the volumes occupied by a monomer of the pedymelyte of the

(diblock co)polymers 1 and 2 respec:tivelxleIO and p2p are the respective degrees of
polymerization of these polyelectrolyte blocks awdis the total volume fraction of
polyelectrolyte in the core. At the PMC, chargetradity imposes

ampf’ = anopl (2.4)
wherea anda; are the effective charge per monomer of polyebdytte 1 and 2 respectively.
From (2.2), (2.3) and (2.4 follows as:

_3pPpYavf +avd)
ore —
(@2pSag + a1 pPag)g

(2.5)

Then, n; and n, follow from equations (2.2), (2.3), and (2.5). Tberona volume fraction
profile is described by a step function. This isimplification; more precise profile shapes
have been discuss€édHowever, the scaling properties of brushes amwvknto be the same
for step function and more refined models. The tmedd the corona can now be derived. The

volume of the corona/crona, Can be calculated and should be equal to

n.n n.n
\% nHV:
Veorona = MR, NoloP2 (2.6)
h 7,

where the first and second term are the effectiveupied volumes of neutral blocks of

polymer 1 and 2 respectivelyln /¢1 and VS/¢2 are the effective volumes of a monomer of
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the neutral blocks ang;' and p; are the degrees of polymerization of the neutiatKs.
The radius of the C3M is then calculated from thetalt micellar volume

(v =Vcore+Vcorona=47R3/3). The height of the corond{, is equal tdR—R.ye. The

intensity of scattered light can also be estimditeoh the aggregation numbers obtained with
this model, since the micelles are Rayleigh saatseior which the intensity is proportional to
NM?, whereN is the number of particles aMitheir mass.

In comparing the model to the experiments, subintiéndicates PAAPAAM,17 and
subindex 2 indicates either PDMAEM# or PDMAEMA4sPGMAg, (or a mixture of these
two). Used inputa; = 15 nnf, @, = 11 nnf (a, = 0, in case of a polyelectrolyte instead of a
diblock). For our systera; > a2 since water is a better solvent for PAAmM than RGMA.
The areas used here are comparable to areas forcR&@s in PIC micelles derived in a

different study”. The monomer volumes are calculated from the nutdecweight and
density (assumed to be 1 kg/l) and gfe= 0.12 nr, v;'= 0.12 nn, v5'= 0.26 nniand v} =

0.27 nM. ¢ = 0.4, which is a reasonable value for the densitthe complex coacervate
core®. ¢, = 0.04, a reasonable value for a polymer brushgand larger thang, since the
density of the corona (a polymer brush) is expettele higher for shorter chaiis®!’and
because it is not in an equally good solvent.

Although this model simplifies and neglects mangeass of the micelles like, e.g., the
density profile of the neutral polymers and theiatawn in the area of the neutral blocks with
varying core density, it can be used to interpnetaffect of varying block length on the radii

and the aggregation numbers of C3Ms.

Thermodynamics of formation of C3Ms

Complexation of oppositely charged polyelectrolytas be followed by measuring the
heat of mixing with isothermal titration calorimetr(ITC). The heat of mixing of
PAA,PAAM, 7 with PDMAEMA 5, is exothermic up tof, = 0.5 and decreases with
increasing salt concentration (Fig. 2.2a). Abbve 0.54H approaches zero. Initially, at low
f., the 4H of complexation of PAAPAAM,7 with PDMAEMA 5, in 50 mM NaNQ is
nearly the same as that of PAA complexing with PDMAEMAso (in buffer with a
comparable ionic strength). However, just before BMC thedH of mixing PAAs 39 with
PDMAEMA 15 shows a pronounced exothermic peak, probably Isecaticompensation of

charges that were present in the soluble compledas,to phase separation into a high-
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density complex coacervate. In the formation of 3AS at 50 mM NaN@there is a small
endothermic peak arourid = 0.5. Apparently, some Coulombic bonds are brakethe last

step of the C3M formation.
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Figure 2.2: a) The effect of salt on the heat ofing of PAA,,PAAM,17 with PDMAEMA 150
as a function of, at 1 @), 10 ) and 50 ¥) mM NaNQs. For comparisondH (kJ mol*) of
titrating 2.7 mM PAA39 with 37 mM PDMAEMA; 50, both in 20 mM phosphate buffer (ionic
strength 54 mM) is also showr)( Initial pH of the solutions was 6.7 and the expents
were performed at 298 K. b) Effect of temperatunetlte heat of mixing of PAAPAAM,;7
with PDMAEMA 150 in 50 mM NaNQ, starting pH of all solutions was 6.7. T = 284§, (
298 K (@) or 318 6).

In calorimetric studies, variation of temperatufeen helps to identify a hydrophobic
effect®. Here, there is no change iMH with temperature (Fig. 2.2b), e.giC, = 0.
Hydrophobic interactions and dehydration of polayugs result in a significant temperature
dependence with opposite stgnwhereas the temperature dependence of Coulombic
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interactions is (almost) absent. From the absemderoperature dependence 4 in the
formation of C3Ms we conclude that the enthalpy fofmation of C3Ms must be
predominantly attributed to Coulombic interactioAfiernatively, the contributions tdC, of

the hydrophobic interactions and dehydration ofpgroups cancel each other out, but this
seems unlikely. It follows that the complexatiommainly driven by Coulombic attraction and
the gain in entropy due to the release of courmnterio

Polymer 2 Model Experiment
Reore [NM] | Riotal [NM] Ny Ny /1150 Rn [nm] /1150
45-90 5 16 11 11 0.28 17 0.26
82-90 6 19 21 11 0.43 21 0.39
195-90 7 22 35 8 0.65 23 0.58
150-0 8 25 54 15 1 24 1

Table 2.2: Comparison of model and experimentgonmgle, mixed and double diblock C3Ms
Comparison of model and experiment at the PMC ®&TLof 1 g/l PAAPAAM,;7 (polymer
1) with PDMAEMA4sPGMAg, and PDMAEMA 50 and mixtures thereof (‘polymer’ 2). The
mixture was described as a single diblock copolysparcies with the polyelectrolyte length
divided by the number of diblocks as added polyebdgte length, where the 45-90, 82-90,
195-90 and 150-0 polymers correspond to a PDMAERSMAy, percentage of 100, 80, 50
and 0 % respectively, are as measured from LS-T (Fig. 2.2 and Rd)a, Reore N1 @andn,
were obtained from the model described by equaliprzs2.6).

Comparison of single and double diblock C3Ms
In figure 2.3 we compare the results of titration§ PAA;.PAAM,17; with

PDMAEMA 15, or with PDMAEMAsPGMAg, respectively. The intensity of scattered light
normalized by the total polymer weight concentratio g/l, R, and pH are presented as a
function off,. The intensity of scattered light, gives a sharp peak aroufid= 0.5 with a
maximum intensity .y, and the derivative of the pH Js.curve,dpH/Jf; has a maximum at
the samé, value, both indicating the formation of C3Ms

The result of the titration of D-C3Ms is very sianilto that of the S-C3Ms, although
andR, of the S-C3Ms are higher and larger. In both cése®stimated radii from the simple
model correspond well with the experimental dat@{& 2.2). Using the aggregation numbers

and assuming INM?, one can also calculate the expected relativeities (relative tdmay
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for the S-C3Ms]1s, all divided by the polymer concentration (g/l)lats) for both systems.
The relative intensities agree well with the datdigating that our model is at least giving
reliable estimates for the relative aggregation neirs.
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Figure 2.3: LS-T of 1 g/l of PAAPAAM,7 with 2 g/l PDMAEMAsso (o) or with 8 g/l
PDMAEMA 4sPGMAg (0). All solutions were prepared in 1 mM Nakl@nd their pH was
adjusted to 6.7 prior to titration. The scatterimgensity, |, normalized by the polymer
concentrationC, in g/l (to correct for the rise in intensity due the increase in polymer
concentration), hydrodynamic radid®, and pH are all shown as a functionfafOnly radii

that could be determined with a reasonably lowreare shown.
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Start Model Experiment

pH | Predicted position of Reore | Reotar | N1 | No | Wl1s0| Position of | R, | I/l1s0
e [f+] [nm] | [nm] lmex [f4] | [nm]

5.1 0.28 5 17 17 2| 0.30 0.29 20 0.41

6.2 0.42 6 22| 34 7/ 0.7 0.44 23 | 0.62

6.7 0.48 8 24| 47 12 1 0.48 26 1

7.5 0.62 12 33| 11852 | 3.04 0.62 57 1.34

Table 2.3: Comparison of model and experiment;céthé pH.
Start pH of both solutions of PAMAAM,;7 and PDMAEMA 50, the predicted position of
lmex (calculated from charge densities at startZpHexperimental position dfe and R, at

Imex for the LS-T shown in figure 2. Rita, Reore N1 @ndnp were obtained from the model

described by equations (2.2-2.6). Inpait:= 15 nnf, a; = 0 nnf, v’ = 0.12 nni, v;'= 0.12

nn?, vJ = 0.26 nm3 and/) = 0.27 nmi, ¢ = 0.4, ¢; = 0.04 andp, = 0.08.

The pH changes for the S-C3Ms system are more praeal than for the D-C3Ms
system. This may be attributed to a slightly difar starting pH. At low concentrations of
added salt, the pH varies strongly with a smallialean from the ideal starting pH because
Coulombic attractions are stronger and the drivioge for proton uptake or release is
accordingly greater.

Both systems show the expected patterri(in) as a function of.°. At first, only
PAA,PAAM, 7 is in solution but upon adding the oppositely gear polyelectrolyte or
diblock copolymer,(f:) slowly increases as SCPs are formed. The comjbexaetween
PAA and PDMAEMA can also be seen from the changehm pH. Since there is an
approximately equal fraction of charges on the P&l PDMAEMA, but there is far more
PAA then PDMAEMA, maximum complexation requiresinarease in the charge density of
PDMAEMA. H* can be taken up by the PDMAEMA, thus increasisgcharge density as
well as the pH of the solution.

Once one passes the CEAI:) increases sharply as heavier objects (C3Ms) are
formed. For both systems, the pH decreases primaching n.x, Where a maximum number
of micelles and maximum core-density is reachea décrease in pH must now be due to an
increase in the charge density of PAA with resgecPDMAEMA. This occurs since the
PDMAEMA is slightly overcharged at lowé&r compared to the PAA.
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The highest number of the particles with highestsitg (C3Ms) should be present at
approximately thd, value where there is an equal amount of positie reegative charged
polymer groups (Fig. 2.1, 2.3). Hence, for thessteayns the PMC is expected to occuf.at
0.5 and pH 6.7 as deduced from the charge densitig® polyelectrolytes in bulk solutibh
Indeed, for the D-C3Ms systehq.y, is located close th = 0.50 and the pH .« is close to
6.7. Beyond the maximum idpH/Jf., the intensity decreases as the C3Ms fall apaaot in
SCPs. The pH continues to decrease as the PAAttrieesmpensate for the total amount of
charges on the PDMAEMA. Upon further increasing the pH further decreases due to
addition of the titrant (which has pH 6.7).

Effect of the mixing ratio of the cationic diblock and polyelectrolyte

Another way to vary the number of neutral blocksd(dy this the size of the C3Ms) is
by titration with a mixture of diblock copolymer @molyelectrolyte. The percentage of
diblock copolymer in the titrant was varied to istigate the effect on C3M formation (Fig.
2.4).

From the start of the LS-T up to the PMC, the L84th the mixtures of polyelectrolyte
and diblock as titrant show the same trend in tibenisity, pH andR, as seen previously (Fig.
2.2). First, there is the slow increase in thenastiy, accompanied by an increase in the pH,
due to formation of SCPs. Then, fit~ 0.38, all LS-T show a faster increase in the isitgn
the pH starts to drop around thisand theR, increases. All these features are characteriktic o
the formation of C3Ms. The maxima in intensipH/of. andR;, coincide well af, ~ 0.48 for
all mixtures. TheR, at this point (the PMC) anld.x decrease with increasing percentage of
PDMAEMA4sPGMAg in the titrant. Good agreement is found between hiaddrodynamic
radius and the calculated radius and the relatitensities (Fig. 2.5). The latter is a strong
indication that the relative aggregation numbeisb({& 2.2) are reliable.

Upon increasindg. beyond the PMC, the intensity decreases as ubloalever, one
also observes a shoulder in tifie) curve for the 50 and 80 percent diblock, coinaydivith a
small second peak in thH&,. The C3Ms formed in this shoulder have a lowersdgrthan
those at the PMC as their scattering intensityustmlower than .« while theR;, is similar in
both cases. A similar shoulder has also been oédenv LS-T of PAAPAAM,47 and
PDMAEMA 50 (data not shown). This shoulder in the intensityld be due to the increase of

pH with increasingf, around the shoulder, which changes the chargeitdsn®f the
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polyelectrolytes and the charge balance of theesysThus, instead of further dissociation of
C3Ms into SCPs, more C3M-like objects are formed.

40||||

IIC (a.u))
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pH

6.2 I 1 1 1 1
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Figure 2.4: LS-T of 1 g/l of PAAPAAM,; with mixtures of PDMAEMAs, and
PDMAEMA4sPGMAg: 0 (0), 50 @), 80 ), and 100 %) % PDMAEMA4sPGMAg. All
solutions were prepared in 10 mM NaiNénhd their pH was adjusted to 6.7 prior to titmatio
The scattering intensity, normalized by the polymer concentrati@y,in g/l, hydrodynamic
radius,R,, and pH are all shown as a functiorf,ofOnly radii that could be determined with a

reasonably low error are shown.
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Figure 2.5: Comparison of relative intensitieslak, /1150, and hydrodynamic radiiR,
obtained with the model and experimenttsy (— ando) andR;, (-- and?) are given as a
function of the percentage of diblock copolymer PREMA 4sPGMAg) in polymer 2. Lines

are from the model, symbols are from experiment. &4).

Effect of ionic strength

The ionic strength is an important parameter in giem coacervation. Above a certain
salt concentration, no complexation will occur Bhslaarges are screerigtf. We investigated
the effect of salt on the complexation of our syel S-T at 1, 10 and 50 mM NaN@r the
S-C3Ms system and the D-C3Ms system (Fig. 2.6) dihaivat 50 mM NaNg) the scattering
intensity of D-C3Ms is much lower than at lowertsancentrations. In contrast, for the S-
C3Ms there is almost no difference in intenditpetween the different salt concentrations.
Apparently, the D-C3Ms are more sensitive to shint the S-C3Ms. The critical salt
concentration for the D-C3Ms will thus also be lowe

Differences in the effect of salt on the formatioh S-C3Ms and D-C3Ms can be
attributed to: (i) The decreased length of the elagtrolyte, being 150 in the polyelectrolyte
and 30 or 19 monomeric units in the second dibloggolymer, decreases the strength of
complex coacervation. It has been seen for nomtstanetric polyelectrolyte complexes that
decreasing the length of the polyelectrolytes I@athe critical salt concentratithh In earlier
work, no micelles were formed when combinationshwahort polyelectrolyte blocks were
used, indicating that a minimum block length is reqdifer C3M formation. This minimum
block length most likely is a function of the iorstrength and in the case of the D-C3Ms in
50 mM NaNQ, this minimum length is probably of order 30 uni(8) The interactions

between both neutral water soluble blocks may b&avwamable, thereby decreasing the
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stability of the C3Ms. From 2DH-NMR NOESY experiments it was concluded that the
neutral blocks are mixél (iii) There is an entropic penalty since all pEbctrolyte block-
neutral block junctions should be at the interfae@veen core and corona. This might be the
reason for the so-called chain length recognifidound for micelles from two types of
diblock copolymers, although others find micelléghunmatched polyelectrolyte blocks

For both systems the width of the intensity peakaf height,W,,, increases with
increasing salt concentration. In contrast, in nmeatroscopic cases of complex coacervation
the width of the region of phase separation deeeasth increasing salt concentration, until
at a certain critical salt concentration the complmoacervation does not take place
anymoré? The increase in the width observed here may keeaiui) pH changes during the
LS-T. The amplitude of the changes in pH decreas#@sincreasing ionic strength (data not
shown). The larger changes in pH as a functiof afith decreasing salt concentration are
logical, not only because salt decreases the stresfgghe Coulombic attraction that causes
the complexation, but also because a higher fraatfothe charges can form a pair with a
small counterion rather than with a charge fromdppositely charged polyelectrolyte. As the
pH of the solvent determines the charge densifiegeak polyelectrolytes in solution and the
charge densities of the (oppositely charged) pebteblytes together with their
concentrations determine the point where the nurobeharges on both polyelectrolytes is
equal, one expects the pH to shift thealue where complex coacervation occurs. In ogeca
the pH first rises with addition of PDMAEMA,, due to an increase in the charge density of
the complexing PDMAEMA. The charge densities of then-complexed parts of the
PDMAEMA however, should decrease as the pH inceassulting in a reduced driving
force for complex coacervation due to electrostagulsion. (ii) screening effects. C3Ms are
formed when the charge on the SCPs drops belovCE%C (or CECC). With increasing
salt concentration, electrostatic effects are asirggly screened and thus the formation of
C3Ms may well occur at higher excess charge. knswn that some phase diagrams of
oppositely charged polyelectrolytes show (iii) anfmonotonic change in the width of the
phase separation with increasing salt concentratfdindicating that the repulsive interaction
between complexes responds more strongly to addidhan the attractive (correlation)
contribution. This might also be the case for orstesm, explaining why the width of the peak
(which is a measure for the width of C3M formatiand thus complex coacervation)
increases, rather than decreases, with increaalhgmicentration.
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Figure 2.6: Influence of concentration of NajN@nh LS-T of 1 g/l PAAPAAM,17 with 2 g/l
PDMAEMA 150 (2.6a, 2.6b) or with 8 g/l PDMAEMAPGMAy, (2.6¢, 2.6d), initial pH of all
solutions 6.7. Three different salt concentratibase been used, d), 10 @) and 50 mM
NaNG; (0). Intensity, pH andR, as a function of, are shown. Note that the LS-T for 1 mM
NaNO; was already shown in figure 2.3 and the LS-T fomiM NaNQ in figure 2.4, both
are reproduced here. Intensity is normalized byctimeentration of total polymer in g/l. Only

radii which could be determined with a reasonably érror are shown.

For all salt concentrations and for both S-C3Ms BR@3Ms the intensity follows the
same pattern as a function fof The intensity in the peak is virtually the samoe the S-
C3Ms, as is theR,, indicating that the S-C3Ms that are formed arenittal in size and
density. Theoretical work on complex coacervatiboves that the density of the complex
does not vary much with ionic strength as long tes ibnic strength is below the critical
valué?, presumably because salt is almost entirely exduiiom the complex coacervate.
Moreover, the increase in salt concentration da¢have a significant effect on the solubility

or conformation of the PAAm block in watérHence, the shape and size do not change since
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neither the core (consisting of the complex coaate)vnor the corona (consisting of PAAmM

blocks) are affected by the salt concentrationsluse
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Figure 2.7: Influence of starting pH on a titratioh 1 g/l PAALPAAM,17 with 2 gl
PDMAEMA 150 both solutions in 50 mM NaN{and at equal starting pH, being 5¢),(6.2
(o), 6.7 @) and 7.5 (x). Intensity, pH an@, as a function off, are shown. Intensity is
normalized by the concentration of total polymegih Note that the LS-T at start pH 6.7 was
already shown in figure 2.6 and is reproduced h@my radii which could be determined

with a reasonably low error are shown.
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Figure 2.8: Influence of starting pH on a titratioh 1 g/l PAALPAAM,17 with 8 gl
PDMAEMA 4sPGMAg0, both solutions in 1 mM NaNfQand at equal starting pH, being 6.2
(o), 6.7 @) and 7.2 ¢). Intensity, pH andr, as a function of. are shown. Intensity is divided
by the concentration of total polymer in g/l. Nthat the LS-T at starting pH 6.7 was already
shown in figure 2.3 and is reproduced here. Ondii nahich could be determined with a

reasonably low error are shown.
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Effect of pH

The pH of the solution has a pronounced effect @ domplex coacervation as the
charge densities of weak polyelectrolytes like Pa#d PDMAEMA strongly depend on pH
and the stability of the complex coacervate depemdthe charge densitie. LS-T of the S-
C3M (PAAL,PAAM,1; with  PDMAEMA;;5, in 50mM NaNQ) and the D-C3M
(PAA,PAAM, 7 with PDMAEMA4sPGMAg in ImM NaNQ) system were performed to
investigate the effect of varying starting pH aadic strength on formation of C3Ms (Fig. 2.7
and 2.8) as a function 6f.

Imax @ppears at differerit with different starting pH for both systems. Réc¢hatf, is
defined in terms of the amount of chargeable grouygg the actual amount of charges
present. For both systems the shift is to lofefor lower starting pH (compared to the
optimum pH 6.7), and to highér for higher starting pH. This due to changes indharge
densities of the weak polyelectrolytes, PAA and PABWIA. For the S-C3M system the LS-
T were performed in 50 mM NaNQwhile for the D-C3M system the LS-T were in 1 mM
NaNGs. With decreasing salt concentration, the shiftghhandf. at the PMC are larger (Fig.
2.7 and 2.8), indicating a higher driving force fommplex coacervation at lower ionic
strength. Charge densities for uncomplexed PAARDMAEMA in aqueous solution were
obtained from potentiometric titratiotis Using these charge densities, the changes impH i
the LS-Ts and assuming that the complexation insl@re increase in charge denSitfor
both polyelectrolytes, we can predict the positidn.x (asat[ct]/(at[ct]+a-[c-])=0.5,
where a; and a. are the effective charge per monomer of the pedjtiand negatively
charged polyelectrolyte, respectively). For S-C3hhg predicted positions of thgax agree
well with the observed location of the maxima (witkexperimental error, table 3). Note that
at a pH of 4.6 and 50 mM NaNQhe effective charge density of PAA in the complex
coacervate is about twice as high as it would keencorresponding bulk solution.

For the S-C3M systery increases with increasing pH and increagingvhile for the
D-C3Ms | decreases when one deviates from the optimal gigimoportions (pH 6.7 and
f. = 0.5). Estimations from the simple model for 8«3Ms show an increase in size at the
PMC with increasing pH (table 3), correspondinglwéth experimental values (Fig. 2.7),
except at pH 7.5. With increasing start pH from 6&77.5 the density of the complex
coacervate core decreases (which can be seen fi®melatively small increase in intensity
with a more than two-fold increase Ry) and this probably changes the area the neutral

blocks occupy at the core-corona interface. Forothjects formed at the highest pH, to reach
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the experimental value oRR, with the structure for C3Ms as propoSethe PAAm block
would have to be stretched about 5 times its radiugyration (a fully stretched PAA
polyelectrolyte block is about 17 nm, leaving 30 funthe PAAm 7 blocks to fill). Probably
the objects formed here are no longer sphericaweuwid not investigate this further.

For D-C3Ms the estimates from the model show atemsize (15 nm), in contrast to a
decrease in size with increasing pH as seen expatatty (Fig. 2.8). This is probably due to
changes in the density of the core, which arealar into account in our model.
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Figure 2.9: Effect of temperature, T, on C3Ms a®#MC, pH 6.7 anfl = 0.48.1 andR, as a

function of f, are shown for C3Ms composed of PARAAM,;7 and PDMAEMA 5 in 50

mM NaNG; (o) and C3Ms composed of PARAAM,;7 and PDMAEMAsPGMAy, in 1

mM NaNG; (o). R, was corrected for changes in viscosity and tentpera The arrow

indicates the direction of the temperature-scaa,etkperiments were started with an upscan

(arrow pointing towards the right).
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Effect of temperature

For many possible applications, for instance irgdtalivery, the stability of C3Ms with
temperature is of interest. A temperature scan&atw298 and 363 K was performed for both
S-, and D-C3Ms. In this temperature range, S- CaMsD-C3Ms vary in size by about 20 %
(Fig. 2.9). TheR, has a maximum around 313 K and the intensity @se® slightly with
increasing temperature over the whole range. Fredécrease in intensity it appears that the
aggregation number of the C3Ms decreases weaklyinéreasing temperature. The decrease
in size might be due to the decrease in the satylof PDMAEMA, which has a cloud point
at approximately 313 ¥ Interestingly, there is some hysteresis in graperature scan of
the D-C3Ms. Probably, the core density of the C3Mseases with increasing temperature as
one passes the cloud point of the PDMAEMA. Uporreasing the temperature, the complex
coacervate core does not rearrange quickly, altndugupon returning to 298 K is nearly

identical toR, at the start of the experiment.

Conclusions

Calorimetry shows that the driving force for conqaldon of S-C3Ms composed of
PAA,.PAAM, 7 and PDMAEMA 50 is Coulombic attraction between the oppositelyrgbd
polyelectrolytes and the release of counteriongh wio contribution from hydrophobic
interactions. Light scattering titrations of S-C3Mmd D-C3Ms show the expected
differences: the radii of D-C3Ms are smaller thhattof S-C3Ms. Partially ‘replacing’ the
second diblock in D-C3Ms with the polyelectrolytey (titration with a mixture) does not
seem to change the formation of C3Ms, but does géhahe size. Hence, size can be
controlled in a limited range by choosing the petage of diblock copolymer in the mixture.
Alternatively, the starting pH, together with can be used to control the size of the C3Ms.

A geometrical core-shell model estimates the viamatin size and aggregation number.
By considering the areas occupied by the neutraksl one can explain the effects of the
second diblock architecture, as well as the misgtwksecond diblock with polyelectrolyte.
The simple model cannot be used however, to estithatchanges in the size of the D-C3Ms
with the variation in pH as the density of the cisraot known.

The concentration of NaN{above which no complexes are formed is about 50forM
the D-C3Ms which is lower than for S-C3Ms, becatlsepolyelectrolyte part of the diblock
Is shorter for the D-C3Ms and because of the umfble interactions between the two
different kind of neutral blocks. In the range istigated here the salt concentration has no
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effect on the size of the S-C3Ms. Interestingly #Width of the micellar peak,,, increases
with increasing salt concentration for both systeiifes seems to indicate a subtle interplay
between electrostatic repulsion and attractiori.fer CEAC or CECC.

Increasing temperature from 298 to 363 K has almostffect on the size of both types
of C3Ms.
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Chapter Three

On the stability of (highly aggregated) polyelectrolyte
complexes containing a charged-block-neutral diblock

copolymer

Abstract
Using light scattering and cryogenic transmissitatteon microscopy, we show that

highly aggregated polyelectrolyte complexes (HAPECsmposed of poly([4-(2-amino-
ethylthio)-butylene] hydrochloridgyblock-poly(ethylene oxide), and poly(acrylic acid)
(PAA) of varying lengths (140, 160 and 2000 mondmanits) are metastable or unstable if
the method of preparation is direct mixing of tvadusions containing the oppositely charged
components. The stability of the resulting HAPE@srdases with decreasing neutral block
content and with increasing deviation from 1:1 mgi(expressed in number of chargeable
groups) of the oppositely charged polyelectrolytesst probably due to electrostatic reasons.
The difference between the metastable state arfmlestdate, obtained with pH cycles,
increases with increasing PAA length and increapidgnismatch between the two solutions

with the oppositely charged components.

Published in modified form as: Hofs, B., de Keizer, A. and Cohen Stuart M.A.,
Journal of Physical Chemistry B, 2007, 111, 5621
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Introduction
A fair number of articles have been published omglexation between oppositely

charged polyelectrolytéd, either with a phase-separation arresting nepblelectrolyte
diblock copolymer (forming micelles, named Complégacervate Core Micelles (C3Ms),
Block lonomer Complexes (BICs), Polylon Complex@Pmicelles or InterPolyelectrolyte
Complexes (IPECs))° or with even more complicated polymers (e.g. tilk). The most
important parameters in these systems are the minémgth and the mixing ratio of the
oppositely charged polyelectrolytes. Complex coze@rn can also be accomplished with
different, more natural components. The large nundfedifferent systems under study —
combinations of proteins and polysacchartdé$ proteins and polyelectrolytés?*>
polyelectrolytes and nanopartictés® multivalent counterions, surfactattscoordination
polymers’ or DNA'® — and possible applications in gene delivery, m&fauling agent, as
emulsion stabilizer and in wastewater treatrhefitshow the importance of complex
coacervation as a tool for building functional npauicles.

The kinetics of the formation and especially tharr@ngement of polyelectrolyte
complexes (PECs) without neutral polymer blocksehaeen investigated rather wéf>. The
rate constant of the exchange reaction depend$e@salt concentration, the length of the
shortest polyelectrolyte species, the polyelecteolsoncentration and the charge density of
the polyelectrolytes. For highly aggregated polyetdyte complexes (HAPECS) containing
copolymers with multiple neutral blocks, a trarmsitito soluble complexes has been reported,
unfortunately the used polymer seems to have hathar high polydispersits:

To the best of our knowledge only two papers hasenbpublished touching on the
effect of time in the formation of micelles withpalyelectrolyte and an oppositely charged
neutral-charged diblock copolymer with low polydisgity’*>> Cohen Stuart and co-workers
showed that initially there is an excess scatteringicating initial formation of larger
complexes, which reorganize into smaller aggregafBise time during which the
reorganization process occurs depends stronglyhemonic strength of the solvent. Without
added salt or buffer, the process takes abotus 1@hereas in 0.3 M NaCl, it takes only*1€

In this chapter we examine the stability of aggteg@omposed of a polyelectrolyte and
a diblock copolymer with an oppositely charged ptdgtrolyte block and a neutral water-
soluble block. The effect of the mixing ratio ofetlpolyelectrolytes on the stability is of
special interest. A possible way to quickly readimtvmight be the stable state is introduced

as well.
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Experimental methods

Chemicals
Poly(acrylic acidyso (PAA140, Number denotes the degree of polymerization=M0.0

kg/mol), PAAg,, Mp = 11.7 kg/mol) and PA&oo (M, = 145 kg/mol), polydispersity index
(PDI) 1.15, 1.07 and 1.13, respectively, were paseld from Polymer Source Inc. (Canada)
and used as received. Poly([4-(2-aminoethylthid)deme] hydrochloride)-block-PEG;,
(PAETBPEG:,, My, = 16.6 kg/mol), PDI 1.1, was prepared by modifmatwith a
mercaptan from poly(butadiereplock-PEGy:2 - which was prepared by sequential anionic
polymerization of 1,3-butadiene and ethylene oxidand was a kind gift from Helmut
Schlaad (MPI Golm). The synthesis and analysi$isf polymer has been described in great
detail elsewher8. Structures of the used polymers are shown inrdigdi1. All salts used
were of analytical grade and were used as receikgdeous solutions of polymers were
prepared by dissolution of known amounts of polynmo deionized water (Milli-Q) to

which known amounts of NaNad been added.
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Figure 3.1: Chemical structures of the neutral ®rof the polymers used, being a)
PAETB4PEQ:, and b) PAA (x = 140, 160 or 2000).

Cryogenic Transmission Electron Microscopy (Cryo-TEM)
Cryo-TEM images were obtained with a Technai Sph@fgl Company) TEM

operating at a voltage of 120 kV. Samples were gnesp on 200 mesh copper grids
containing a carbon coated holey support film (A8akentific, UK and Ted Pella Inc. USA).

A small drop of sample was placed on the grid dred éxcess fluid was blotted off using
Whatmann #4 filter paper, in a high humidity chamtoeprevent drying . The grids with the
thin aqueous films were vitrified by dropping irfltquid ethane and transferred under liquid
nitrogen into a Gatan CT3500 cryo-holder and, sgisetly, into the TEM. Images were

taken under low dose conditions.
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Light Scattering
Light Scattering (LS) at a scattering angle of @@rees was performed with an argon

laser operating at a wavelength of 514.5 nm wi#® Q¥ power as light source. The intensity
autocorrelation function was determined with an A0@0 multiple tau digital correlator. All
LS measurements were performed at room temperédwoend 293 K). The samples were
prepared by direct mixing of two aqueous solutiaisyhich pH and background electrolyte
concentration were matched, and which contained dbparate polymers needed for
complexation (in one PAETBPEQ;, and in the other PAA). After mixing, LS data were
recorded as a function of time.

Light Scattering Titrations (LS-T) were performedtiwa Schott-Gerate computer
controlled titration set-up, communicating with th8 computer, which allowed to control
added volumes, stirring times and pH measuremanmdst of the LS-T a polyelectrolyte
solution was titrated into an oppositely chargedatik copolymer solution (typical volume
10 ml) in a glass sample cell equipped with a ptttedbde. Typically, the separate solutions,
containing just one of the two polyelectrolyte specwere filtered (0.22m Acrodisk, Pall,
Ann Arbor, MI) before titration.

The composition of the system is defined in termd.pthe fraction of positively
chargeable polymer groups with respect to the tatedber of chargeable polymer groups:

Ct
C, +C_

f+ :l_ f_ =

(3.1)

Here c. and c. are, respectively, the molar concentrations of pusitively and
negatively chargeable monomers in the polyeledieslyFor each point in the LS-T curve five
dynamic light scattering (DLS) measurements weréopmed. The titrations took either 3 or
60 hours, in order to probe different timescalegorRo measurement, the pH of the sample
and titrant were adjusted to within 0.1 pH unitao€hosen value with 0.1 or 1 M NaOH or
HNO; solutions. To compare the different titrations lgaavely, the intensity of scattered
light atf., I(f.), was normalized by the total concentration of pady (in g/l) aff., c(f.).

The diffusion coefficient of the scattering objest®s obtained with the cumulant

method’ and expressed as hydrodynamic radR4susing the Stokes-Einstein equation.
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Results and discussion
Light scattering

Effect of f. on the stability of polyelectrolyte complexes
Mixing two oppositely charged polyelectrolytes riésun polyelectrolyte complexes

(PECs), at least when there is not too much sasgnt. Mixing a polyelectrolyte with an
oppositely charged diblock copolymer (with a nelublmck) also gives PECs over a wide

range of mixing ratios or fractions.
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Figure 3.2: Reorganization after direct mixing GABTB4PEG:1, and PAAgy (both in 10

mM NaNG;, pH 7) followed with light scattering. Three diféat mixing fractions are shown,
beingf. = 0.35 ¢), 0.52 @) and 0.69 ), with total polymer concentrations being 1.04041.
and 1.03 g/l respectively. Shown is the light ssatg intensity,l, divided by the total

polymer concentratiorCy, vs. time.

To investigate the effect of the mixing ratio oé tholyelectrolytes on the changes of the
HAPECs with time after mixing of the polyelectradyaind a diblock copolymer, solutions
containing 1 g/l PAETBRPEG:, and 1 g/l PAAs were made by direct mixing (both in 10
mM NaNG;, pH 7). Note that the PAETB part of the diblockpotymer is potentially
hydrophobic, as it has been reported that the ditopolymer forms micelles by itself at pH
> 9 Threef. values (0.35, 0.52 and 0.69) were created, andighe scattering intensity
(Fig. 3.2) and hydrodynamic radiug Rere followed with light scattering in time. Nateat,
for this system, the isoelectric point of the PEEsxpected to be &t = 0.50, as the
polyelectrolytes have an equal charge density at7pitetermined from potentiometric
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titrations, data not shown). This point is callée preferred micellar composition (PMC)
Interestingly, the intensity of thke = 0.69 sample decreased rapidly, whereas thogskeof
other two samples were constant. There was no ehiarg, for these aggregates in timi, (
= 20 = 2 nm). This shows that the complexes withltdwest fraction of neutral blocks and a

high amount of excess charge show the fastestaeization (i.0.w., they are unstable).
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Figure 3.3: Reorganization after direct mixing &BETB4PEG12 and PAAg (both in 10
mM NaNG;, pH 7) followed with light scattering. Three difént fractions are used, beihg
=0.32 @), 0.53 ) and 0.72¢), with total polymer concentrations being 1.08,4land 1.27
g/l respectively. a) The normalized light scattgnntensityl/l, vs. time and b) hydrodynamic

radiusR, vs. time.

For HAPECs with a longer PAA component, PA#, the picture is similar. Initially,
HAPECSs are formed that rearrange to smaller PE@s 83). Apparently, the stability of the
PECs decreases upon deviating from the PMC asnfwairst of charges on the complexes
increases, and with decreasing neutral block coniére latter could be due to the neutral
blocks stabilizing the HAPECs, as the neutral bdoeke a steric barrier that has to be

overcome for rearrangements to occur. The formaifdransient large aggregates upon deep
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quenching (for amphiphilic micelles) has alreadgrbgredicted in literatuf® Apparently,
this effect is easily reached with the complexatadna polyelectrolyte and an oppositely
charged diblock copolymer.

Effect of polyelectrolyte chain length
With increasing polyelectrolyte length, the reorgation process could be slower as

initially larger aggregates can be formed. Themf@xperiments with a much longer PAA,
PAA,q00 Were performed to investigate the effect of #egth of the polyelectrolyte on the
rate of the rearrangements (Fig. 3.3).fAt 0.72, the rearrangements of the HAPECs to
smaller PECs are clearly visible as the intens@gréases with time, while fér= 0.32 and
0.53 there is a relatively small decrease in intgn$he R, of thef. = 0.72 sample decreased
quickly as well, whereas fdr = 0.53 is constant, and that o= 0.32 decreases. There does
not seem to be a marked decrease in the totalrteeded to reach a stable state however, as
both for the short and long PAA, the decreasd4 jrare equally slow.

Effect of the concentration
In kinetics, the effect of the concentration of tteacting’ species is of special interest.

In the case of HAPECS, investigating the effeat@icentration on the rate of rearrangements
may help to distinguish between inter- and intraplex processes. Rearrangements can be
due to either reordering of the polycation and poign within a single complex, or due to
two HAPECs colliding and exchanging material. Afigively, single-chain diffusion may
play a role, but at low salt concentration this slomt seem very likely. Three different
concentrations of HAPECs fait= 0.69 were created by direct mixing of 1 g/l PAZIPEOG:»
with 10 g/l, 1 g/l, and 0.1 g/l PARo, (all at pH 7 and in 10 mM NaN{pand their light
scattering intensity was followed in time (Fig. 3.As the complexes obtained initially seem
to be of equal sizeR; = 18 + 1 nm) and the intensity (not shown) is pmjpnal to the
concentration, it seems that the initial situatisnlargely independent of the polymer
concentration. From the change in the normalizéensity with time, we can see that with
increasing total polymer concentration, the reoizgtion of the HAPECs is faster. Note that
the pH of the three different concentrations igttly different, which might be a reason for
the increased speed of rearrangements. Howevenm,iopeeasing bulk pH from 7.2 to 7.8, the
excess negative charge on the 0.69 complexes actually decreases (askaken up by the
HAPECSs, the charge becomes less negative). Thiease in excess charge, if it has any
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measurable effect at all, will probably decrease thte of rearrangements. Hence, we

conclude that the rate of rearrangement increagbsnereasing polymer concentration.

1L ]
08 [ ]
o 06f 1
= [
- A D
04| ]
! 8
i 8 |
02} 3 ]
_ 88
0 Ll Ll Lol Ll IR
0.0001 0.001  0.01 0.1 1 10
Time (days)

Figure 3.4 Reorganization after direct mixing of PAEJIBEQO:, and PAAg (both in 10
mM NaNG;, pH 7.0 followed with light scattering. Three @ifént concentrations éf= 0.69,
with total polymer concentrations being 0.26 ¢, (1.03 @) and 1.45 ¢) respectively.

Shown is the normalized light scattering intenditly, vs. time.

Effect of pH variation
As the radii and intensities of the samples creat#d direct mixing decrease in time

(or are constant but rather large, consideringsthall size of the used polymers), the question
arises as to whether the (HA)PECs obtained by direxing are in the metastable or stable
state. In order to allow a more controlled compt®xato occur, pH cycles of mixtures of 1
g/l PAETB,PEQG:2 and 2.3 g/l PAAeso (both in 1 mM NaNG@) atf. = 0.52 were performed.
The pH's of the polymer solutions before mixingtloé two polymer species were however,
not adjusted prior to mixing. Initially (top left, fige 3.5), increasing the pH leads to a fast
decrease in intensity am). At pH 6 this changes to a slow decrease in ineasdR,. Note
that the HAPECs formed here, during the first p¢ggvupwards around pH 7, are farki)
from expected for these kind of small polymers. Nalty, upon mixing of similar polymers
with matched pH's, C3Ms with B, of about 20 nm are obtaimed?**°instead of the
100 nm obtained here.

From pH 9 up to 11.3 the decrease in intensityRnd again fast, reaching a minimum
of about 12 kHz and 13 nm, respectively. At thisnpdhe initial aggregates have been
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completely broken down, as the PAEBBEO;, is fully uncharged at this pH (potentiometric
titrations show that it is uncharged at pH 10 inmd®@ NaNG; data not shown) and the PAA

is completely chargéd Decreasing the pH from this point on to pH 2.ftd@& 2), gives

formation of PECs as the charge density on PAETBemses. It seems that in the pH range 6-

9 stable micelles in equilibrium are obtained,lexé is only little hysteresis upon increasing

the pH from 2.7 to 11 again (arrow 3). The stapitif the intensity (around 40 kHz) aift]
(around 15 nm) in the pH 5-9 range for the second third pH shift, show that

rearrangements are either very slow or absent wthere is no excess charge on the

complexes.

I/C (a.u.)

R (nm)

1000

100 |

100 ¢

10

pH

12

Figure 3.5: pH cycle of a mixture 1 g/l PAEJBEG:1, and 2.3 g/l PAAso (1 mM NaNQ),

mixed such thaf. = 0.52. The pH's of the polymer solutions wer adjusted prior to

mixing. a) The light scattering intensitly,divided by the total polymer concentrati@y, vs.
pH and b)R, vs. pH. The arrows in a) and b) show the directbrthe pH shift due to
addition of 0.1 M HNQ@/ 0.1 M NaOH - being up( arrow 1), downd, arrow 2) and up(

arrow 3). The ionic strength increase due to aesibaddition was about 12 mM.
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Figure 3.6: pH cycle of a mixture 1 g/l PAEJEBEO:12 and 2.3 g/l PAAgoo (10 mM NaNQ),
mixed such that. = 0.50. The pH's of the polymer solutions wew adjusted prior to
mixing. a) The light scattering intensitly,divided by the total polymer concentrati@, vs.
pH and b)R, vs. pH. The arrows in a) and b) show the directobrthe pH shift due to
addition of 0.1 M HNQ@/ 0.1 M NaOH - being up( arrow 1), downd, arrow 2) and upd(

arrow 3). The ionic strength increase due to aaskbaddition was about 12 mM.

For the aggregates from PAEJBEQ:, + PAAx00 a pH cycle shows a picture (Fig.
3.6) highly similar to the one just discussed (Bid). Initially, HAPECs with high scattering
intensity and size are formed, which decreaseze and intensity with increasing pH up to
11. Decreasing the pH gives an increase in intgnsitt a slight decrease i down to about
24 nm. This shows that the HAPECs obtained by tiimexing (Fig. 3.3) can be considered to
be metastable on the timescale probed, as tReirs constant and a factor 4 higher
(approximately 100 nm) than the small C3Ms formeda ipH cycle. Also, one would expect
the most favourable distribution (minimum free @yrto be the one with a maximum

number of C3Ms, with a corresponding sniyl
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Stability effects in Light Scattering Titrations
Several articles have been published in which Iggsttering titrations (LS-Ts) were

employed as the main method to investigate the d6om of C3M§8>1"229 Note that LS-
Ts for polymeric systems have been discussed iat gretail elsewheré®® and the general

832 or nanoparticle$ as

picture is similar for various other systems empigyprotein
‘polyelectrolyte’. However, the effect of the totdliration time of these titrations may have
played a role in the observed phenomena, espeacidibn the reorganization towards the
stable state is slow. Two titrations at differep¢asds were performed to investigate the effect
of time on LS-Ts of 1 g/l PAETBPEQG,;, with a short PAA (Fig. 3.7). In the intensity V¥s.
plot there are clear similarities, but also differes: the intensity increases with increading
(starting from 0) in both plots, untfl is approximately 0.5. From there on the intensity
decreases, but it decreases much more steeplg BOthrs titration (Fig. 3.7d). TH&, in the

3 hrs titration (Fig. 3.7b) is nearly constant,uard 25 nm, whereas th® varies more in the
60 hrs titration (Fig. 3.7e). Most interesting hawe is the difference in the normalized
change in intensity vd. (Fig. 3.7c and 3.7f), as this gives informationtba stability of the
complexes as a function bfover a large part (about 75%) of the possible eafitpe changes
for the 3 hrs titration are around zero, while tloe 60 hrs titration it is clear thatfat> 0.53

the intensity drops significantly with time. Thesre two pronounced maxima in the
normalized change in intensity s> 0.5; one at. = 0.54 and one at 0.70. Why this occurs is
not clear, but perhaps the first maximum is coreetd dissociation of C3Ms and the second
to dissociation of soluble complex particles (SC&s,defined previously) as these two
types of particles are expected to fall apart goplear as a function df. At f. < 0.5 there
seems to be no change in intensity, even at thissitale. Part of the differences between the
3 and 60 hours titration may be due to the diffeesin salt concentration, being 1 and 10 mM
NaNG; respectively.

Again, the same overall picture is obtained in carmg a 3 hours and 60 hours
titration of PAETBPEG:1, with PAAx oo (all solution in 10 mM NaNeg) pH 7, figure 3.8).
The intensity vsf. plots (Fig. 3.8a) shows the same pattern, beigdts} lower in intensity
for the 60 hrs titration. Given that rearrangentergmaller particles occurs over the course of
time, and the light scattering intensity is maidgpendent on the size of the scattering object,
also a slightly lowerR, is obtained for the 60 hrs titration. As with thieorter PAA, the
normalized change in the intensity is zeroffer 0.50. Around. = 0.6 change in the intensity
with time is fastest and most clearly visible, vehdt lowf. there is also a clear (but slower)

decrease in intensity with time.
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Figure 3.7: a,b,c) LS-T of 1 g/l PAET&PEQ;, with 2.3 g/l PAAeo, both in 1 mM NaN@

pH 7.1. Total titration time is approximately 3 hdse,f) LS-T of 1 g/l PAETBPEG:, with
2.3 g/l PAA40, both in 10 mM NaN@ pH 7.1. Total titration time is approximately &6s.
Shown are the light scattering intensitydivided by the total polymer concentrati@y, the

R, and the normalized change in the intensityfv€er point in the graphs a) and d), five LS
measurementsly,l,,..Is, were made of which the average intens#yy, is shown. The
normalized change in the intensity is calculatedtipation point aslg-11)/<I>, wherels and

I, are the fifth and first intensity measured, of thisplayed averagelx of 5. The pH-
variations (always within 2 pH units, with a minimwf 6.1 and a maximum of 8.5, data not

shown) only have a very minor influence on the itssu
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(11 )/<I>

Figure 3.8: a,b,c) LS-T of 1 g/l PAERPEQG;, with 2.3 g/l PAAyy, both in 10 mM
NaNG;, pH 7. Total titration time is approximately 3 kirg or 60 hrs ¢). Shown are the light
scattering intensityl, divided by the total polymer concentratioB, the R, and the
normalized change in the intensity ¥s.Per point in the graph a) five LS measurements,
I1,12,..1s, were made of which the average intensiths, is shown. The normalized change in
the intensity is calculated per titration point(ksl,)/<I>, wherels andl; are the fifth and first
intensity measured, of the displayed averalgeof 5. The pH-variations (always within 1 pH
unit, with a minimum of 6.6 and a maximum of 7.&talnot shown) only have a very minor

influence on the results.
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To determine whether equilibrium is reached in tl8eTs, one can compare the radii
obtained to those obtained via pH cycles. Rhebtained at. =0.50 with LS-Ts (Fig. 3.7 and
3.8) is about 25 nm for the HAPECs with a short P&hile it is about 110 nm for the longer
PAA200 The R, obtained via pH cycles (Fig. 3.5 and 3.6) howewaee, clearly smaller —15
and 24 nm respectively. This shows that metastsialies are obtained with LS-Ts, as was

found to be the case for direct mixing.

Factors influencing stability
This brings us to stress the following factors fearrangements in polyelectrolyte

complexes comprising a diblock copolymer with arged and a neutral block. Four factors
influence the stability of (HA)PECs, namely (i) tsdhe addition of which has been shown to
enhance the rate of rearrangements by a factod’c?1(ii) high diblock copolymer content,
since a larger fraction of neutral chains incredbesstability by hampering reordering (Fig.
3.2, 3.3, 3.7 and 3.8), (iii) excess charge; arahed®MC there is no excess charge and hence
the complexes are very stable, whereas deviatorg fr= 0.5 increases the net charge of the
complexes and thus increases the rearrangemen{Higte3.2, 3.3, 3.7 and 3.8), (iv) the
chemistry of the polyelectrolytes, as the more bptobic backbones used in this study give

rise to very slow rates of rearrangements.

Cryo-TEM
To visualize the difference between the initialgstaf complexation (i.0.w. HAPECS)

and a situation close to the stable state (i.0RC$), cryo-TEM images were obtained of
mixtures of PAETBPEG:12 and PAAwm in 10 mM NaNQ with f. = 0.69. For one sample,
two stock solutions of the oppositely charged paysnwere mixed 30 s before vitrification
and imaged (Fig. 3.9a). A second sample, mixeda3@ earlier was also vitrified and imaged
(Fig. 3.9b). The differences between the two samplee clear: initially, transient large
networks are formed which appear to rearrange t@lemmore spherical particles. It seems
that the cores which rearrange into smaller pagicre already present in the initial stage.
The average diameter of the smaller objects afled&ys is 16 £ 4 nm, while the average
distance between them is about 25 £ 6 nm. This igood agreement with th®, obtained
with light scattering after 30 days (23 nm, data sisown). The transient large aggregates
found here have already been predicted in liteeatar quenching of micelles composed of
amphiphilic component8 and observed experiment&fly However, for micelles composed

of amphiphilic molecules, the first step of assborais intramolecular compaction of the
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hydrophobic component. Then, rearrangement to tegkdhkes place by association of
multiple amphiphiles. For the formation of HAPECBKetquenching depends on two
oppositely charged polyelectrolytes meeting in g8ofu Thus, the initial complexes formed

here are more network-like, as no initial intrancolar compaction occurs.

Figure 3.9:Cryo-TEM images a) PAETBPEG:1, + PAAx o f. = 0.69, 10 mM NaNg
vitrified 30 s after mixing of PAETBPEQG;, (10 mM NaNQ, pH 7) and PAAgw (10 mM
NaNG;, pH 7) solutions. Bar is 100 nm. b) PAEEBEQ2 + PAAx o f. = 0.69, 10 mM
NaNG;, vitrified 30 days after mixing of PAETEBPEG:1, (10 mM NaNQ, pH 7) and
PAA2000(10 mM NaNQ, pH 7) solutions. Bar represents 100 nm.

Conclusions
Light scattering and Cryo-TEM show that upon mixP@ETB,PEOG:, with PAA (at

fixed pH around 7), polyelectrolyte complexes abtamed which are either metastable or
unstable, on the time scales investigated. Injtidrge clusters — named HAPECs — are
obtained which eventually rearrange into small pmegbly micellar particles. Light scattering
and Light Scattering Titrations show that with ea&sing deviation from the PMC, the rate of
the rearrangement process increases, as is alsoa#iee with decreasing neutral polymer
content. The light scattering intensity aRg of complexes of PAETBPEG, with PAA
aroundf. = 0.5 are constant in time, but a pH cycle camsivbether the obtained complexes

are in a metastable or in a stable state.
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Finally, it is shown that mixing of oppositely clgad polyelectrolyte solutions whose
pH values are not matched and increasing the deaigth of the longest polyelectrolyte,
increases the differences between the metastadlitharstable states.
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Chapter Four

Complex coacervate core micro-emulsions

Abstract

Complex coacervate core micelles form in aqueoligtieas from poly(acrylic acid)-
block-poly(acrylamide) (PAAPAAmMy, x and y denote degree of polymerization) and
poly(N,N-dimethyl aminoethyl methacrylate) (PDMAEM#&) around the stoichiometric
charge ratio of the two components. The hydrodynaadius,R,, can be increased by adding
oppositely charged homopolyelectrolytes, R4Aand PDMAEMAs, at stoichiometric
charge ratio. Mixing the components in NaiNQives particles in highly aggregated
metastable states, whoRg remain unchanged (less than 5% deviation) foeastl1 month.
The R, increases more strongly with increasing added sipgy charged
homopolyelectrolytes than is predicted by a geoigatpacking model, which relates surface
and volume of the particles. Preparation in a phatp buffer — known to weaken the
electrostatic interactions between PAA and PDMAEMAyields swollen particles called
complex coacervate core micro-emulsions ((E3) whoseR, increase is close to that
predicted by the model. These are believed to enstable state (lowest free energy). A
two-regime increase iR, is observed, which is attributed to a transitiont more star-like
to crew-cut-like, as shown by self-consistent fiemlculations. Varying the length of the
neutral and polyelectrolyte block in electropharetobility measurements shows that for
long neutral blocks (PAAPAAM,0s and PAAJPAAMsg;) the (-potential is nearly zero. For
shorter neutral blocks thépotential is around -10 mV. This shows that the (E3 have

excess charge, which can be almost completely sedeay long enough neutral blocks.

Published as: Hofs, B., de Keizer, A., van der Burgh, S., Leermakers, F.A.M., Cohen
Stuart, M.A., Millard, P.-E. and Miiller, A.H.E., Soft Matter, 2008, 4, 1473
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Introduction

A micro-emulsion can be defined as a spontanedosiyed thermodynamically stable
sub-micron sized dispersion of liquid (or liquidystal) in another liquid. Usually, micro-
emulsions are made of oil and water, and stabilmedurfactants (often with a co-surfactant)
that favor the oil-water interfateTheir thermodynamic stability is due to the f#uat the
surfactant lowers the interfacial tension to vallee® enough to permit translational entropy
to drive — together with spontaneous curvature e-ftrmation of the dispersed state. The
guestion we address here is whether micro-emulsiandorm when we replace the oil by a
different liquid that is immiscible with water, nahy complex coacervate. A complex
coacervate is the polymer-rich fluid phase that ftTam upon mixing aqueous solutions of
oppositely charged polyiohsin this chapter we consider a new kind of micnmuésion
consisting of complex coacervate core micelles (§8Mnto which an extra amount of
complex coacervate has been introduced. C3Ms ampased of diblock copolymers with a
neutral water-soluble block and a polyelectrolytock, and an oppositely charged
homopolyelectrolyt&®. Due to addition of a (charge) stoichiometric rapet of oppositely
charged homopolyeletrolytes, we obtain a new kihganticle, which can be called — in
analogy to conventional amphiphile-based micro-sions — complex coacervate core
micro-emulsion (C3E).

One of the potential applications of C3Ms is dradj\@ry . The size of these C3Ms is
an important parameter, as it may influence thedibtdbution, efficacy, and saféfy
Multiple strategies can be used to control the sizecomplex coacervate core micelles
(C3Ms, also known as polyion complexes (PICs),rpubelectrolyte complexes (IPECs), or
block ionomer complexes (BICS)*). The most obvious way is to select block copolgsne
with core and/or corona blocks with different lemgjt'* however, to increase the micellar
size over a large range, rather long polymers aeded. Synthesis of well-defined block
copolymers with long blocks and low polydispers#yotoriously difficult. Some complexes
composed of a polyelectrolyte and a diblock cop@ymbtain an increased hydrodynamic
radius due to kinetic trapping of irreversibly cdeing polyiond®. Disadvantages here, are
that the structure is not well-controlled and refucbility may be low. A straightforward
procedure to control the size is by mixing extraocant of anionic polyelectrolytes with
diblock copolymers with an anionic block to a shoanetric amount of cationic
polyelectrolyte. The oppositely charged polyeldgtes will form a complex coacervate and
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are expected to form the cores of the C3Ms, jushasydrophobic core of polymeric micelle
is formed by the non-polar molecul&s’

We have studied the formation and stability of ey that are expected to be (@Bs.
The obtained sizes of the Qs will be interpreted in terms of a geometricatkpag model,
in which the radius is related to a compositioraigmeterf (defined below). C3Ms form at
a preferred micellar composition (PME€hen the negative charge of the diblock copolymer
is fully compensated by the positive charge of timenopolymer. C3Es are formed by
mixing anionic polyelectrolytes and diblock copolra with a neutral and anionic block, and
than adding a stoichiometric amount of cationigypldctrolyte. The size can be controlled by
the ratio of anionic polyelectrolyte and anioniaitral diblock copolymer. The radius and the
aggregation number can be related to the compnstifadhe C3Ms in way similar to that
derived earlier for C3Ms with one or two diblockpodymers®. The total radiusRew, for
C34Es composed of one charged diblock copolymer speand two oppositely charged

polyelectrolyte species can be written as (seapipendix for the derivation):

- 4RO |14 e | +RY 4.1
Rtotal - Rcorona Rcore N — - Rcorona Rcoreﬂ ( . )
db

Here, Ngp and Ny, are the total number of anionic monomers, presgesblution,

namely in the charged blocks of the diblock copa@dym(db) and the anionic

homopolyelectrolytes (hp), respectively. The conipmsal parameter is defined g =
1+ Nﬁp/Nab. One sees that the increase in the size of theuHE33 with added
polyelectrolytes is expected to be proportionahte ratio of added free homopolyelectrolyte

with respect to the polyelectrolyte in the diblaodpolymers, multiplied bngore, the core

radius without added additional homopolyelectrayte
In addition to the geometrical packing model, selfisistent field (SCF) thedy# will

be used to mimic the experiments. So far, calauatiof this type have focused on the case of
amphiphiles in selective solvents (see &a@nd references therein). From such a model one
typically finds (consistent with the surfactant kiag parameter approach) that the area per
molecule in the micelle is only a weak functiontioé micelle geometry. More specifically,
we model the molecular co-assembly that underhesformation of C3Ms. An associative
driving force is combined with a stopping forceadeng to a first-order model of C3Ms.

Details of this theory have been published elseffieThe thermodynamic analysis of
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micelles generated in an SCF approach is basedeotiiérmodynamics of small systems first

used for micellisation problems by Hall and Petffica

Materials and methods

Materials

Acrylic acid (AA), acrylamide (AAm), and other cherals where purchased from
Sigma-Aldrich at the highest available purity. AAmas purified by two recrystallizations in
acetone. AA was distilled under vacuum and useshfye The synthesis of the RAFT agent
3-benzylsulfanyl thiocarbonylsulfanyl propionic dci(BPATT) has been described
elsewher®. Poly(N,N-dimethyl aminoethyl methacrylate), denoted as PEWM\.so the
index denotes the degree of polymerization, with M23.5 kg/mol, M/M, = 1.04, and
poly(acrylic acid), PAA4, M, = 10.0 kg/mol, M/M, = 1.15, were obtained from Polymer
Source Inc. (Montreal, Canada) and used as recedadthe molecular structures of the
polymers, see Fig. 4.1. All salts used were of i@l grade and used as received. All

solutions were prepared in deionized water (Mil)i-Q

CH, CH
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o
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/\ | 2
H,C CH, OH
Figure 4.1: The molecular structure of PDMAEM@eft) and PAA-PAAm (right).

Methods

PAA, and PAAPAAmy (Fig. 4.1) were synthesized by RAFT polymerizatim
aqueous solution underirradiation. The process details have been repcetelief®. Here
the synthesis is described briefly. For BAf& a round-bottom flask, AA (3 M) and BPATT
(71.4 mM) are dissolved in a mixture of water/aoetd/1. The vials were capped with rubber
septa and deoxygenated by purging with nitrogenfga$5 min. each. Then polymerization

solutions were placed in an insulated room witi’@o source at ambient temperature
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(typically close to 20°C) at a dose rate of 21 Gy Fhe flasks were taken after pre-selected
time to obtain two different monomer conversionseTsolvent mixture was removed by
evaporation under vacuum followed by freeze-dryiRgAx was purified by precipitation
from an ethanol solution into a 20-fold excessiohkromethane and dried under vacuum at
40°C before the block-copolymerizations. Degreepalymerization were determined by
NMR recorded on a Bruker Avance (250 MHz) spectri@mén D,O by comparing the
residual benzyl group of the RAFT agent to thosoaisted with the polymer backbone. A
similar procedure was carried out to obtain théedéiht PAAPAAmM,. AAm (1.5 M) and the
selected PAQA macroRAFT agents (15, 7.5, and 3.75 mM respeghwskre dissolved in a
mixture of water/ethanol 3/2. The different solasowere sealed, degassed by nitrogen gas
bubbling, and placed to receive a dose rate of 2h'& After a predetermined time flasks
were removed, ethanol was evaporated under vacauadh,the residual aqueous solutions
were freeze-dried. The different PAPAAmM, were subsequently purified from residual
monomers by 3 days of dialysis against deionizedemvaDegrees of polymerization of
PAAPAAM, were also determined BYd NMR in D,O by comparing the residual benzyl
group of the RAFT agent to those associated wighpiblymer backborfé The molar mass
and polydispersity index of the different polymars listed in Table 4.1.

Polymer X y | M (kg/mol) | PDI
PAAPAAM, | 26 | 100 9.3 1.1
200 16.4 1.2

405 30.9 1.2

39 | 97 10.0 1.2

191 16.7 1.2

381 30.1 1.2
PAA 140 10.0 1.15
PDMAEMA, | 150 23.5 1.04

Table 4.1: Used polymers, with humber averaged outde weight M, and polydispersity
index (PDI).

All solutions were prepared as follows: to a mietwf PAAPAAmMy and PAA4 a
solution of PDMAEMA 5o was added. The polymers were dissolved to givengentration

of 3 mM positively and negatively chargeable grouplsis method of creating the sample
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will be referred to as ‘direct mixing’. The pH wasljusted to the desired value with 0.1 M
HNO;3; and/or 0.1 M NaOH, if necessary. Typically, onlyjnor adjustments were needed (up
to 1 pH unit). The phosphate buffer has an ionmergjth of 10 mM, pH 7.1 (i.e. about 5 mM
of phosphate ions).

Light scattering (LS) was performed at a scatteramgle of 90 degrees, unless
mentioned otherwise, with an argon laser operadirg wavelength of 514.5 nm with 0.20 W
power as light source. The intensity autocorretatfonction was determined with an
ALV5000 multiple tau digital correlator. All LS mesarements were performed at room
temperature (around 293 K).

Light scattering titrations (LS-T) were performedtiwa Schott-Gerdte computer
controlled titration set-up, communicating with th& computer, which allowed to control
added volumes, stirring times, and pH measurenienthe pH LS-T a premixed solution
containing all polymers in a glass sample cell pped with a pH electrode, was titrated with
0.1 M NaOH or 0.1 M HN@

As the C3Ms and CREs are formed from oppositely charged componerts, t
composition of the system with respect to the ob@drgr chargeable groups is a central
parameter, and we express the charge compositiondefined as

fp=1-f_ S (4.2)

[+] +[-]
where ] and |] denote the total molar concentration of chargegpbups of the positively
and negatively charged species forming the miceltae, respectively. Note that in Qs
the composition is not only determinedfibybut also bys.

For each point in the LS-T curve five light scatigrmeasurements were performed.
Prior to measurement, the pH of the samples wasstad] to within 0.1 pH unit of a chosen
value with 0.1 or 1 M NaOH or HNfsolutions. To compare the different titrations
quantitatively, the intensity of scattered light,), was normalized by the total concentration
of polymerCy(f.) (in g/l).

The diffusion coefficient of the scattering objest®s obtained with the cumulant
method® and from which the hydrodynamic radiug, was calculated using the Stokes-
Einstein equation.

The electrophoretic mobility of the particles wastedmined with a Zetasizer 2000
(Malvern Instruments) with an attached PC runnhmg daccompanying software (PCS v1.51),

operating at 28C with a 15 mW laser operating at a wavelengt63¥ nm. The-potential
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of the particles was calculated from the electroptio mobility with the Smoluchowski

equation.

Results and discussion
Effect of block copolymer architecture on C3Ms

Before discussing the formation of @&s, we will first discuss the formation of
regular, non-swollen, C3Ms for block copolymershmiarying block length at a fixefld and
as a function of pH. With increasing pH the chaogethe PAA will increase, while the
charge on the PDMAEMA will decrease. From potengtme titrations we expect that
around pH 7 both polyelectrolytes are highly chdr@gnd to a similar degréd) Thus, at pH
7 andf, = 0.50, a maximum in the light scattering inteynsyill be obtained. For lower values
of f;, a neutral complex will be obtained at lower pHues.

pH titrations of mixtures of PDMAEMA and PARAAm, show the above effects (Fig.
4.2). The maximum intensity is found fbr= 0.5 at pH 7. With decreasirig the maximum
in light scattering intensity an@, shifts to lower pH. The decrease in intensity &advith
decreasingd. can be attributed to the lower charge of the PAdgck at lower pH. Thus, less
PDMAEMA is required to compensate the charges asthaller core with correspondingly
lower aggregation number results. These effects cuige pronounced for C3Ms with
PAAePAAMoo (Fig. 4.2a,b) but are much less clear for thosen WAAzgPAAMzg; (Fig.
4.2c,d), partly becaude is varied over a smaller range.

The effect of pH at fixed, is highly similar for all mixtures of PDMAEMA and
PAAPAAM, (Fig. 4.3). The maximum scattering intensity didare found at pH 7f{ =
0.45 for PAAGPAAmM, andf, = 0.50 for PAAPAAmM,). One anomaly is observed; for C3Ms
with PAAssPAAmMg; (Fig. 4.3c,d) there are two peaks in intensity BadThe origin of the
peak around pH 5.5 (not shown) is unclear. Howets,peak is outside the region which we
will investigate for C34Es, therefore we did not expand our study.

Increasing the neutral block length whilst keepithg polyelectrolyte block length
constant leads to larger (in termsRyj C3Ms (Fig. 4.3). With increasing length of theutral
block, its area at the core-corona interface irsgeand, according to the geometrical packing
model, the core radius decreases. The larger cdiogs increase the radius, and this effect
obviously dominates.

The scattering intensity (normalized by polymer acantration) changes only slightly
within each diblock copolymer series, being C3M#wWRAAPAAM, or PAAsgPAAM (Fig.
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4.3 a,b and c,d). As the normalized scatteringnsitg depends mainly on the mass of the
particles this indicates that althougf increases with increasing neutral block lengtke th
total weight of the particles remains constant,abee the dense complex coacervate core
becomes smaller (this view is supported by smajleaneutron scattering measurements on
similar C3Ms, which shows that the mass of the C3vsimilar regardless of neutral block
lengt?®). C3Ms with different length of the polyelectratyblock but similar neutral block
length of the diblock copolymers show a small iase in intensity an&, (Fig. 4.3) with
increasing polyelectrolyte block length. The corées increases with increasing

polyelectrolyte block length and thus larger C3Ms @btained.
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Figure 4.2: Light scattering intensitly (divided by total polymer concentratioQ,) and
hydrodynamic radiu&, vs. pH for a,b) PDMAEMAs, and PAAPAAMg, T+ = 0.40 6), f.
= 0.45 @), andf, = 0.50 @), and c,d) PDMAEMAsy and PAAJPAAMzg;, fr = 0.45 ), f, =
0.48 @) andf, = 0.50 @). Starting background electrolyte for all expemtse 10 mM
NaNQ;. The solutions were titrated with 0.1 M NaOH frpid 3 to 11.
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Figure 4.3: Light scattering intensitly (divided by total polymer concentratioQ,) and
hydrodynamic radiu&, vs. pH of a,b) PDMAEMAso and PAAPAAM, atf, = 0.50, x =100
(o), x =200 (), and x = 405¢), and c,d) PDMAEMAso, and PAAPAAM, atf, = 0.45, x =
97 (0), x =191 (), and x = 381¢). R, measured for PAAPAAMg; at pH 5 and 5.5 is about
200 nm,1/C, at pH 5.5 is around 420 (not shown). Starting baaknd electrolyte for all
experiments: 10 mM NaN{OThe solutions were titrated with 0.1 M NaOH frpid 3 to 11.

Formation of C3-uEs; effect of type of salt and added
homopolyelectrolytes

We performed light scattering experiments to deteemthe increase in the
hydrodynamic size and light scattering intensitythwihe increase irf. First, a set of
experiments in 10 mM NaN{QOwas performed. With increasiny both the intensity ang&,
increases (Fig. 4.4); the increase is strongercfamplexes with smaller neutral blocks.

Analysing the results with the geometrical packimgdel leads to unrealistic valuesR¥rona

of about -4 nm and%ooIre of about 25 nm. Previously, it was found that tbemation of
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C3Ms with longer polyelectrolytes gives rise to astéble states, so-called highly aggregated
polyelectrolyte complexes (HAPEC3)Here, similar non-relaxed aggregates also formarwh
extra homopolyelectrolytes are added. Interestinglya-sonication nor heating (30 minutes,
80 °C) have effect on th®&, of the non-relaxed CREs (data not shown) and they are stable
for at least one month (radii remain within 5% &g toriginal values). Furthermore, pH
cycling, which has previously been used to find stable staté, does work for C3Ms (Fig.
4.2 and 4.3) but not for the non-relaxed @EBs in 10 mM NaN@ the size and scattering
intensity are highly path-dependent — that is,tifier latter case, data collected along the first
upwards, second downwards, and third upwards pHegsvdo not overlap (data not shown).
As for simple C3Ms composed of the diblocks and PAEMA 150 in 10 mM NaNQ the
stable state is easily found by applying a pH sweep infer that it is the added
polyelectrolytes that cause the complication. Pibbahe homopolyelectrolytes are able to
form large networks®*>3(as they have no covalently attached neutral bielich can stop
the growth of these networks), which — becausehatge neutrality, any rearrangements in
these kind of systems are very stow results in the formation of a metastable state
mechanism behind the formation of the large network most probably spinodal
decomposition (as upon mixing of the solutions e polymers, the polyelectrolytes will
complex everywhere in solution). As the diblock alymers are also mixed throughout the
solution and participate in the complexation, thiwuld lead to the formation of particles
with a fairly narrow size distributioruf/7?, as determined from cumulant anal§5iss fairly
low (approximately 0.2) indicating that the sizestdbution is fairly narrow). Once the
particles are formed, the relaxation is very sl@attee randomly complexed polyelectrolytes
have to either completely detach (a highly unliketgurrence at this salt concentration) and
then reattach, or a kind of reptation has to occur.

In order to form true C3Es (complexes in the stable state, this being thie svith
lowest free energy) we performed the same set péraxents in a phosphate buffer with the
same ionic strength as the NaN®olution. Phosphate ions are known to weaken the
interactions between the used polyelectrolytes tremter extent than NOions™**> This
should allow for much faster relaxation. The inse=ainl andR, with £ are indeed much
lower when phosphate buffer is used (Fig. 4.5)iadtof NaN@. The difference between the
highly aggregated species formed in NaNghd the smaller species formed in phosphate

buffer, is most likely caused because of this dmeodnic effect. The C3Es formed in
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phosphate buffer are probably in the stable stateegt free energy). For an overview of the

complexes obtained with different type of salt ghdee scheme 4.1.

polymers in 10 mM NaNO,; 10 mM phosphate buffer

. _.@ (@ @ C3Ms

— (® © (@

@
- @ @ Cs-uES
I
| —

(J=neutral ==PAA = =PDMAEMA = =complex coacervate

Scheme 4.1: lllustration of the formation of C3MsdaC3uEs. If only PAA-PAAM and
PDMAEMA are mixed (top), C3Ms with the same size abtained. If a mixture of PAA-
PAAmM and PAA is mixed with PDMAEMA (bottom), howaven 10 mM NaNQ large, non-
relaxed C3ESs in a metastable state are obtained (middle)irardi® mM phosphate buffer
small, relaxed C3iEs in the stable state (lowest free energy) araioéd (right). Legend

shown below the full line.

For C3uEs the experimental increase linwith increasingf can, to a first order
approximation, be attributed to an increase in pweticle size and mass, and the
accompanying decrease in the number of partilesiccording td O NV, wherev is the
particle volume (Rayleigh scattering). The {IBs density is assumed to be constant,
although it is expected to increase slightly withreasings. At a fixed concentratiort, ¢ ~ Nv,
and N ~v*; thusl/c O R®. The increase ihwith 8 is semi-quantitatively as expected for the C3-
UEs with the medium and large sized neutral blonkghiosphate buffer (deviation of the thus
calculated intensity increases with increasthgnd goes up to a factor of 2). The intensity
data can also be used to estimate the molar mat#sedC3pESs, as static light scattering
measurements performed elsewhere, show that C3Mwypased of PAAIPAAM;g; and
PDMAEMA 5 have a micellar mass of 120 kg mMdf. For the corresponding G&s with
= 8, I/c is 30 times that of the C3Ms. Following the analydescribed above leads to a
particle mass of the CBEs (withg = 8) of about 4 x 10kg mol™.
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Figure 4.4: Light scattering intensity and R, vs. f of non-relaxed C3Ms composed of
PAA14, PDMAEMA;50 and PAAPAAM,, a,b) atf, = 0.50, x-y = 26-1009), 26-200 () or
26-405 @), c,d) atf, = 0.45, x-y = 39-97q), 39-191 (1) or 39-381 ¢). Solvent is 10 mM
NaNQ;, pH 7.1. Lines are to guide the eye.

The increase iR, andl for C34Es with (Fig. 4.5) is qualitatively as expected. That
is, the increase iR, and| is strongest for CBEs with the shortest neutral blocks and
weakest for those with the longest neutral bloéiso, the difference in increase Ry andl
between the PAAPAAmM, and PAAJPAAmM, series (with approximately the same neutral
block lengths) is as expected: the PAPAAM, C34Es grow a slightly more with increasing
p than the PAAPAAmM,, as about 1.5 times more oppositely charged hotyeleatrolytes
are added to reach the sagi®r the former series.

For the two systems with the shortest neutral dpektound 100 units, the micelles
grow more quickly with increasing than can be expected from the model (similar & th
observed for non-relaxed GHes in NaNQ, resulting in negative values f&.ona). There

are two possible explanations for this: (i) The ptewes are only partly stabilized by the
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neutral blocks — another stabilizing mechanism @ da excess charge, however, there is little
excess charge, as the mixing ratio is close topthiat where there is an equal amount of
negative and positive charges and this combinaifdactors causes the rapid growth in size
with increasingg. (i) The decrease in the size of the neutral kdomay allow the primary

random comple¥X to be more network-like and larger, similar to whas seen here for the

non-relaxed C3}Es in NaNQ.
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Figure 4.5: Light scattering intensity and R, vs. f of C3{4Es composed of PA#A,
PDMAEMA ;50 and PAAPAAm,, a,b) atf, = 0.50, x-y = 26-100d), 26-200 (1) or 26-405
(©), c,d) atf, = 0.45, x-y = 39-97d), 39-191 () or 39-381 ¢). Solvent is a phosphate buffer
with an ionic strength of 10 mM, pH 7.1. Lines &weguide the eye. Dashed line in d) is as

described in the main text.
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Figure 4.6: Angular dependenceRf for C3quEs composed of PAA, PDMAEMA;5, and
PAAsPAAM,00 as measured with light scatteripgy= 1 (©), 2 @), or 4 @), all atf, = 0.50
and prepared in a phosphate buffer with an iomength of 10 mM, pH 7.1. Average and

standard deviation are shown. Lines are to guidestte.

A growth in R, with increasingf which is in line with expectations (geometrical

packing model and literatufe for C31Es with PAAGPAAMssy) is shown as a dashed line in
Fig. 4.5d. ARuyrona Of 14 Nm and aR . of 6 nm are assumed, as these are values close to

those estimated previously for a highly similar tegs® — namely C3Ms composed of
PDMAEMA 50 and PAAPAAM,; 7. For lowp the prediction underestimates the growth and
for high g the growth is overestimated. This shows that tli@ @btained with increasing

are close to those expected, and that the systpnolimbly in the stable state. Also, it shows
that the model does not have enough detail to gaawely predict the growth, as the
experimental C3E growth curves (excluding the ones for the shorte=utral blocks
discussed previously, Fig. 4.5) generally deviatenfthe simple linearity iR, expected from
our model. At low fractions of added polyelectrelyt(1<f <1.5) there seems to be a faster
increase irk, with g, than at highef. The non-linear increase Bf, with # could be because
of a non-linear increase in polydispersity, or af@sin shape. Varying the angle in dynamic
light scattering with increasing however, gives no dependenceRpfon the detection angle
(Fig. 4.6), ruling out polydispersity changes ambwing that the particles are spherital
CONTIN analysis of all measurements in phosphati#ebigive similar polydispersities.
Generally,u,/I* (as determined from cumulant analySisjs fairly low (approximately 0.2)
indicating that the size distribution is fairly naw. We therefore think that changes in shape

and polydispersity play only a minor role. Changethe area a neutral block occupies at the
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core corona interfaceay,, is another potential reason for non-linear growdf, might

increase with increasing as the radius of curvature of the core decreaseésimcreasing

size**L This effect should be most pronounced for theuE8-with the largest neutral block,

as these have the smalldg}, .. Indeed, the slope of the first and second path@fdata (Fig.

4.4 and 4.5) differ most for the G&=s with the longest neutral blocks.
Interestingly, self-consistent field (SCF) calcidas show non-linear behaviour (see
last section), which can be attributed to a gradraaisition from more star-like micelles at

low S to crew-cut micelles at high The C3pEs with PAAPAAM 9 Seem to behave more
simply; a linear fit to all data points seems ta&asonable, resulting Reorona = 5 andR?, _ =

13. Here, the transition from more star-like towsireut is probably absent because the
changes in the curvature of the core with increpgiare small.

If B is increased beyond a critical value precipitatmoturs. For the CREs with
PAAPAAmM, with y= 100 precipitation occurs ff is increased from 2 to 4 and for those with
y = 200 if g is increased from 4 to 8. It seems that if theraf the total number AA/AAm
groups approaches one, the PAAmM is no longer presdmgh enough amounts to prevent
phase separation. Previously a ratio of 0.33 has ieund for similar systerifs but in that
case the polyelectrolyte was part of the dibloc#t aat free as it was here. The precipitation
upon increase ifi is similar to emulsification failure, which takpkce with micro-emulsions
if the surfactant oil-ratio becomes to low to saligk the oil and macroscopic droplets, or
even a bulk phase, appear.

Finally, C34Es at different values ¢f can be compared to C3Ms with different lengths
of the charged block. Going from 26 to 39 as pageblyte block length (Fig. 4.3) is similar
to increasing’ from 1 to 1.5 (Fig. 4.5). Comparing the increas&j shows, that the increase
is systematically larger for the Gf&s (about a factor of 2, note that the differerindg, are
small — 1-5 nm). The difference in conformationatrepy between C8Es and C3Ms for a
system of the same composition (in terms of the @&t neutral and charged groups) may be
responsible for the observed differences in size.

Electrophoresis

In principle both C3Ms and C@Es at stoichiometric ratio of the charged composient
are expected to be electrically neutral partideswever, accumulation of charges may occur
when the complex coacervate core is swollen witheexppositely charged polyelectrolytes,
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Figure 4.7: Zeta potential vg. of non-relaxed C3Ms and Q#s composed of PAA,

PDMAEMA 15 and a) PAAGPAAM,y, (@) or PAAsgPAAMsg; (m), at f, =0.50 and 0.45
respectively, in 10 mM NaNg{ pH 7.1, b) PAAPAAM oo (0), PAAPAAM, (O) Or

PAAPAAM,05 (0), all atf, = 0.50, in a phosphate buffer with an ionic sttengf 10 mM,

pH 7.1, c) PAAJPAAMg; (o), PAA3gPAAM; 01 (O0) O PAAgPAAMSg; (0), all atf, = 0.45,ina
phosphate buffer with an ionic strength of 10 mM, 1.
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especially if they are not added in stoichiometioounts. A way to help determine if this
happens for non-relaxed Qs and relaxed CREs is by measuring the electrophoretic
mobility. If the core has excess charge, it is \émly to show up as &-potential; the neutral
PAAm of the corona will reduce the ‘bare’ value daescreening.

For non-relaxed CBEs thel-potential is negative (Fig. 4.7a) and the absolaiee
increases with increasing and decreasing neutral block length. EBs with short and
medium length neutral blocks (PAAmy = 91, 100, 191, or 200) show a more negative
potential with shorter neutral blocks (Fig. 4.7prFong neutral blocks (PAAmYy = 381 or
405), the(-potential is close to 0 and remains constant witiheasings (Fig. 4.7); the long
neutral blocks almost completely screen the smalegs charge of the complex coacervate
core.

The fact that thé-potential for most of the non-relaxed @&s and relaxed CREs is
negative might be interpreted as evidence for batraj: which is below the PMC. However,
C3Ms with PAAPAAMg; or C3{Es with PAAGPAAMg;, prepared atf, = 0.50 in
phosphate buffer with an ionic strength of 10 mM, 1, have &-potential of -10 mV, not
significantly different from those &t = 0.45. The -potential of C3gESs with PAAPAAM; 91
only becomes> 0 aroundf, = 0.55, which is just outside the micellar regi@he light
scattering intensity has dropped a factor of 10@mared to the maximum intensity in the
micellar peak, data not shown), where soluble cexgd are the majority complex in
solutiorf®. Also, the added mixture of PAA and PDMAEMA hag-potential which is near
0, so it seems that the negati&gotential is a property of C@Es, both in NaN®@ and

phosphate buffer solution.

Self-consistent field calculations

More insight into the reasons why the geometric ehgilves only a rough description
of the experimental data can be obtained with gatisistent field (SCF) calculations, as more
detailed considerations are used in such calcuisitid/e consider block copolymersBw (N
= 100, M = 800, which in block length ratio correspond te tPAAPAAM,ye block
copolymer) that form a complex with homopolymerg, GQue to an attractive Flory-Huggins
(FH) parameter between A and £ = —2; this provides the driving force for the formation
of micelles. In addition, we havesghomopolymers in the system, which serve to svl t

core of the micelles, and there is a monomerigestl W. Note that we do not explicitly
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consider the charges of the polymers in the sysédhikH parameters other thgmc are set

to 0.5, which implies that all individual compongnare water soluble and only the
combination of A and C in the system gives risenicellisation (the B block is the corona
forming block). Two-component micelles can form wh& By and Gy are mixed in proper
proportions in excess W. In the core, which stihtains a lot of W, the ratio A/C is close to
1:1 to optimize the attractive contacts (Fig. 44%.is common in a SCF analysis we focus on
micelles near the critical micellar composition (CM which we here pragmatically define as
micelles with a grand potential of 1@k (system is dilute in micelles). The micellar sige
measured by monitoring the average position ofridx end of the copolymer. Let the volume
fraction distribution of the free end (of the B-bk) in a lattice model be given by the radial

volume fraction distributiog(r), then a measure for the micelle skemay be found from

) 4nzr:r3(g(r)‘gb)_ 4”Zr3(g(r)‘gb)
Rn = 4ﬂZr2(g(r)‘gb)_ Nagg

4.3)

whereNagg is the number of copolymers in the spherical ttece = O is the center of the
micelle and the summations run over all positiverdmates up to infinity. Here, all linear
lengths are normalized by a segment lerigghlso size of a lattice site) agllis the volume

fraction of copolymer ends (B-block) in the bulkr(from the micelle).

100 ———

(wu) 'y

60:

Figure 4.8: Comparison of changes in the size eftircelle (first moment of the end-point of
the copolymer) as a function 8f Ry, from SCF calculationso] andR;, from experimentrd).

Line to more clearly visualise the deviations fronearity.
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The geometric packing model predicts a straighe¢ liar the micelle siz&R, as a
function of . The SCF model (data points, Fig. 4.8) clearlyigtleg from the linear
behaviour. The growth of the micelle size with mesing f levels off when more
homopolymers are in the micelle. This is qualitelyvin agreement with the experimental
data. Quantitatively, the point where the deviati®smo longer visible is the same as well,
namely aroung = 1.5 (Fig. 4.8).

04 L B=1 ]

Figure 4.9: Volume fractiory, profiles of the various polymers from the caltwlas. o with
full line is the diblock copolymer (composed of Aggnents in the core and the B block
forming the corona)a is the Ay polymer,0 the Gy polymer,x with a full line (only visible
as a small bump) gives the position and width efdbre-corona interface. g= 1 and b =

3. Micelles have a grand potential of 10 KT.
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One advantage of doing the molecular modeling ésdption to inspect the predicted
radial volume fraction¢) profiles of the corresponding micelles. Compatimg profiles for a
micelle in the absence ofs/ homopolymer (Fig. 4.9a) and one with a significlxading of
the micelles with this homopolymer (Fig. 4.9b), s&e an increase of the size of the core,
being approximately 22for a non-swollen micelle and close tob5fr a swollen micelle
with g = 3. The size of the corona is not very differenthe two micelles. The non-swollen
micelle is much closer to a star (small core, laxgena) and the swollen micelle is closer to
a crew-cut micelle (large core, small cordnalhus, the observed non-linear behaviour
correlates with the cross-over from star-like t@vercut micelles, which occurs upon
increasings. One can calculate the effective head group arethé micelles withf = 1 and
3, giving 4%° and 547 respectively. The effective area per moleculéhigher for the
swollen, crew-cut, than for the non-swollen, stke;l micelles. As the geometric model
assumed that the effective area per molecule dokedepend o, we conclude that the non-
linear growth both found in SCF modeling as weliragxperiments may be caused by small
but systematic changes in the effective area pock molecule.

Conclusions

Nanoparticles of various sizes can be prepared feontharged-neutral diblock
copolymer and various amounts of a cationic ana@rdanic homopolyelectrolyte. A simple
geometrical model is proposed to interpret expemialeresults on C3Ms composed of
PAAPAAM, and PDMAEMA 5, with added negative and positive polyelectrolyi@aAi4o
and PDMAEMAj50). The model helps in distinguishing between higldggregated
metastable states (called non-relaxeduE3-and found when the samples are made in 10 mM
NaNQ;) and the stable states (minimum free energy, ¢&lig4Es and found when samples
are made in a phosphate buffer with an ionic stten§10 mM, pH 7.1).

It is shown that with increasing added negativelpd apositively charged
polyelectrolytes s, the particle size and light scattering intensitgrease. For CBEs with
long enough neutral blocks non-linear growth witbreasings is observed, in contrast to the
linear growth predicted by the geometrical packimgdel. SCF calculations strongly suggest
this non-linear growth is probably due to an inseem the area occupied by the neutral block
at the core corona interface, which is due to asiteon from more star-like to crew-cut-like

micelles, with increasing.



Chapter Four 77

We conclude that the Q3=s we have formed here are indeed micro-emulsenghe
complex coacervate core is solubilised by the Btaing agent (the neutral block, PAAmM), the
nanoparticles formed in phosphate buffer seem tm like stable state (lowest free energy),
and emulsification failure occurs upon increagitgeyond a ratio of AA/AAm of about 1.

Electrophoretic mobility measurements show thatriba-relaxed C3Ms and Q#=s
are negatively charged where the formed compleg®e la maximum in scattering afy.
The-potential of C34Es with long neutral blocks (PAAmMy = 381 or 405) is near 0, as the

longer block form a thicker corona which screemsdharge to a higher degree.

Appendix: Geometrical packing model for C3-pUEs

C3Ms and C34Es consists of a complex coacervate core with musdly. a volume
Veore, @nd an aredore, and a corona formed by a brush layer of the aktails having a
thicknesR.orona- The volume of the core follows directly from ttmtal volume of the positive
and negatively chargeable monomers in the compbacarvate core and its water content
(A4.1). The area of the core-corona interface apprtional to the number of diblocks in the

particle (A4.2).

4 _3 - - - - - -
Veore = §7Rcore =\NdbY Pdb * NMhpV Prp + n;pV+ p;p )/¢ (A4.1)
- 2 = a-
Acore = 47Rcore = Ndb@db (A4.2)
with n the number of the negative diblock copolymer males (db), or negative and positive
homopolyelectrolytes (hpy; is the monomer volumg the degree of polymerisation, apd

the overall volume fraction of the polyelectrolyieshe core. The polymer brush occupies an

area ag, at the core-corona interface, which is determibgdhe balance of the osmotic

pressure in the brush and the interfacial tensidheacore/corona interface.
At the PMC the core is electroneutral, and for C3}dmposed of a diblock copolymer

and two species homopolyelectrolytes, this givesctinstraint,
- - - - - - _ 4+ + _+
a NgoPdo + @ NhpPhp =a Ny Py (A4.3)
where thed’s are the degrees of dissociation of the corredipgnmonomers.
Equations A4.1-A4.3 can be rewritten as,

0 Nab-l-Nl‘Tp

— — 0
Rtotal - Rcorona + ore - Rcorona + Rcore,B (A44)

Ndb
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and Npp =Npp Py and Ngy =Ngy Pgy, are the total number of monomers in the anionic
homopolyelectrolytes (hp) and the anionic polyetagtes of the diblocks (db), respectively.

o 3P (v_a+ +v+a_)
ore =

(A4.5)

agha P
It is assumed that’, v', a” anda" are independent of the composition and the pasitiche

complex. In first approximatiory, is assumed to be constant, but it is likely thakepends

on the curvature. From (A4.4) it follows, that ttaeliusRya IS proportional tg3, the ratio of

the total number of charged monomers to those efllock copolymers. An interesting
property of (A4.4) is thaRgOlre can be determined experimentally from the slopiefcurve

of Riota @gainsp.



Chapter Four 79

Literature

1) Degennes, P. G.; Taupin, urnal of Physical Chemistry 1982, 86, 2294.
(2) Bungenberg de Jong, H. G.Qolloid Science; Kruyt, H. R., Ed.; Elsevier:
Amsterdam, 1949; Vol. II.

(3) Cohen Stuart, M. A.; Besseling, N. A. M.; Fakkj R. G.Langmuir 1998, 14,
6846.

(4) Gohy, J.-F.; Varshney, S. K.; JeromeMg&cromolecules 2001, 34, 3361.

(5) Harada, A.; Kataoka, KMacromolecules 1995, 28, 5294.

(6) Kabanov, A. V.; Bronich, T. K.; Kabanov, V.;A(u, K.; Eisenberg, A.
Macromolecules 1996, 29, 6797.

(7) van Vlerken, L. E.; Vyas, T. K.; Amiji, M. MPharmaceutical Research 2007,
24, 1405.

(8) Harada, A.; Kataoka, Krogressin Polymer Science 2006, 31, 949.

(9) Gaucher, G.; Dufresne, M. H.; Sant, V. P.; §aN.; Maysinger, D.; Leroux, J.
C. Journal of Controlled Release 2005, 109, 169.

(10) Euliss, L. E.; DuPont, J. A.; Gratton, S.; Da8ne, JChemical Society
Reviews 2006, 35, 1095.

(11) Gohy, J.-F.; Antoun, S.; Jerome NRacromolecules 2001, 34, 7435.

(12) van der Burgh, S.; de Keizer, A.; Cohen SfuMdr A. Langmuir 2004, 20,
1073.

(13) Harada, A.; Kataoka, Bacromolecules 2003, 36, 4995.

(14) Park, J. S.; Akiyama, Y.; Yamasaki, Y.; Kd&apK. Langmuir 2007, 23, 138.
(15) Hofs, B.; de Keizer, A.; Cohen Stuart, M.Jaurnal of Physical Chemistry B
2007, 111, 5621.

(16) Hurter, P. N.; Scheutjens, J.; Hatton, TMacromolecules 1993, 26, 5592.
(17) Nagarajan, R.; Ganesh, Macromolecules 1989, 22, 4312.

(18) Hofs, B.; Voets, I. K.; de Keizer, A.; CohBtuart, M. A.Physical Chemistry
Chemical Physics 2006, 8, 4242.

(19) Leermakers, F. A. M.; ScheutjensJaurnal of Physical Chemistry 1989, 93,
7417.

(20) Scheutjens, J.; Fleer, GJdurnal of Physical Chemistry 1979, 83, 1619.
(21) Scheutjens, J.; Fleer, GJdurnal of Physical Chemistry 1980, 84, 178.

(22) Shusharina, N. P.; Linse, P.; Khokhlov, AMRcromolecules 2000, 33, 3892.
(23) Voets, I. K. Opposites attract?! On the etestatically driven co-assembly of
polymers in aqueous solution. PhD Thesis, Wagemnitgjaversity, 2008.

(24) Hall, D. G.; Pethica, B. A. INon-ionic surfactants; Schick, M. J., Ed.; Marcel
Dekker: New York, 1967.

(25) Stenzel, M. H.; Davis, T. Bournal of Polymer Science Part A-Polymer
Chemistry 2002, 40, 4498.

(26) Millard, P. E.; Barner, L.; Stenzel, M. H.; b, T. P.; Barner-Kowollik, C.;
Muller, A. H. E.Macromolecular Rapid Communications 2006, 27, 821.

(27) Millard, P.-E.; Reinhardt, J.; Barner, L.; Buceiser, M. R.; Stenzel, M. H.;
Davis, T. P.; Barner- Kowollik, C.; Mller, A. H..En preparation.

(28) Koppel, D. EJournal of Chemical Physics 1972, 57, 4814.

(29) van der Burgh, S. Complex Coacervate CoresN&éis in Solution and at
Interfaces. PhD-thesis, Wageningen Universitei@420

(30) Voets, I. K.; van der Burgh, S.; Farago, Bkkink, R.; Kovacevic, D.;
Hellweg, T.; de Keizer, A.; Cohen Stuart, M. Macromolecules 2007, 40, 8476.



80

Complex coacervate core micro-emulsions

(31) Bakeev, K. N.; lzumrudov, V. A.; Kuchanov,IS.Zezin, A. B.; Kabanov, V.
A. Macromolecules 1992, 25, 4249.

(32) Okubo, T.; Hongyo, K.; Enokida, Aournal of the Chemical Society-Faraday
Transactions | 1984, 80, 2087.

(33) lzumrudov, V. A.; Bronich, T. K.; Zezin, A. BKabanov, V. AJournal of
Polymer Science Part C-Polymer Letters 1985, 23, 439.

(34) Kovacevic, D.; van der Burgh, S.; de Keizer, @ohen Stuart, M. A.
Langmuir 2002, 18, 5607.

(35) Kovacevic, D.; van der Burgh, S.; de Keizer, @ohen Stuart, M. Alournal
of Physical Chemistry B 2003, 107, 7998.

(36) Voets, I. K.; de Vries, R.; Fokkink, R.; Spehk].; May, R.; de Keizer, A.;
Cohen Stuart, M. AJournal of Physical Chemistry B 2008, Submitted.

(837) Tsuchida, E.; Abe, K.; Honma, Mlacromolecules 1976, 9, 112.

(38) Xu, R. L.; Winnik, M. A.; Hallett, F. R.; R#s, G.; Croucher, M. D.
Macromolecules 1991, 24, 87.

(39) Birshtein, T. M.; Amoskov, V. MPolymer Science, Ser. C 2000, 42, 2286.
(40) Borisov, O. V.; Zhulina, E. Blacromolecules 2002, 35, 4472.

(41) Wijmans, C. M.; Zhulina, E. Bdacromolecules 1993, 26, 7214.



Chapter Five

Reduction of protein adsorption to a solid surface by a
coating composed of polymeric micelles with a glass-like

core

Abstract

Adsorption studies by optical reflectometry shoattbomplex coacervate core micelles
(C3Ms) composed of poly([4-(2-amino-ethylthio)-bletye] hydrochloride)-block-
poly(ethylene oxide), and poly([4-(2-carboxy-ethylthio)-butylene] sodiusalt),~block-
poly(ethylene oxide), adsorb in equal amounts to both silica and crosed 1,2-
polybutadiene (PB). The C3Ms have an almost giliesdore and atomic force microscopy
of a dried layer of adsorbed C3Ms shows denselkguhdlattened spheres on silica, which
very probably are adsorbed C3Ms.

Experiments were performed with different typessaffaces, solvents, and proteins;
bare silica and cross-linked 1,2-PB, NajNand phosphate buffer, and lysozyme, bovine
serum albumin,p-lactoglobulin, and fibrinogen. On the hydrophilgurface the coating
reduces protein adsorption > 90 % in 0.1 M phospbailfer, whereas the reduction on the
coated hydrophobic surface is much lower. Reduadsobetter in phosphate buffer than in

NaNG;, except for the positively charged lysozyme, whbeeeffect is reversed.

Published in slightly modified form as: Hofs, B., Brzozowska, A., de Keizer, A.,
Norde, W., and Cohen Stuart M.A., Journal of Colloid and Interface Science, 2008,
325, 2, 309
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Introduction

Proteins are well known to adsorb onto many salidleses. Protein adsorption to bare
solid surfaces is governed by various factors, Wwitian be subdivided into properties of the
surface (wettability and charge), the proteinsiftobbarge, tendency to unfold or ‘hardness’,
and exposed hydrophobicity), and the medium (pHicistrength, type of salt]. The ability
of polymeric layers, especially polymer brush lagyeronsisting of neutral hydrophilic
polymers, to prevent or reduce the adsorption ofgims has been thoroughly investigated
and is of high intere$t®, e.g. to prevent biofouling of the membranes ofsses® or contact
lenses. Different strategies have been used tdecpedymer brush layers on surfaces, such as
grafting from or to the surfaBeadsorption of molecularly dissolved polynfersangmuir-
Blodgett depositiotf, and deposition of particles (micefldsor other nanoparticles). Using
micelles as a surface coating has the advantagédiia the micelles (which form by self-
assembly) and the coated surface (adsorption fodatiagn) are easily prepared.

Recently, a relatively new class of micelles, complcoacervate core micelles
(C3Ms) was reported to form a coating which reducesemoadsorptiott*> C3Ms are
formed by the electrostatic attraction between l@dodk copolymer with a water-soluble
neutral block and a charged block, and an oppgsitearged homopolymer or diblock
copolymer. C3Ms composed of poly(acrylic agiehlock-poly(acryl amidejy
(PAAs.PAAM,17) and the oppositely charged poly(N,N-dimethylarettyl methacrylate)
(PDMAEMA) have a PAAmM corona and a core composedthaf oppositely charged
polyelectrolytes. They were found to adsorb in ¢égumaounts to both SiDand polystyrene
surfaces. As PAAm is known not to adsorb to £@ was concluded that it is probably the
core that adsorbs in both cases, leaving the Hewtiger-soluble PAAmM blocks to form a
polymer brush, which was shown to completely prévea adsorption of lysozyme (LSZ)

The ability of a coating of a different kind of C3Mcomposed of two diblock
copolymers, poly([4-(2-amino-ethylthio)-butylene] ydrochloride)q-block-poly(ethylene
oxidek;o, (PAETB4PEQG;,) and poly([4-(2-carboxy-ethylthio)-butylene] sodiu salt)-
block-PEGy1, (PCETB/PEQ:), to suppress protein adsorption has been inastigas

well*®

. The formation of C3Ms from these diblock copolymés a complicated process.
Initially, a dilute complex is formed by complexati between the two oppositely charged
polyelectrolyte blocks, but subsequently the compteacervate core contracts, expelling
water, and becomes hydrophobic and more glassthierate of this process can be increased

by heating’. Such behaviour is likely because of the hydrophdbackbones of the
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polyelectrolyte blocks of the two diblock copolyreeifhese C3Ms were allowed to adsorb
onto SiQ and onto a polyelectrolyte multilayer (PEM), ahd structure of the C3M layer on
the PEM was investigated with neutron and X-raylestivity measurements. It was
concluded that the C3Ms unfold upon adsorption, e core of the C3Ms is adsorbed to the
polyelectrolyte multilayer, and that the neutrabdids form a layer on top. LSZ adsorption
onto the coated surfaces was reduced by about 80 %.

Protein adsorption in the presence of an adsorlobdner brush can be either to the
substrate (primary adsorption), to the peripheryhefpolymer brush (secondary adsorption),
or into the polymer brush (ternary adsorptfofihe density of the polymer brush determines
the steric repulsion generated by the brush, whrelvents the proteins from adsorbing into
the brush or onto the substrate. Usually the ma@slye accessible grafting density,
expressed as number of chains pef,rimused as a measure for the density. The nuofber
monomer groups per rfom = 6N, (whereN is the number of monomers per polymer chain)
can also be used as a measure of the amountysheopresent and thus for the effectiveness
in reducing protein adsorptinFor graft copolymers consisting of short PEO kéo¢1-5
kDa) grafted to polylysine, adsorbed from solutwrio NkOs, the number of EO groups per
nm’ (neo) could be increased to up to about 30 nrfthese layers are very effective in
preventing protein adsorptiinOf course, besides the polymer density, the pratize is
important as well: for smaller proteins higher pogr densities are needed to prevent protein
adsorption. Large proteins may perhaps adsorb dugah der Waals forces, onto the
periphery of the polymer brust2:

In this chapter we extend our study to the protejellency of layers obtained after
adsorption of C3Ms composed of PAEERBEG1, and PCETB/PEG:,. We investigate the
effect of three variables: (i) The kind of protefour different proteins were used to test the
protein repellency of the adsorbed layer, nameozyme (LSZ), bovine serum albumin
(BSA), p-lactoglobulin $-LG), and fibrinogen (FIB)*2 These proteins have different
isoelectric points, (exposed) hydrophobitifystructural stability, and size (Table 5.1). (ii)
The type of substrate, either Si(hydrophilic) or cross-linked 1,2-poly(butadien&)2-PB,
(hydrophobic). (iii) The type and concentration sdlt; two different salts (NaNOand
phosphate buffer) and ionic strengths, 10 and 100 were used. NaN©was chosen as it is
a salt with a low tendency for having specific nations with the substrates, proteins or
polyelectrolytes. Phosphate buffer was chosen msatcommonly used solvent for proteins;
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phosphate ions (especially HPQ are known to interact somewhat with $itand strongly

with cationic groups.

Protein | Dimensions (nfh| MW (kDa) | Isoelectric point used dn/dc
LSz 3*3*4.5° 14.7 1% 0.19
BSA 9*Q*7° 66 4.8 0.19
B-LG 4*4*4° 18.4 5.8 0.19
FIB 5*5*47° 340 5.9 0.19

Table 5.1: Protein properties.

2 From?®, ® from 25, ¢ from 27, ¢ from 28, € from 2°,  from *C.

As a fourth variable it would be interesting to smler the type of the C3Ms, as the
adsorption of C3Ms with either a liquid-like or neoglass-like core may result in different
morphologies of the adsorbed layer and, hencegrdift polymer brush densities. Generally,
polymeric micelles with a hydrophobic core tendattsorb as whole micel®s This gives
rise to two possible adsorption states for C3M$1witmore glass-like core: on one hand as
micelles adsorbed via their core (making flattem@delles) or on the other hand via their
corond?* For C3Ms with a liquid-like core, a differentstture may be observed, e.g. the
complex coacervate core forming a homogeneous difmthe substrate, with the neutral
polymers sticking out from the complex coacervaieet into solution. As the structure of the
adsorbed layer may be expected to influence theiproepellency, we consider this factor in
a forthcoming papét.

Materials and methods
Materials

Poly([4-(2-amino-ethylthio)-butylene] hydrochlorideblock-poly(ethylene oxide),
(PAETBPEQG12, M, = 16.6 kg/mol), PDI 1.1 and poly([4-(2-carboxy-g@thio)-butylene]
sodium salty-block-PEG1, (PCETB/PEG:, M, = 17.8 kg/mol), PDI 1.1, were prepared by
modification with a mercaptan of poly(butadiead)lock-PEG:1, - which has been prepared
by sequential anionic polymerization of 1,3-butadieand ethylene oxide - and were a kind
gift from Helmut Schlaad (MPI Golm). The syntheaisd analysis of these polymers have

been described in detail elsewh8r&tructures of the polymers are shown in figute %,2-
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Poly(butadiene) (1,2-PB, M= 50.0 kg/mol, 1,2-content 85%), PDI 1.06, waschased from

Polymer Source Inc. (Montreal, Canada).

Figure 5.1: Structures of PAET#PEQ;; (left) and PCETB/PEG:2 (right). Numbers besides

the brackets denote the degree of polymerization.

Proteins used are LSZ (Sigma, 95% protein, froncken egg white, L6876-5G, lot nr.
093K1455), BSA (Sigma, 98-99% protein, 84F-0108).G (Sigma, 90% protein, from
bovine milk, LO130-5G, lot nr. 033K7003), and FIBigma, 58% protein, from human
plasma, F4883-1G, lot nr. 035K7585).

All salts were of analytical grade and used asivede Aqueous solutions of polymers
were prepared by dissolution of known amounts dfrper into de-ionized water (Milli-Q) to
which known amounts of either NaNQr NaHPO, and NaHPO, had been added. All salt
concentrations are given as ionic strength, rathem as molar concentration. The phosphate
buffer with an ionic strength of 10 mM, pH 7.7 hasout 4 mM of phosphate ions. The pH
was adjusted, if necessary, with 0.1 M NaOH orNd.HiINOs.

Preparation of C3Ms

A stock solution of C3Ms was prepared by mixingact g/l PAETBPEG::, solution
and a 1 g/l PCETBPEQ,, solution, both with the desired ionic strengthghsthat the total
number of positively and negatively chargeable gsowas equal. After mixing of these two
solutions relatively large C3Ms are obtained. T$otution of large C3Ms was subsequently
heated to 80 °C, left to equilibrate at this terapee for approximately 15 minutes, and
finally cooled down to room temperature. Upon hagtithe large C3Ms expel solvent and
decrease in size, resulting into smaller C3Ms withydrophobic, more glass-like cbteThe

final hydrodynamic radiusiR,, as determined with dynamic light scattering, 52 nm
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(average + standard deviation). The stock solutiord g/l of these C3Ms was usually diluted
tenfold with solvent and this diluted solution wesed in all reflectometry experiments.

For C3Ms in 90 mM P@Qbuffer, pH 7.7, the preparation procedure wasedzffit. As
we were unable to molecularly dissolve PABJFEG;, in 100 mM PQ-buffer of pH 7.7,
separate 1 g/l solutions of both polymers in 10 mEk-buffer of pH 7.7 were prepared.
These were then mixed, heated, and finally dilate@.1 g/l total polymer concentration with
100 mM PQ-buffer, pH 7.7.

Tapping mode atomic force microscopy (AFM)
Tapping mode AFM measurements were carried out avilkenoscope Ill, Multimode
Scanning Force Microscope (Digital Instruments, JSa&ith Nanoscope software version

6.11rl. The obtained raw topography images wertteflad and a*iorder plane fit was
applied. For determination of the surface roughfy&,; = ,/% , Wherez; is the deviation

from the mean for poinit, andN the number of points), 7 small sub-areas of fint were

measured, for which the average and standard daviaere determined.

Surface preparation

SiO, surfaces were prepared by heating a silicon wéf& mm, 655-695um
thickness, 100 orientation, WaferNet Inc., CA, US#&)1000 °C, until a Sidlayer with a
thickness in the range 60-100 nm, as determinetd @witSENTECH Instruments SE 400
(SENTECH Instruments GmbH, Germany) ellipsometeith(vas refractive index for SO
1.46), was obtained. Strips of 4.5*1 Tmere cut and cleaned by ultrasonication (15 mims)
ethanol and subsequently washed with copious armafntie-ionized water and blown dry
with N; gas.

Cross-linked 1,2-PB surfaces were obtained with fillowing procedure. First, a
silicon wafer was cut into strips (4.5*1 &which were subsequently cleaned in ethanol as
described above. Then, the strips were put in anpdacleaner for 2-4 minutes. The strips
were attached to a spinning table with double-salditesive tape. The strip was covered drop
wise with 1,2-PB solution (in toluene, filtered i 0.2um PTFE filter) and spin-coated at
2000 RPM for 30 s. To cross-link the 1,2-PB, th@stwere put into a vacuum oven at 150
°C during 72 hours. The attachment and cross-ljnkihthe layer was checked by rinsing a

strip with chloroform; if no rinsing off was obse, the sample was considered to be cross-
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linked. The total thickness of the PB film was detimed in air by means of ellipsometry
(refractive index of PB used for the layer: 1.5M)e thickness of the PB layer can be varied
by varying the concentration of the 1,2-PB solutiasing a 13 g/l 1,2-PB solution results in a
layer thickness of about 75 nm, whilst using 171¢g2+PB results in 100 nm thickness.

The hydrophobic cross-linked 1,2-PB layer was iotguk with both a light microscope
(Olympus BX60 with an Olympus DP70 camera) and HyMA(Fig. 5.2). In the light
microscope image a negligible number of small defean sometimes be observed in an
otherwise smooth, featureless film. Usually >97%haf surface is defect-free. In AFM, the
surface roughnes®,, of the cross-linked 1,2-PB layer is 0.40 + 0.0% (the R, of the
underlying SiQ layer is 0.08 £ 0.01 nm).

0.0 1: Height 1.0 pm

Figure 5.2: Tapping mode AFM image of the bare silokked 1,2-PB surface. The gradient
on the right hand side represents 20 nm of heidfarence.

Adsorption of C3Ms onto the SpGand cross-linked 1,2-PB surface was achieved by
exposing the substrate to a solution containingl bfghe C3Ms for at least 30 minutes, far
more than is needed to reach a steady state. Towraie with adsorbed C3Ms was then
rinsed with de-ionized water, blown dry with, jas, and imaged with tapping mode AFM.
The advancing contact angle (of deionized water)then bare and coated substrates was
determined with a Kriss DSA100, Kriss GmbH, Germavith software DSA v1.90.0.14,
by creating and measuring 4 or 5 single dropletsbaiut 4ul. For the bare cross-linked 1,2-

PB the advancing contact angle was 88 + 1°, whichws that the surface is hydrophobic, as
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expected. The advancing contact angle of bare,Si@aned by ultrasonication in ethanol,

was 37 + 3°.

Reflectometry

The optical reflectometer used to study the adsmrpif C3Ms and proteins has been
described in detail elsewhéfeThe experimental setup includes a He/Ne lasedumiog
linearly polarized light with a wavelength of 632181 and an impinging-jet flow cell. A PC
with a Keithley DAXON1 12 bits voltmeter card (oetber) with home-made software was
used to collect the data. The adsorbed mass peawa,[” (mg/nf), can be calculated from
the recorded signalfS, wheredS= S- &, whereSis the output signal, an}) the baseline

signal, with

as

M =Q; S,

(5.1)

Here, Q; is the quality factor, which depends on the salbstused (Table 5.2 was
calculated with dedicated software (Prof. Huygeris2a, Dullware Software). The dn/dc of
PEO is 0.136 miff and the C3Ms consist of about 60 wt% of PEO. Ttve of the C3Ms
probably has a higher dn/dc. The dn/dc of prot&rsround 0.19 mIA]“° As we can only
detect overall adsorbed mass, desorption of coatimgponents that occurs simultaneously
with protein adsorption cannot be distinguisheder€fore we have chosen to ignore, for the
calculations ofQ:, any optical differences between the refractivéein increments of the

C3Ms and the proteins; we used a single dn/dc wafldel9 ml/g.

Surface thickness n Qr Rq (nm) AVERAGE+STDEV | 6 (°)
(nm)
cross-linked 1,2-PB 75 1.5P 43 0.60+0.02 8811
SiO, 70 1.46| 27 0.08+0.01 37+3

Table 5.2: Overview of substrates; thickness, ofifra index,n, quality factorQ;, roughness,

Ry, as determined with AFM, and advancing contactea(it0), O.

The protein repellency was determined with the aatreflectometer in a sequential

adsorption experiment. Solutions were flushed thhatine cell as follows: solvent (to obtain a
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baseline), C3M solution, solvent, protein solutiand finally solvent again. Typically, the
C3Ms solutions and protein solution were flushadulgh the cell for 10 minutes. During the
second and third solvent step any reversibly agsbi®3Ms or proteins are removed. For

each experiment, fresh SIOr cross-linked 1,2-PB surfaces were used.

I' (mg/m?)

F(mghnz)

P S S S | PR PRI | P PR 1 L L L L ]
0 250 500 750 1000
t(s)

Figure 5.3: Adsorption of 0.1 g/l C3Ms to a) Siénd b) cross-linked 1,2-PB. Solvent from
which adsorption took place is 10 mM NaiN@), 10 mM PQ-buffer, pH 7.7 &) or 90 mM
POy-buffer, pH 7.7 &).The arrows indicate when we switched from C3Migoh to solvent.

Results and discussion

Adsorption of C3Ms
The adsorption of C3Ms onto Si@nd cross-linked 1,2-PB was measured in time with

optical reflectometry (Fig. 5.3). The adsorptiogass is fast in all cases; within 60 seconds
the rate of adsorption slows down to almost zetee T3Ms adsorb readily to both surfaces
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and in almost equal amounts (2.4 m9/nindependent of the nature of the surface, ionic
strength, or type of salt. Adsorption of the singtenponents of the C3Ms (PAETBEG:1»
and PCETB,PEQz1,) to SiQ and cross-linked 1,2-PB is in the range of 0.2fgInf (data
not shown), much lower than that of C3Ms. Aftersimg with solvent the total desorption of
the adsorbed C3Ms is only about 5% of the totalodmsd amount, i.e. the C3Ms are
predominantly irreversibly attached to the surfadése contact angles of the bare and C3M-
coated SiQ are 37 + 3° and 41 £ 1° respectively. As theseasmost identical to that of a
PEO brush (contact angle about 4f°)we cannot conclude from the contact angle
measurements whether a homogeneous PEO brushhaydreen formed by adsorption of
C3Ms to SiQ or not. For the bare hydrophobic cross-linked RR2the advancing contact
angle is 88 = 1° and upon coating with C3Ms it drop 69 + 1°. For the coated cross-linked
1,2-PB the contact angle is significantly higheartHor a PEO brush. It suggests that after
drying, the adsorbed C3Ms do not fully cover theaste with a PEO brush. However, one
should be aware that a small deviation from comepteiverage already results in a strong
increase in the observed effect due to the effestidace heterogeneity or surface roughness
on the advancing contact angle. Whether this indetagoverage is also present in the wet-

state is questionable, as the PEO chains shouldl smnsiderably when water is added.

1: Height
Figure 5.4: Tapping mode AFM in air of C3Ms adsariim 10 mM PQ-buffer, pH 7.7, to
SiO,. The gradient on the right hand side represents20f height difference.
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AFM images of C3Ms adsorbed from 10 mM phosphafébto both silica and cross-
linked 1,2-PB were taken in air (dry state). On sheface of Si@densely packed flattened
spheres with a surface coverage of about 50% (dlmgbe jamming limit of 54.7 % for
random sequential adsorption of hard spheres tat&trfacd’) were found (Fig. 5.4). The
centres of the observed flattened spheres lie 30 apart, and have a height of 7 £ 2 nm.
The hydrodynamic radius (as determined with dynahght scattering) of the C3Ms in
solution is 17 nm. Thus the diameter of the driddoabed C3Ms is nearly equal to that in
aqueous solution, suggesting that C3Ms attacheigtinface as separate intact particles. In the
AFM experiments the C3Ms appear flattened, likalg o drying as the solvent contained in
the C3Ms evaporates. Calculating the mass of palymesent in a single adsorbed C3M
(from the area that one flattened sphere occupsededermined by AFM, and from the
adsorbed amount as determined by reflectometrg)dyia mass of 1.2*2kg/mol, which
compares well to the mass of a single C3M in sofutivhich is 0.8*18 kg/mol,
corresponding to about 47 diblock copolynférdhis indicates that the C3Ms are probably
adsorbed to SiPas intact C3Ms. It seems unlikely that during dgyithe adsorbed layer
breaks up into particles comparable in size taaBbs in bulk solution.

An AFM image taken in air after adsorption of C3Mscross-linked 1,2-PB (Fig. 5.5)
also shows spherical shapes with approximatelygdmee size as the C3Ms adsorbed on,SiO
but with a somewhat higher polydispersity. The atefroughness of the cross-linked 1,2-PB
surface is higher than that of SiQvhich makes interpretation more difficult. Nevestess,
surface coverage is high and it is clear that ithe $tructure visible in the AFM image of the
bare cross-linked 1,2-PB surface (Fig. 5.2) isaeptl upon coating with C3Ms by a more
coarse structure, of which the spherical shapelaimy are adsorbed single C3Ms, as is the
case for adsorption to SiO

With ellipsometry (assuming a refractive index o for the dry layer of adsorbed
C3Ms), a layer of approximately 4 nm thickness feamd to be adsorbed to both surfaces (in
air), which is about half the value of the maximheight found with AFM for C3Ms on SO
(adsorbed from 10 mM Pgbuffer, measured in air). Considering that for lgsia of
ellipsometry data a homogeneous layer is assumedhan AFM shows about 50 % surface
coverage, the agreement is very good.

Since the adsorbed amount of the micelles (abeut@y/nf, Fig. 5.5) and the number
of neutral chains per unit weight is known (via thelar mass of the diblock copolymers),

one can calculate that= 0.07 nnf, andnso = 15 nn¥ (assuming the adsorbed layer is a



92 Reduction of protein adsorption by a coating of C3Ms

bilayer with the complex coacervate attached tosimgace and the PEO sticking out into
solution). A polymer brush with this density is exped to reduce protein adsorption
significantly?.

0.0 1: Height 1.0 uml
Figure 5.5: Tapping mode AFM in air of C3Ms adsarti®m 10 mM PQ-buffer, pH 7.7, to
cross-linked 1,2-PB. The gradient on the right hande represents 20 nm of height

difference.

Recently, neutron reflectometry experiments werelooted on the same C3Ms as used
here, adsorbed to a polyelectrolyte multilayer (AEKwas concluded that the C3Ms adsorb
from 1 mM NaNQ to poly(styrene sulfonate) terminated PEM with B0 sticking out into
solution and the complex coacervate adsorbed to RE&** The used reflectivity
techniques (X-ray, neutron) allow for determinatiminthe density profile, perpendicular to
the surface, and the profile is averaged over taicearea. Since in-plane (parallel to the
surface) structure is not detected, it is not fgmego distinguish between a layer composed of
adsorbed single C3Ms and a (bi)layer composed BE® brush layer on top of a layer
composed of the more glass-like core material atdtrface. Combining all data (AFM
images, reflectometry, ellipsometry, and relatechsneements in literature) and the known
literature on adsorption of polymeric micelles (fwwlymeric micelles, when both micelles
and free polymers are present, it is the micehes are adsorb&d®¥, we conclude that our
C3Ms adsorb as flattened single micelles. As thayehan almost glass-like cofeand a
relatively high surface tension (as the core isrbgtobic), they do not rearrange into a
bilayer structure.



Chapter Five 93

Adsorption of proteins onto the bare surfaces

Prior to studying the protein repellency of C3M togs, the adsorption of four proteins
— i.e. LSZ, BSA,B-LG and FIB — onto bare Si0and cross-linked 1,2-PB surfaces was
determined. The reflectometer cell was flushed vatld.1 g/l protein solution during ten
minutes and thereafter with solvent during two nwsu Four different solvent conditions
were chosen, i.e. 10 and 100 mM NajN@nd 10 and 90 mM phosphate buffer. The results
are summarized in Table 5.3. The values just befoetween brackets) and after flushing
with solvent are given. The adsorbed amount ofgimmohas a weak tendency to keep on
increasing after 10 minutes (typically about 10%ptein adsorption is dependent on protein
concentration®: We have chosen a fixed concentration and adsorpiime as we are
interested in the relative effect of the coatingtlo® protein adsorption onto the surfaces. The
reported adsorbed amounts on bare surfaces (TaBJeake similar to those reported in

literature for similar systems and conditioffs*

Protein | I’ (mg/nT)
10 mM NaNQ 100 mM NaNQ@ 10 mM phosphate90 mM phosphate

AY”J

buffer buffer
SiO, PB SiQ PB SiQ PB SiQ PB
LSZ (0.63) | (1.6) (0.95) | (1.0) (1.7) (2.0) (1.4) (1.2)
0.58 1.4 0.65 0.95 1.3 1.5 0.95 1.0
BSA (1.4) | (0.77) (0.87) |(0.71) |(1.2) (0.71)
1.3 0.71 0.72 0.71 1.0 0.71

B-LG | (0.63) |(0.87) |(0.69) |(0.87) |(0.55) |(1.0) |(0.95) |(0.69)
052 |0.87 |060 060 |044 |0.87 |074 |0.68

FIB 27 | (3.7) 28) | (41 |32 |26
2.7 3.6 2.6 4.0 3.2 2.6

Table 5.3: Protein adsorption to bare S#&dd cross-linked 1,2-PB. All adsorbed amounts,
calculated with dn/dc is 0.19. Solvent from whible proteins were adsorbed is indicated. pH
of NaNQ; solutions was adjusted to between 7 and 8. Pérspaties and concentration,

maximum adsorption before (between brackets) ated afhsing with solvent are given.

Protein adsorption is a very complicated processijtas the result of interactions

between proteins, solvent (and the electrolytesthi@ solvent) and the surface. Some
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interesting qualitative trends can be observedhéndata in Table 5.3. Differences for protein
adsorption onto the hydrophilic and hydrophobicfate are most pronounced at low ionic
strength; apparently, the increased electrostatieesning at high ionic strength reduces the
differences. Both in 10 mM NaNQand 10 mM phosphate buffer adsorbed amounts of
proteins are substantially higher on the hydropbchirface than on the hydrophilic one,
except for BSA. The value for BSA is relatively hign SiQ, given that both surface and
protein are negatively charged. The origin of gpecific effect is not clear, but is has been
argued that BSA — which unfolds relatively easily ‘6oft’protein) — would be rather
susceptible to exposed hydrophobitity The positively charged LSZ adsorbs in higher
amounts to Si9from 10 mM phosphate buffer than from 10 mM NaN®able 5.3). This
can be attributed to HR® ions, which are expected to bind to the positivearged LSZ
more strongly than N§ therewith lowering the charge on the LSZ, whiohurn allows a
denser packing on the surface. At low ionic streribere is almost no effect of changing the
type of electrolyte in the solvent for the hydroplwPB surface, but for the hydrophilic SIO
the effect depends on the protein; an increaselgoraed amount for LSZ, a decrease for
BSA, and almost no effect f@-LG and FIB when replacing NaN(y phosphate buffer.
These observations show that the effects of suréack solvent on protein adsorption are
indeed very complicated; more measurements wouledpgired to unravel these interactions,

but this is beyond the scope of this work.

Protein adsorption onto C3M-coated surfaces

After having established the adsorption charadtesiof LSZ, BSA,B-LG, and FIB
onto the bare Si£and cross-linked 1,2-PB surfaces, we determineddpre-adsorbed layer
of C3Ms on these surfaces affects the adsorptiblaeur of the proteins. Adsorbed values
were determined under the same conditions as fer kthre surfaces. A reflectometry
experiment is shown in Fig. 5.6. In this experimtérg order of solutions flown through the
cell is: (1) solvent (to obtain a baseline, notwhp (2) C3M solution, (3) solvent, (4) LSZ
solution, and (5) solvent. The solution of C3Ms wgagplied to the surface for well over 2
hours, the initial adsorption is fast and afters8@onds the adsorption is at 92% of the plateau
value. Therefore, in a typical experiment we suggplhe C3M solution for only 10 minutes.
Rinsing with solvent (10 mM NaNgpleads to a small desorption. Introducing LSZ Itssin
a considerable additional adsorption, but switchbagk to solvent washes most of the

adsorbed LSZ away, indicating that most of it isyameakly bound.
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Figure 5.6: Adsorption of LSZ to C3M-coated cross<d 1,2-PB, solvent is 10 mM NaNO
pH 7.7. White is solvent, light gray is adsorpt@fC3Ms and dark grey is adsorption of LSZ.

The adsorption of the proteins to the coated sagfds more complicated than the
adsorption to the bare surfaces, as several additinteractions (protein — coating, solvent —
coating, and surface — coating) are involved. Nénebess, interesting trends emerge, which
will be discussed below. In Table 5.4 we show ttsocabed amounts of LSZ, BSB;LG and
FIB to C3M-coated Si@and to coated cross-linked 1,2-PB, both beforeadt®at rinsing with
solvent. Generally, the adsorption of proteinsebuced significantly (> 80 %) by the coating
(Table 5.4), with the following discernible trends: Protein adsorption to the coated cross-
linked 1,2-PB is reduced to a lower extent thardated Si@. This is probably because of
the relatively high hydrophobicity of the coatedss-linked 1,2-PB (as indicated by contact
angle measurements), which is still ‘sensed’ bypiteeein due to inhomogeneous coverage of
the surfaces. (ii) The adsorption behaviour of ld7Zone hand, and BSA;LG and FIB on
the other, to the two types of coated surfacesvsrsed by changing the solvent. In 10 mM
NaNQ; LSZ adsorbs in lower amounts than the negativlbrged proteins, whereas in 10
mM phosphate buffer LSZ adsorbs in higher amountseasing the ionic strength leads to
an increase in protein adsorption to coated,S&cept for LSZ. LSZ does not adsorb onto
coated SiQfrom 10 mM NaNQ (a result which has also been found for coatindp &itother
type of C3Ms}®, while significant adsorption occurs from 100 mMNOs. For the other
proteins, BSAB-LG and FIB, adsorption is lowest from 10 mM phasgghbuffer (Table 5.4);
increasing the phosphate buffer ionic strength frbdnto 90 mM increases adsorption to
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coated cross-linked 1,2-PB. (iii) Rinsing with set generally causes only little desorption
(about 0.1 mg/for less). Again, LSZ is an exception; at low iostcength rinsing with
solvent strongly decreases the adsorbed amoumjirsipohat a large fraction of the adsorbed
LSZ is only weakly bound. (iv) Preventing adsorptiof B-LG appears most difficult as the
achieved reduction is least and shows further cmepbns. Supplying-LG from 100 mM
NaNG; to coated Si@even leads to a net loss of total adsorbed mas®ition); this means
an amount of coating is partially removed or repthby the protein, such that more coating is
desorbed than protein adsorbed. This effect hag loeén observed fg8-LG, but coating
desorption could very well play a (minor) role tbe other proteins as well.

Protein | I (mg/nt)

10 mM NaNQ 100 mM NaNQ 10 mM phosphate90 mM phosphate
buffer buffer

SiO, PB SiQ PB SiQ PB SiQ PB

3%

LSZ | (0.00) |(1.0) |(0.09) |(0.34) |(1.3) |(0.87) |(0.25) | (0.63)
000 |024 |005 |020 |051 |051 |0.09 |0.54
100% [83% |93% |80% |61% |66% |92% | 47%

BSA | (0.28) | (0.55) (0.03) |(0.05) |(0.02) |(0.23)
0.25 | 047 001 /003 |00l |0.16
84% | 34% 99% | 95% | 99% | 78%

B-LG | (0.32) |(0.54) |(-0.19) |(0.25) |(0.04) |(0.28) |(0.09) | (0.39)
024 047 |-017 |0.15 [0.00 |021 |0.05 |0.39

54% | 46% | * 75% | 100% |76% | 94% | 42%
FIB (0.36) | (0.87) (0.06) |(0.21) |(0.09) |(0.95)

033 071 003 |0.18 |0.04 |0.87

88% | 80% 99% | 95% | 99% | 67%

Table 5.4: Protein adsorption to the C3M-coated, it cross-linked 1,2-PB. All adsorbed
amounts,I', in mg/nf calculated with dn/dc = 0.19. Solvent from whitte proteins were
adsorbed is indicated. pH of NaRkl®olutions was adjusted to between 7 and 8. Pér sal
species and concentration, maximum adsorption eégfoetween brackets) and after rinsing
with solvent are given and the reduction of progeilsorption compared to the bare surface in

% is given. * Protein partially displaces the layer
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From the gathered data it turns out that the e¥fexess of the C3M coating in reducing
protein adsorption depends on more thannustIn previous experiments similar densities of
Neo” reduced protein adsorption by about 94 %. In shisly, two times longer PEO blocks
are used. Possibly, these may need highgdensities in order to reach the same efficiency.
The EO units of longer PEO blocks can be locatethéa away from the surface, lowering
the height of the steric barrier (as the polymensiy is lower) while increasing the range
over which the barrier is effective. With a moréuth, more extended polymer brush, protein
adsorption into the polymer brush can be enhanseadedl. Furthermore, it is likely that our
coating is inhomogeneous on the 10 nm scale, asated by AFM images in air, which
show that there is a clear particulate structdrédre is structure on the nano-scale level, it is
likely that there are PEO density inhomogeneitieading to ‘weak spots’ at which protein
adsorption will be locally possible. A similar pleenenon has been reported in a comparison

of protein adsorption to surfaces grafted with PE&s and linear PE®

Conclusions

The adsorption of C3Ms to SiGand cross-linked 1,2-PB was determined with both
reflectometry and ellipsometry. AFM imaging in altfows that the C3Ms are adsorbed intact
as flattened spheres, which is consistent withhilgaly viscous, almost glass-like core that
these C3Ms havé The C3Ms are most likely adsorbed via their PB@irs.

Proteins adsorb readily to both Si@nd cross-linked 1,2-PB. The positively charged
lysozyme shows increased adsorption to both swsfasben phosphates are present.
Increasing the ionic strength of the phosphatedodfbm 10 to 90 mM reduces the observed
effects, which are therefore likely due to eledintss.

Protein adsorption is generally reduced by thegires of the coating. More precisely,
protein adsorption to the C3M-coated hydrophobasstlinked 1,2-PB is higher than to the
C3M-coated hydrophilic Si© Adsorption of negatively charged proteins to edaturfaces is
reduced to a greater extent if the solvent is phatpbuffer, but adsorption of the positively
charged lysozyme from phosphate buffer to the cbatefaces is reduced less, as compared
to adsorption from a NaN{Osolution. By judiciously choosing the surface, taog it with
C3Ms, and choosing the type of salt and ionic gfitenit is possible to reduce adsorption of
LSZ, BSA,B-LG and FIB to values in the range 0.01 - 0.09 nfg/m
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That protein adsorption is not fully suppressegribably due to the local structure of
the coating, which has nano-sized ‘holes’ that ymeably allow attachment of proteins to the
substrate.
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General discussion
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Introduction
This thesis deals with a special class of polymamoparticles (micelles and other

complexes) composed of charged polymers. Quite rgipe micelles are obtained for
molecular systems in which parts with a low solitypiire chemically connected to parts with
a good solubility. The fact that these antagoniptiaperties are forced to remain spatially
close leads to the characteristic structure ofl@ophobic core surrounded by a solvophilic
shell or corona. Conventional micelles composeshadll amphiphiles (surfactants) are fairly
well understood; their size and aggregation numbecontrolled by a thermodynamic
equilibrium, and perturbations out of this equilion relax fast. When the amphiphilic
molecules are long polymers, however, the relaratates increase; polymers in a poor
solvent often relax very slowly or not at all. Sulirozen state is commonly referred to as a
polymer glass; it precludes that the state of ldwlese energy is reached so that the
morphology is largely kinetically controlled.

Research on complex coacervate core micelles (C3Ws)started relatively recently
and has focused on the formation of C3Ms, with ditte attention being given to the
kinetics and reversibility>. The present thesis deals with these issues. ticylar, we
investigated how their structures and propertiesiaftuenced by the way they are prepared,
how their size can be varied, and how they candes @o coat surfaces in order to achieve

protein-repellent surfaces. We now discuss whahawe learned and what questions remain.

Comparison between C3Ms and amphiphilic polymeric micelles
The basic principles underlying formation of C3Mwdgolymeric micelles composed

of amphiphilic diblock copolymers are very simildmit there are also notable differences
between the two systems. In the case of C3Ms, thesobligatory co-assembly between
oppositely charged polyelectrolytes that is thetfstep in the micellization pathway (Fig.
6.1). This leads to the formation of a complex loister of a certain size, which depends on
the concentration and length of the used polyaedes. If the cluster is small,
rearrangement into micelles is more easy than dogel clusters. For amphiphilic diblock
copolymers there are two possible first steps énrtiicellization pathway. The first is similar
to that of the first step in case of C3Ms; uponrdasing the solvent quality for one of the two
blocks, the amphiphilic blocks can assembly intclaster (again, either large or small).
Alternatively, intramolecular compaction of the hgphobic block of the amphiphilic

polymer can occur (in agueous solutions) prior @t-assembly (Fig. 6.1). Which of these
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two pathways is taken depends on the concentraticthe amphiphilic polymers; at high

concentrations self-assembly into clusters is niitedy than at low concentrations, where
intramolecular compaction is the most likely fistép. Both systems may become ‘frozen’ in
a metastable cluster-state; than the energy bavhgh needs to be overcome in order for the

clusters to rearrange into micelles is so high thatformation of micelles is prevented.

C3Ms amphiphilic polymeric micelles
— s I — — | — |
obligatory co-assembly| self-assembly, intramolecular
compaction
(small) cluster (large) cluster
; R self-assembly
K’ BY
micelles micelles

1 = neutral hydrophilic
[ = anionic polyelectrolyte

I = hydrophobic
[ = cationic polyelectrolyte

Figure 6.1: Schematic of the micellization pathwaysC3Ms and amphiphilic polymeric
micelles. On the top the polymers are moleculaidgalved. The first step is (obligatory) co-
assembly in the case of C3Ms, and self-assembintcamolecular compaction in case of
amphiphilic polymeric micelles. If assembly occuascluster is formed. Small clusters may
rearrange into micelles faster than large clus{@ndicated by full and dashed arrow,
respectively). If intramolecular compaction occuwsslf-assembly into micelles may follow.

The legend is shown at the bottom of the scheme.

On the unstable, metastable, and stable state
Generally, little attention has been paid to whetb@Ms are in the thermodynamically

stable, metastable, or even unstable state. Arablesstate is clearly established when the
complexes continually rearrange (e.g. change simethe timescale of the experiments. The

difference between a metastable state and theestibhte is more difficult to determine
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experimentally, as in both cases the complexesod@earrange on this timescale. However,
when the same state is reached independently qiréparation procedure, one can be fairly
sure that the obtained complexes are the stabke.sha the case of C3Ms with a
polyelectrolyte with a hydrophobic backbone (andeatral block; PAETBPEQ:)), it is
quite easy to obtain, instead of C3Ms (with a camploacervate core and a neutral corona),
a highly aggregated metastable state, which wetddras highly aggregated polyelectrolyte
complexes (HAPECSs, chapter 3). Table 6.1 showswiithtdifferent preparation procedures,
differently sized aggregates are obtained: for teenbination of PAETBRPEQG;, and
PAAzo00 (f- = 0.5, pH 7), direct mixing or # titration leads to HAPECs witR, > 100 nm,
whilst a pH cycle gives rise to C3Ms withRy of only 25 nm. In a pH cycle the initially
obtained HAPEC is first completely dissociated hgreasing the pH to an extreme value (in
this case 11). The dissociation is only achieveat ifeast one of the polyelectrolyte species
involved in the complex loses nearly all of its ij&a Secondly, the complex has to be formed
again, in a controlled way, which can be achiewedlbwly changing the pH. The charge on
the uncharged polyelectrolyte increases and C3Msfamed again. As in this case fairly
similar states are reached with a pH cycle upoohieg pH 7 (either going upwards in pH or
downwards; two different paths, see also Chapté#i@, 3.6) we conclude that these C3Ms
are probably close to the stable state. Howeverpth cycle is not always needed in order to
reach the stable state: for C3Ms composed of PDMARand PAAPAAM,gs there is no
observable difference in light scattering intensityd R, between samples obtained after
direct mixing and after a pH cycle. These C3Ms therefore believed to be in the stable
state. Compared to such a C3M system, C3Ms witblygefectrolyte having a hydrophobic
backbone have an increased chance of ending umetastable state.

Furthermore, for C3Ms with PAETBPEQ:;, the difference between the stable state
(which is probably the one obtained via a pH cy@e)l the metastable state (obtained by
direct mixing of solutions with matched pH, ottitration) may be small if one uses a short
oppositely charged polyelectrolyte. The C3Ms ol#dinby mixing solutions of
PAETBPEG;2 and PAA 4 (f. = 0.50, 10 mM NaNg) chapter 3) have &, of about 25 nm
(Table 6.1). This is a reasonable value for misetemposed of these polymers which fits
well with the expected core-corona structure. Havesa pH cycle (Table 6.1) leads to C3Ms
with a R, of only 15 nm. It seems that the C3Ms with thehkigradius are slightly more
highly aggregated species (HAPECs), which are nothe stable state, but rather in a

metastable state (as tRg does not change with time). For complexation betwBAAnqo
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and PAETBJPEG:,, the difference in particle size between the ntatds state (obtained
with direct mixing, matched pH's, @rtitration) and the stable state is much largeouad 00
vs. 25 nm, respectively. Thus, the difference olesgincreases with increasing length of the

complexing homopolyelectrolyte, probably as upatiaghcomplexation larger networks are

formed.
PAA,, | f. | DM, matched pH's DM, non-matched f. titration pH cycle
X = t =0 days t=2days | pH's,t=0days
2000 1 0.3]70 50 - 65 -
0.5| 100 100 >100 120 25
0.7 | 150 25 - 40 -
140 0.5| - - >100 25 15

Table 6.1: Overview of obtaindg, for C3Ms and HAPECs composed of PAEIBEG:»
and PAA. DM = direct mixing of two solutions containingetloppositely charged polymers;
both in the case of matched pH's or non-matched s leads to very large aggregates in a
metstable or unstable state. If. &tration one polymer species is slowly addedh® other.

In a pH cycle the pH is slowly changed from 3 toth13 by the addition of acid/base.
Polymer concentration was around 1 g/l and backgt@olvent was 10 mM NaNQprior to

the preparation procedure) in all cases.

Introducing an extra polyelectrolyte species ineorth increase the volume of the core
of the C3Ms (to create GBES) also enhances the likelihood of obtaining nabds states
(chapter 4). For the three-component (PDMAEMMAPAA40, and PAAPAAM,s) System
in NaNG; solutions, even the pH cycle (previously showihéca good method to get at least
close to the stable state) gives highly path-depencesults (Fig. 6.2). The reason for this is
probably the bimodal molecular weight distributionthe PAA species (there being both
PAAzs and PAA4g). The affinities of these two species of PAA fbe toppositely charged
PDMAEMA are different, with PAAy having the largest affinity, as is evident by theyer
pH range of complexation observed for the (E3system compared to the C3M system (Fig.
6.2). As a result, slowly changing the pH of theeéhcomponent solutions from 11 back to 7
will initially result in complexation between theva homopolyelectrolytes. At a somewhat
lower pH, the diblock copolymer will also start participate in the complexation with
PDMAEMA. A highly aggregated complex is producedu@in bigger than the stable state
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particles found in phosphate buffer, where thepE3-have &R, of 25 nm), because first a
PEC is grown onto which the stabilizing diblocksaah at a lower pH. Even more highly
aggregated complexes appear when the three compmoraplexes are built up by increasing
pH from 3to 7.
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Figure 6.2: pH cycle;dq,e) pH up to 11, f,m) pH down to 3, §¢) pH up to 11. Open
symbols for the solution/C3Ms with PARAAM,5 and PDMAEMA; 5o, closed symbols for
the solution/C3:Es with PAAPAAM,s5, PAA1 and PDMAEMAs,, £ = 2. Solvent is 10
mM NaNG;, f. = 0.50. a) Light scattering intensity,divided by total polymer concentration,
Cp. b) Hydrodynamic radiusi,, as a function of pH.

These examples show that often there are experangifficulties in obtaining C3Ms in
the stable (i.e. lowest free energy) state. Thefeulties are similar to the difficulties
encountered upon preparing amphiphilic polymericceiies in the stable state. The
difficulties in both cases stem from the fact ttheg solubility of the core forming material in
water is low. However, by taking different routespecially those in which more time to
reach equilibrium is given during complexation,.eby slowly increasing the complexation

strength (as is for instance done by slowly diagsio a selective solvent in the case of
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amphiphilic polymeric micelles, or by a pH cycle salt reduction by dialysis in case of
C3Ms), it is sometimes possible to obtain aggregatbose composition and shape are
virtually indistinguishable from the stable staidl.this shows that, in the language of colloid
science, C3Ms can be seen as intermediate betwgdnophilic (reversible) association

colloids and micelles from amphiphilic diblock cdyoers.

Rearrangements
When, upon direct mixing a random primary complexeen the polyelectrolytes has

been formed, most of the associated energy andmnthanges (coming from Coulombic
interactions between the oppositely charged potyedbtes and release of counter-ions,
respectively) have already occurred. Theoreticdalg, micellar size is calculated from the
balance between the tendency to contract due tmtbdacial tension (between the core and
the solvent) and the tendency to swell due to osmmtessure generated by the neutral
blocks. From this balance, a free energy profil®h$ained which features an equilibrium
between unimers and micelles with sizes distribwdealind an optimal value. There is a
modest gain in translational entropy if there arerand smaller micelles, however, this will
also lead to a larger interfacial area between aoik solvent and this is a stronger effect.
Thus the driving force for rearrangements towardsenand smaller micelles may be low.

The mechanisms which can lead to rearrangememnsiro€3Ms around. = 0.50 are
the following: (i) dissociation, diffusion and assation of a single polymer (i.e. one
polyelectrolyte detaches from the complex coacenare of a particular C3M and then
complexes with a different ofje (ii) reptation, where one polyelectrolyte slida®ng an
oppositely charged one, thus rearranging the streictand (iii) merging of two C3Ms
followed by splitting uf. The first and especially third option are preshipaery slow
processes as the neutral corona acts as a powtefid barrier which has to be overcome in
order for rearrangements to take place. The segepthtion, acts only intra-C3M. The slow
speed of the rearrangement processes, as weledswhdriving force and the tendency to
initially form a random complex, are the main reasevhy systems are easily trapped in a
metastable state.

The speed of the rearrangements in polyelectratgt@plexes comprising a diblock
copolymer with a charged and a neutral block depemdthe following factors (chapter 3):

(1) Salt, the addition of which has been shown in agdo enhance the rate of

rearrangements by a factor of “1Gupposedly by increasing the critical

micellar concentration (CMC) and/or reptation speed
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(i) The total number and size of the neutral blockihédiblock copolymer, since
a larger fraction of neutral chains increases thergy barrier controlling the
merging of two C3Ms and the entry of a single patynmto a C3M.

(i) The chemistry of the polyelectrolytes: more hydmipb backbones give

stronger cohesion and slower rates of rearrangesnent

(iv) Excess charge, which can either increase or dexresmrangement rates.

Aroundf. = 0.5 there is little or no excess charge and é¢ine complexes are
more stable, whereas deviating frdm= 0.5 increases the net charge of the
complexes and thus increases the rearrangemenbyatereasing the CMC.
Alternatively, excess charge leads to electricalbd® layer repulsion, and
decreases the chance of two C3Ms merging and treusearrangement rate.
Measurements (chapter 3) suggest that the fornfeste$ dominant.

Most C3Ms, HAPECs, and both non-relaxed (Es and C3tEs atf. = 0.50 that we
investigated show no change in fRewith time once they are formed. Also, for non-xeld
C3+uEs, heating nor ultrasonication have an effect ba R,. This indicates that the
aggregates, once formed, do not rearrange intellarige i.e. by mass transfer between the
micelles. Intermicellar rearrangement after forimatiakes place only away frofn = 0.50
(chapter 3), or upon applying a pH cycle (whichrraages the complex from the inside out,
by changing the charge balance leading to dissoniaftollowed by reassociation of the
oppositely charged weak polyelectrolytes). Als@raying the charge balance by adding extra
polyelectrolyte will lead to rearrangements.

Mixing two populations of C3Ms can also give momsight into rearrangements. For
example, upon mixing (1:1) a solution of C3Ms (ca®gd of PAAPAAM,y and
PDMAEMA 50, f+ = 0.50, phosphate buffer with an ionic strengtd@fmM, s = 1) with C3-
LEs (composed of same + P f+ = 0.50, same solvent, = 4) one could either obtain a
bidisperse solution with both species present (f nearrangements take place), or if
rearrangements are fast, one could obtain the geestable state for the new compositign (
= 2.5). For the C3Ms ¢t = 1,R, = 15 nm and the light scattering intendity 60. For the C3-
nEs, Ry = 38 nm and = 820. In the first scenario (no rearrangememns) should find a R,>
slightly smaller than 38 nm (as this is the weightrage which is determined with light
scattering), with an averagd>of 440. In the second scenario (fast rearrang&shame
should find C3nEs (interpolated from results in chapter 4) wiRh= 25 nm and = 250. The

experiment, however, gives a solution containingigas withR, = 39 nm and = 620. This
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scattering intensity is even higher than the oreeeted if the two solutions just mix without
any changes in aggregation number, indicating sloate kind of aggregation takes place.
This shows that these kind of systems do somehawarege upon mixing of two different
populations, but not in the direction of a monodise system. Perhaps Ostwald ripening
(where big particles grow at the expense of smatspa common phenomenon when dealing
with e.g. emulsions) occurs, but more researcleéezlad before we can draw any conclusions.
Most importantly, even at the relatively high sadihcentration used for this experiment (40
mM ionic strength phosphate buffer; critical salhcentration is about 0.1 M) the complexes
formed show intermediate behaviour: they do notregge to the stable state, nor are they
completely kinetically frozen.

Another, aggressive, way of manipulating these dergs is by applying a strong DC
electric field, as is done in Kerr effect measuretadalso called electro-optic birefringence
measurements). In these, a very short DC pulsengrgted and applied over an agueous
solution and the changes in birefringence as atiimof the strength of the electric field that
is applied are recorded. We performed a seriesaset Kerr effect measurements on aqueous
solutions (1 mM NaNg) containing C3Ms, and found that, as a side-efdéthe applied DC
pulses (field strength about 2 x°2@ m™ and pulse length about 1 x186), theR, of C3Ms
composed of PAETBPEQG;, and PAA; increases from 20 to 38 nm, while the light
scattering intensity only increases 2.5 fold. FoBMS from PAAPAAM4 7 and
PDMAEMA 150, R, only slightly increases (25 to 27 nm). Clearlythie former case the C3Ms
do not rearrange back to the stable state aftapatied DC field has changed their size and
aggregation number, showing such rearrangementgeayeslow or absent — that the particles
are in effect kinetically frozen. Also, the fieldrength required to produce a measurable
effect is high, showing that a high force is neettedrder to induce rearrangement of C3Ms

in a solution with a low salt concentration.

Control of size
The research performed in both chapter 2 and 4 shbat the size of C3Ms (or C3-

uEs) can be controlled. The G&Es made in chapter 4 have hydrodynamic radii var§iom

about 15 to 100 nm and the preparation procedueasy. The control of size is potentially
useful, for instance for drug-delivery purposes reheontrol of the size of the nanoparticles
can increase the delivery of these by passive tiagge Furthermore, the ease at which new
types of C3uES, using various diblock copolymers with differeeutral blocks, can be made

is useful, as the outer shell is a second variditibe partly determines the efficiency of
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nanoparticles used in drug-delivdrecause both the size and the corona structuréea
controlled in the case of G&&s, this would allow in principle (with careful seming) to find
the most efficient formulation. However, the useG@8-uEs for drug-delivery has several
drawbacks which have to be addressed. One is tlssilje toxicity of the charged
components (mainly the cationic) of the @Bs. Another is the finite although low CMC;
upon administering a solution of the particles tgadient, their concentration will drop
rapidly and then the particles might dissociatesiong their advantageous properties. Both
problems might be decreased by cross-linking theosipely charged polyelectrolytes after
formation of the C3tEs.

Micelles as surface coating
One area of possible application of C3Ms is asiegaton surfaces in order to prevent

protein adsorptich In principle, a polymer brush on a surface isatd@ of preventing protein
adsorption. However, a certain brush density isladdor maximum effectiveness (no protein
adsorption)®. If the brush layer is not homogeneous in the @laithe surface, proteins may
adsorb in areas where the polymer density is Ienwya have seen in chapter 5. AFM images
indicated that the adsorption of C3Ms with moresgtike cores to Si©and to cross-linked
1,2-PB occurs in the form of intact C3Ms, which agvrise to surfaces carrying randomly
distributed C3Ms. Proteins were shown to adsorthéocoated surfaces to various degrees,
presumably at locations where the polymer densiig Yower (‘in between’ the adsorbed
C3Ms). Micelles composed of amphiphilic diblock obpners have the same disadvantage as
the mentioned C3Ms, that is, that they tend to ddss micelles, or in the case of non-
adsorbing water soluble chains, as hemisphereseB&ag the size of the adsorbing micelles
would not only decrease the size of the ‘holest, dso the driving force for adsorption and
the distance over which the steric barrier — whacks to prevent protein adsorption to the
surface — acts. For the smallest micelles, thosgposed of surfactants, it is known that the
adsorbed layer is usually washed off by rinsinchsiblvent; such a layer is not suitable as a
protein-repellant coating.

C3Ms consisting of polyelectrolytes having less ropthobic backbones have the
disadvantage that their density is lower. Upon gut8mn onto a surface, the polymer density
achieved is relatively low, compared to the polymdensities reachable with other methods.
Even so, they can be effective in preventing adsmf a single type of protéinHowever,

a coating of a certain type of C3Ms is unable ®vpnt adsorption of a variety of proteihs

presumably because the polymer density reachetnslysnot high enough. Hence, steric
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hindrance alone is not enough; the contributioatdéast one additional factor (e.g. charge) is
needed to fully prevent adsorption of a protein.

Another question which has to be addressed is dor long (time) a given polymer
brush on a substrate is effective. One problemsifigiPEO (commonly used for making
polymer brushes) is its (bio)degradabiiity? As it is expected to degrade with the passage of
time, a polymer brush with PEO is not very suitdblelong-term usage. Damage to the layer
has to be prevented as well (or repaired very dylicko the layer has to be scratch-resistant
(or, alternatively, self-healing). More researchcisrently being performed, and it is much

needed.

Further research
In order to form C3Ms in the stable state, the sdrok that is applied to obtain

micelles from amphiphilic polymers would work; thst dissolve the diblock copolymers and
polyelectrolytes in a water-miscible, non-selectiselvent (i.e. a solution with a salt
concentration above the critical one) and then gbhahe solvent quality in order to induce
complexation (i.e. by dialysis against water). Upstecreasing the salt concentration, the
attractive interaction between the oppositely cadrgolyelectrolytes is slowly increased. As
weak interactions most likely result in complexasthermodynamic equilibrium, it is also
more likely that the complexes will be close to 8table state as the interaction is slowly
increased in strength. However, the same thingscthese difficulties for amphiphilic diblock
copolymers (polydispersity of the used polymersefing-in of the structure at a certain ratio
of non-selective/selective solvent or for C3Mst sahcentration) could also play a role here.
Polydispersity of the polyelectrolytes (especidlg shortest species) is the main problem
and therefore it would be best to eliminate thidda This may perhaps be accomplished by
using human-designed, nature-made polymers (feveew on these genetically engineered
protein-based polymers, $deinstead of chemically synthesized polymers. TKece of
polydispersity on the formation of C3Ms is alscenaisting to study: especially polydispersity
of the homopolyelectrolyte and the polyelectrolyiock of the diblock copolymer.
Polydispersity in the neutral block will probablgJe only small effects on the formation of
C3Ms.

The rearrangement processes of C3Ms are poorlgrstabd. A study into the relative
importance of the different rearrangement mechasisgnih respect to a variation of salt
concentration would be interesting. As the saltcemtration is increased towards the critical

salt concentration (above which no C3Ms are forntled)shift in CMC might result in faster
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rearrangements as the dissociated state becomescmmmon. Also, the role of the neutral
blocks forming the neutral corona should be ingegdéd. With shorter neutral blocks the
rearrangements should be faster as well as the $tarrier, generated by the density and
height of the corona, that has to be overcome Bingle polymer chain is expected to be
lower for shorter neutral blocks. Combining sucktady with the effect of mixing different

populations of C3Ms (with either unlabeled C3MC&Ms labelled with fluorescent groups,
e.g. an acceptor and donor pair) should lead igrafisant increase in our understanding of

how these systems behave and which parametersngiher rearrangement rate.
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Summary
The research described in this thesis concerns the formation, solution properties, and

adsorption of polyelectrolyte complexes composed of at least one diblock copolymer with a
neutral and a charged block and either an oppositely charged homopolyelectrolyte or a
diblock copolymer, with a neutral block and an oppositely charged polyelectrolyte block.
Upon mixing the agueous solutions of different polymers, the oppositely charged
polyelectrolytes associate, forming a polyelectrolyte complex. If the resulting complex is
liquid-like we call it a complex coacervate. If the neutral blocks are large enough with respect
to the charged ones and the oppositely charged components are mixed at a 1:1 charge ratio
(charge stoichiometric ratio), they stop the growth of the polyelectrolyte complex in such a
way that complex coacervate core micelles (C3Ms) are formed. This is usualy a spherical
particle, which has a core comprised of the oppositely charged polyelectrolytes, surrounded
by a corona of neutral polymer chains. Away from the stoichiometric mixing ratio, smaller
complexes are formed, which are called soluble complex particles (SCPs). The micelles are
the main focus of this thesis, but the formation of the soluble complex particles is also
investigated. The salt concentration, pH, and the chemical structure of the polyelectrolytes are
important variables in the formation of these polyel ectrolyte complexes.

In chapter 2 C3Ms were made from multiple polymer species; a diblock copolymer
with a polyelectrolyte block and a neutral block, poly(acrylic acid)-block-poly(acryl amide),
an oppositely charged polyelectrolyte, poly(N,N-dimethyl aminoethylamide), and a second
diblock copolymer species with a charged block and a neutral block, poly(N,N-dimethyl
aminoethylamide)-block-poly(glyceryl methacrylate). The polyelectrolyte block of the second
diblock copolymer species had charged blocks that were oppositely charged to that of the first
diblock copolymer species and whose neutral block was different from that of the first diblock
copolymer. The effect of systematically varying the ratio of the homopolyelectrolyte and
second diblock copolymer (based on the number of chargeable groups), while keeping the
mixing fraction f. (that is the number of positively chargeable groups, divided by the tota
number of chargeable groups) constant, was studied with light scattering. It was shown that
the size of the resulting C3Ms decreased with increasing percentage of the second diblock
copolymer. Without the second diblock copolymers the C3Ms have a hydrodynamic radius of
25 nm, whilst with only second diblock copolymer they have aradius of only 16 nm. Using a
simple geometrica model and the light scattering intensities, the aggregation numbers were
estimated to be in the range of 20-70 polymers.
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In chapter 3 the formation of both SCPs and C3Ms was studied. The used diblock
copolymer, poly([4-(2-aminoethylthio)-butylene] hydrochloride)-block-poly(ethylene oxide),
has a polyelectrolyte part with a rather hydrophobic backbone which slows down the
formation and subsequent rearrangements to a pace where it could be easily followed with
light scattering. It was mixed with the oppositely charged poly(acrylic acid) at different f..
Using light scattering and cryogenic transmission electron microscopy, it was shown that the
complexes formed at f. = 0.3 are initially very large (> 140 nm) and network like (as thereis
relatively little neutral polymer to stop the growth of the complexes), and rearrange relatively
quickly, compared to the complexes formed at f. = 0.5 and 0.7 (80 nm), towards small
micellar complexes. The very large transient complexes formed at f. = 0.3 are called highly
aggregated polyelectrolyte complexes (HAPECs). The complexes formed at f. =0.5 are
apparently most stable; that is, their size remains the samein time. It was concluded that there
are at least three factors which influence the rearrangement rate of polyel ectrolyte complexes;
(1) high neutral blocks content, (2) excess charge, and (3) the chemistry of the
polyelectrolytes. Increasing the salt concentration has previously been determined to speed up
the rate of rearrangements as well. Furthermore, the radius of the complexes at f. = 0.5
(80nm) is too large for the complexes to have the typical core-corona structure. Apparently,
these large complexes are HAPECs as well. However, with different preparation procedures
micelles can be obtained; if the HAPECs are forced to disassemble by changing the pH to an
extreme value (either 11 or 3) and are subsequently re-assembled by changing the pH back to
normal (7), the resulting C3Ms have a radius of about 15 nm. This is probably the state of
minimum free energy, the stable state, whereas the highly aggregated complexes are in a
metastabl e state (as they do not spontaneously rearrange in time).

In chapter 4 complex coacervate core micro-emulsions (C3-uES) were obtained by
mixing solutions of anionic polyelectrolytes (poly(acrylic acid)) and diblock copolymers with
an anionic polyelectrolyte block and a neutral block (poly(acrylic acid)-block-poly(acryl
amide)) with solutions of a cationic polyelectrolyte (poly(N,N-dimethyl aminoethylamide)).
By varying the fraction of the anionic polyelectrolyte and anionic diblock copolymer species,
while keeping f. constant, C3-uEs with radii varying from about 15 to 100 nm were prepared.
Basicaly, these are C3Ms in which the core is swollen with extra complex, composed of
oppositely charged homopolyelectrolytes. The core of C3-pEs could be swollen up to an
anionic polyelectrolyte/neutral groups ratio of about one. At higher core forming

polyelectrolyte content the PAAm is no longer present in high enough amounts to prevent
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precipitation. The solvent was shown to have a pronounced effect upon the size of the
obtained complexes; in NaNOj3 larger complexes were obtained which are in a metastable
state. In phosphate buffer (a salt known to weaken the attractive forces between the used
polyelectrolytes), smaller complexes were obtained, which are probably in the stable state.
The geometrical model introduced in chapter 2 was extended and predicted a linear growth of
the C3-uEs. The experimentally observed growth was however, non-linear, probably due to a
transition of the neutral polymers in the corona from more star-like to more crew-cut
behaviour (shown by self consistent field calculations).

In chapter 5 the ability of a layer of adsorbed C3Ms with a more glass-like core
(composed of poly([4-(2-aminoethylthio)-butylene] hydrochloride)-block-poly(ethylene
oxide) and poly([4-(2-carboxy-ethylthio)-butylene] sodium salt)-block-poly(ethylene oxide)),
to prevent protein adsorption to either silica or cross-linked 1,2 polybutadiene was
investigated. With atomic force microscopy it was shown that the layer consists of closely
packed adsorbed complex coacervate core micelles. Protein adsorption to the coated surfaces
was generally reduced by > 80 %, and showed the following trends: (i) Protein adsorption to
the coated polybutadiene was reduced to a lower extent than to coated silica. (ii) The
adsorption behaviour of the protein lysozyme on one hand, and bovine serum albumin, B-
lactoglobulin, and fibrinogen on the other, onto the two types of coated surfaces was reversed
by solvent (NaNOs or phosphate buffer). (iii) The difference in adsorbed amount before and
after rinsing with solvent was generaly low (about 0.1 mg/m? or less). Lysozyme is an
exception as at low ionic strength, rinsing with solvent causes alarge decrease in the adsorbed
amount. (iv) Preventing adsorption of 3-lactoglobulin adsorption appears most difficult as the
achieved reduction was least and shows further complications. Adsorption of p-lactoglobulin
from 100 mM NaNO; to coated silica lead to a net desorption; this means that the coating is
partially removed or replaced by the protein.

This thesis shows that many polyelectrolyte complexes formed by mixing of aqueous
solutions of oppositely charged polyelectrolytes and charged-block-neutral  diblock
copolymers are not in the stable state. It seems that most C3Ms, once formed at stoichiometric
charge ratio, are kinetically frozen, as they do not rearrange much, even upon mixing of two
populations. However, they do respond to changes in the charge balance, although they do not
necessarily rearrange to the state of lowest free energy. This behaviour seems to stem from
the strength of the forces and the height of the energy barriers involved. For instance, most of

the associated energy and entropy gain associated with the formation of C3Ms (coming from
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Coulombic interactions and counter-ion release) occurs in the initial formation of the
polyelectrolyte complexes. Therefore, mixing C3-uEs with C3Ms (both composed of
basicaly the same polymers) does not lead to large rearrangements as the driving force is
small and the barrier is high; single polymers need to dissociate, diffuse, penetrate the neutral
corona, and associate again. The small driving force which tries to minimize the interfacial
area between the core and the solvent stems from the low interfacia tension of these systems
(the complex coacervate core contains mostly water). This force is partly counteracted by the
entropy that can be gained by increasing the number of particles and by the osmotic pressure
generated by the neutral blocks that form a corona. Changes in the charge balance, however,
(e.g. viaa pH change) act quickly within a single micelle and are not hindered by a steric
barrier. For single polyelectrolytes the association with a C3M results in a rather high energy
gain; this combined with the fact that no dissociation is required makes these changes
relatively quick as well, compared to the very slow inter-micellar rearrangements. Thus, the

time scales on which SCPs and C3M s rearrange spans a very wide range.



Samenvatting
Het onderzoek beschreven in dit proefschrift betdsf vorming van kolloiden uit

tegengesteld geladen polymeren. Kolloiden zijnnidaieeltjes die in een oplossing zweven;
de vetbolletjes en eiwit aggregaten in melk zijonxeelden van kolloiden. De grootte van
kolloidale deeltjes (ruwweg 0,00000001 tot 0,0006éter — 10 nanometer, nm, tot 10
micrometer,um) staat ongeveer in dezelfde verhouding tot desn{@nmeter) als dezelfde
mens tot de omtrek van de aarde (40.000.000 m&elymeren bestaan uit kleine eenheden,
genaamd monomeren (grootte ongeveer 1 nm), dieelaar vast zitten en samen een
polymeer vormen. De hier gebruikte polymeren hebdem lineaire structuur; d.w.z. dat de
monomeren aan elkaar zitten zoals bv. de wagonseangoederentrein. De verschillende
monomeren van de gebruikte polymeren hebben véesuié eigenschappen; sommige zijn
positief (+) geladen, andere negatief (-), en eera soort is neutraal (N). Naast simpele
polymeren die maar uit één soort monomeren bestaar:--, ++++++ (dit zijn beiden
polyelectrolieten), of NNNNNNNN, hebben we zogendendi(=twee)blok co-polymeren
gebruikt. Deze bestaan uit twee soorten monoménert en N en zien er ongeveer zo uit;
++++++NNNNNNNN. Als je een waterige oplossing vaggatief geladen polymeer en een
oplossing van diblok copolymeer met een positidaden blok en een neutraal blok mengt,
zullen de tegengesteld geladen blokken dicht kaal gaan zitten, oftewel complexeren. Het
gevormde polyelectrolietcomplex (PEC) is echtet gmed oplosbaar in water. Het PEC zal
groeien (complexeren met andere kleine PECs) omchatactoppervlak met water te
minimaliseren. De groei van dit PEC kan worden g@@astoor de waterminnende neutrale
blokken; als dit gebeurd dan is er een kolloid teyengestelde polymeren ontstaan (voor een
schematisch plaatje hiervan, zie Fig. 1.5). Alsddeltjes, zoals in Fig. 1.5, een kern hebben
die bestaat uit een PEC en een mantel daaromhedyesliaat uit de neutrale waterminnende
polymeerblokken, dan heet het kolloid een ‘compglexcervaat kern micel’ (C3M).

Er zijn een aantal variabelen van belang voor denirgg van C3Ms en PECs. De
zoutconcentratie van de waterige oplossing kanaayg lworden gemaakt dat er geen PECs
gevormd worden, of dat ze uit elkaar vallen. Denaisehe structuur van de polyelectrolieten
speelt een rol; bij zwakke polyelectrolieten isla#ing pH afhankelijk. De verhouding tussen
de lengte van het geladen en neutrale blok van digbk copolymeer, en ook de
mengverhouding van de tegengesteld geladen polymeeénvioed de vorming van de

kolloiden. Deze mengverhouding is in dit proefsthuitgedrukt als de mengfractig,, dit is
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het aantal positief oplaadbare monomeren gedeelnt dhet totaal aantal oplaadbare
monomeren.

De meest gebruikte techniek (in dit proefschrit)ichtverstrooiing. Hierbij laat je een
lichtstraal van een laser door een oplossing méoiken gaan. Het licht wordt door de
kolloiden, en ook het water, verstrooid. De flutiesin het verstrooide licht worden gevolgd
en met deze informatie wordt de deeltjesgroottehytlrodynamische stradR,, bepaald (de
snelheid van de fluctuaties is afhankelijk van bBoel de deeltjes bewegen en grotere deeltjes
bewegen langzamer). Grotere deeltjes verstrooieh meer licht dan kleine, en zo ‘zie’ je
voornamelijk de kolloiden.

In hoofdstuk 2 staat beschreven wat er gebeurd als je een atinggn varieert. Als één
van de twee tegengesteld geladen polymeren in @atrraanwezig is krijg je kleinere
kolloiden (genaamd ‘oplosbaar complex deeltjes’RS)E dan als ze één op één=< 0.50)
worden gemengd (Fig. 2.3b); dit omdat ladingsopbdevgroei van de deeltjes tegengaat. Als
je C3Ms maakt van een diblok copolymeer met eeadgel en een neutraal waterminnend
blok en een tegengesteld geladen polyelectraigt,de C3Ms groter dan als je een gedeelte
(of alle) van de polyelectrolieten vervangt doon ekblok copolymeer met een blok met
dezelfde lading en een neutraal waterminnend o @.5); dit omdat de neutrale blokken
de groei van de kolloiden tegengaan. Door een siggmmmetrisch model van de C3Ms te
combineren met de lichtverstooiingsdata werd eclygsuit hoeveel polymeren de C3Ms
ongeveer bestaan; 20-70.

In hoofdstuk 3 is de vorming van C3Ms en SCPs bestudeerd. Weutdggdn hiervoor
een kort (x150 monomeren lang) of lang (2000 momemelang) negatief geladen
polyelectroliet, in combinatie met een diblok copoker met een positef geladen blok met
een waterhatende ruggegraat en een neutraal watenad blok. Deze waterhatende
ruggegraat zorgt ervoor dat de herschikking vamgelermde kolloiden langzamer gaat. Bij
menging van de oplossingen van de tegengesteldayelpolymeren worden er ‘grote
geaggregeerde polyelectrolietcomplexen’ (HAPECs)oged; deze deeltjes hebben niet de
kern-mantel structuur van een C3M (Fig. 1.5), nraaer een netwerk structuur (Fig. 3.9a).
Als de mengfractié, = 0.3, worden de gevormde HAPECs kleiner met leeibwp van tijd;
na een dag zijn ze ongeveer tien keer zo klein. (Bigb). Bij f. = 0.5 zijn er geen
veranderingen in de grootte van de HAPECs waargeno(re zitten in een ingevroren
toestand), en bij, = 0.7 is er geen waarneembare verandering metdneg polyelectroliet,

maar een langzame met het lange.. We concludetemed&rale blokken in de weg zitten en
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de snelheid van herschikking verlagen, terwijl tegiopbouw de herschikkingsnelheid
versnelt. Om van deze polymeren kolloiden met den-keantel structuur van C3Ms te
maken, moet je ze, na vorming, uit elkaar latehenatioor de pH te verhogen om ze daarna
door de pH langzaam terug te veranderen weerdr taimplexeren (Fig. 5b).

In hoofdstuk 4 hebben we C3Ms gemaakt waarvan in de kern extfa BE Het extra
kernmateriaal bestaat uit tegengesteld geladen efgalyolieten. De mantel uit de
waterminnende neutrale polymeren. De grootte vaged®rmde kolloiden hangt niet alleen
af van de hoeveelheid extra kernvormend materigavdrdt aangeboden, maar ook van welk
zout je gebruikt: als je een oplossing met natriitraat gebruikt worden ze groter dan als je
een fosfaatbuffer gebruikt (Schema 4.1, Fig. 4.4 .8 Het verschil tussen de beide gevallen
wordt veroorzaakt doordat de meerwaardige fosfaatiode binding tussen de gebruikte
tegengesteld geladen polyelectrolieten verzwakkengrotere gezwollen deeltjes die worden
gevormd in de oplossing met natrium nitraat noemen niet-ontspannen ‘complex
coacervaat kern micro-emulsies’ (CEs); deze zitten in een ingevroren toestand. De
kleinere die gevormd worden in fosfaatbuffer noemenC3i1-Es. Het geometrische model
dat is geintroduceerd in hoofdstuk 2 werd uitgeboen ook op C3-Es van toepassing te zijn
en voorspelde een lineaire groei. De geobserveesgerimentele afwijkingen van de
voorspelde groei, komen waarschijnlijk van de oaeggvan een kleine naar een grote kern
(met een respectievelijk grote en kleine krommipghet opperviak van de kern); de neutrale
waterminnende ketens gedragen zich hierdoor anders.

In hoofdstuk 5 worden C3Ms gebruikt als oppervlakte-deklaag. @ergikte C3Ms
bestaan uit diblok copolymeren met een gelademaartraal blok, waarvan de geladen
blokken tegengesteld geladen zijn en beiden eererhatende ruggegraat hebben. De
gebruikte C3Ms hebben dan ook een relatief wateniol#t kern. Ze adsorberen in ongeveer
even grote hoeveelheid op het waterminnende opgewsilica, en het waterhatende poly-
butadieen. Met behulp van de ‘atomaire kracht nsicoop’ (AFM) werd gezien dat de C3Ms
zijn geadsorbeerd als C3Ms (Fig. 5.4). De adsongie eiwit op de bedekte opperviakken
was gemiddeld ongeveer 80% minder dan op de kgerolakken (Tabel 5.4).

Dit proefschrift laat zien dat veel polyelectrotieimplexen die gevormd worden door
menging van oplossingen van tegengesteld polyelesten en geladen-blok-neutraal diblok
copolymeren in ingevroren toestand terechtkomeng®srmde kolloiden zijn dan relatief
grote aggregaten (HAPECs of ‘niet ontspannen-E8). Om C3Ms te vormen, die kleiner

zijn en de karakteristieke kern-mantel structuubdem, moet soms een speciale route
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genomen, of speciaal zout gebruikt, worden dienditiezen vermijdt en/of ongedaan maakt.
Als C3Ms eenmaal gevormd zijn, herschikken ze bigha niet; behalve als de ladingsbalans
wordt verstoord of de zoutconcentratie drastiscindiveernoogd. Dit komt omdat de meeste
energie die gewonnen kan worden door de complexgen de tegengesteld geladen
polymeren al vrij komt bij de eerste complexvormibg drijvende kracht (resterende energie

die gewonnen kan worden) voor herschikking is laag.



1,2-PB
BIC
B-LG
BSA
C3M
C3-uEs
CEAC
CECC
CMC
Cp
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D-C3Ms
DLS
FIB
HAPEC
hp
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IPEC
LS-T
LSZ
NPEC
PAA
PAAM
PAETB
PCETB
PDMAEMA
PDI
P4EVP
PEC
PEM
PEO
PGMA
PIC
PMAA
PMC

Rn
S-C3Ms
SCP
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Commonly used abbrevations

1,2-polybutadiene

block ionomer complex

B-lactoglobulin

bovine serum albumin

complex coacervate core micelle

complex coacervate core micro-emulsions
critical excess anionic charge

critical excess cationic charge

critical micellar concentration

polymer concentration

diblock copolymer

double diblock C3Ms

dynamic light scattering

fibrinogen

highly aggregated polyelectrolyte complex
homopolyelectrolyte

light scattering intensity
inter-polyelectrolyte complex

light scattering titration

lysozyme

non-stoichiometric polyelectrolyte complex
poly(acrylic acid)

poly(acrylamide)
poly([4-(2-amino-ethylthio)-butylene] hydialoride)
poly([4-(2-carboxy-ethylthio)-butylene] sach salt)
poly(N,N-dimethyl aminoethyl methacylate)
polydispersity index
poly(N-ethyl-4-vinylpyridinium bromide)
polyelectrolyte complex

polyelectrolyte multilayer

poly(ethylene oxide)

poly(glyceryl methacrylate)

poly-ion complex

poly(methacrylic acid)

preferred micellar composition
hydrodynamic radius

single diblock C3Ms

soluble complex particle
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Dankwoord

Dit proefschrift is zeker niet de enige ontwikkeglidie ik in de afgelopen vier jaar heb
doorgemaakt. Vele andere ontwikkelingen kwamenarden er omheen tot stand. Graag wil
ik iedereen die mij in deze tijd kende bedankenntwazonder jullie, was dit proefschrift
hoogstwaarschijnlijk anders — eenieder en alleft edoed op je.

Mijn directe begeleider Arie, en wat minder direttegeleider Martien, wil ik graag
bedanken voor hun werk, de (nuttige) discussiegenfuld, vooral tijdens de afsluitende
periode, die werd gekenmerkt door een Bas metfBfeik kan iedereen de combinatie van
Pfeiffer en wetenschappelijk schrijven afraden.

De club badmintonners; vele uren alternatieve insppay (als in alternatief voor het
promotiewerk) werden dankzij de (studenten)badmicitdo de Lobbers mogelijk gemaakt en
vele uren ontspanning waren daar, vanwege de sc&fi@br van de club, als twee handen op
een buik. Vooral de vaste barhangers, sparringi@at mede Rijncup-organisatoren, mee-
eters, weekendgangers, enkeljarige, en meerjagagagenoten (Susan, Matthijs, Marcella en
Peter B.); bedankt.

Dank ook aan een andere ontspanningsgroep; vele jalenspellen met Henk, Jappe,
Raoul, Peter W. en Marieke, waarin de meeste tgddwbesteed aan allerhande grappen,
grollen en algemeen geklaag over maatschappij, @nensomputers en wetenschap, zijn
uitstekend bevallen. Ik hoop dat de groep ondarkseami-simultane verhuizing van een
aantal van hen nog een tijdje door kan gaan.

De ultieme plek voor ontspanning was gewoon thims.de Hollandseweg 218,
liefkozend ‘Het Huis met het Lijk in de Open Haagkdoopt, was er altijd tijd voor lezen,
spelen (bord, kaart en computer), babbelen, mulzeddisteren of domweg hangen. Dank
voor deze veilige rusthaven, dank aan de anderenm® daarvan, met wie het eigenlijk
altijd goed toeven was (Anoeska, Anja, Guido V.iiRe).

Mijn directe familie (paps, mams, broers, zusjeaanhang) wordt bedankt voor het mij
mijn gang laten gaan en de interesse in de vagediwaar ik mee bezig was: ik hoop dat de
Nederlandstalige samenvatting voor jullie een gerededelijk duidelijk beeld geeft van waar
ik mij de afgelopen jaren mee heb bezig gehouden.

Collega’s zijn op een of andere manier toch mensenwie je veel omgaat, zeker in
onze groep, de familie FYSKO. Allemaal bedankt vdergezellige sfeer, praatjes, borrels
(FICS), AlO-uitjes, fietstochten (vooral de ‘Pak Eeema’ tocht), de thee en de lol in en om
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de busjes tijdens de PhD-trip naar Zweden en Derk@maIn het bijzonder wil ik de
volgende mensen bedanken: Bart ‘distraction ganmftagtmus, Guido ‘project’ Sala, Saskia
‘geit’ Lindhoud, Wiebe ‘Brugman’ de Vos, Petya ‘8rulakovlev, llja ‘duizendpoot’ Voets,
Agata ‘sarcasme’ Brzozowska, Remco ‘licht en gélkimkkink, Josie ‘moederkloek’ Zeevat,

Joris ‘Josti’ Sprakel, en als laatste maar zeker minste, Paulina ‘krolik’ Skrzeszewska.

Bas

(\/)
(..)
C(II)(II)



126

List of publications

Brzozowska, A.M.; Hofs, B.de Keizer, A.; Fokkink, R.; Cohen Stuart, M.A.pide,
W., 2008,Reduction of protein adsorption on silica and polystyrene surfaces by
reversible adsorbed complex coacervate core micelles, submitted

Hofs, B, Brzozowska, A.; de Keizer, A.; Norde, W.; Cohdnat M.A., 2008,
Reduction of protein adsorption to a solid surface by a coating of polymeric micelles
with a glass-like core, Journal of Colloid and Interface Science, 32580-315

Hofs, B, van der Burgh, S.; de Keizer, A.; Leermakers,.MACohen Stuart, M.A.,
2008,Complex coacervate core micro-emulsions, Soft Matter, 4, 7, 1473-1482

Voets, I.K.; de Vos, W.M.; Hofs, Bde Keizer, A.; Cohen Stuart, M.A.; Steitz, R.;
Lott, D., 2008 nternal structure of a thin film of mixed polymeric micelleson a
solid/liquid interface, Journal of Physical Chemistry B, 112, 23, 693459

Hofs, B, de Keizer, A.; Cohen Stuart, M.A., 200 the stability of (highly
aggregated) polyel ectrolyte complexes containing a charged-block-neutral diblock
copolymer, Journal of Physical Chemistry B, 111, 20, 562256

Hofs, B, Voets, I.K.; de Keizer, A.; Cohen Stuart, M.AQQ5, Comparison of

complex coacer vate core micelles from two diblock copolymers or a single diblock
copolymer with a polyelectrolyte, Physical Chemistry Chemical Physics, 8, 36, 4242-
4251

Cohen Stuart, M.A.; Hofs, BVoets, |.K.; de Keizer, A., 2008\ssembly of
polyel ectrolyte-containing block copolymers in aqueous media, Current Opinion in
Colloid and Interface Science, 10, 1-2, 30-36

Koster, G.; VanDuijn, M.; Hofs, BDogterom, M., 2003ylembrane tube formation
from giant vesicles by dynamic association of motor proteins, Proceedings of the
National Academy of Sciences, 100, 26, 15583-15588




127

Levensloop

Peter Sebastiaan Hofs (“we noemen hem Bas”) webdrga op 28 augustus van het jaar
1980 in het Veluwse dorp Voorthuizen. Daar grodijeop en op het Johannes Fontanus
College te Barneveld behaalde hij in 1998 zijn VWiPloma. Vervolgens ging Bas aan de
Wageningen Universiteit Moleculaire Wetenschappardesen. Van september 2002 tot
maart 2003 werkte Bas bij de leerstoelgroep Fysischemie en kolloidkunde aan een
afstudeervak over de kolloidale stabiliteit vandgblaasjes (vesicles). Daarna bracht hij in
2003 een aantal maanden door als stage op het FOM&@menteel Onderzoek naar Materie)
instituut AMOLF (voor Atoom en MOLecuul Fysica) femsterdam, met het trekken van

buisjes uit grote lipide blaasjes (giant vesicle®t behulp van een optisch pincet. In maart
2004 begon hij bij de leerstoelgroep Fysische chesni kolloidkunde aan het in dit boekje
omschreven promotieonderzoek. Vanaf 1 januari 20@as werkzaam bij het KWR (Kiwa

Water Research) te Nieuwegein als onderzoeker imaderzuivering.



128

Educational activities

Courses / conferences
Winterschool Han-Sur-Lesse

RICCI school of neutron scattering
SONS meeting

Ostwald colloquium

POLYAMPHI meeting
Winterschool Han-Sur-Lesse
RPK-B polymeerfysica
Symposium Macro-lon complexation
Student conference Biezenmortel
Schiermonnikoog conference
POLYAMPHI meeting
POLYAMPHI summer school

Structure and dynamics of self-organized macromdesystems

SONS networking workshop
Dutch Polymer Days
Student conference Ven
ECIS conference
POLYAMPHI summer school

Other activities

PCC meetings

Colloquia

BASF excursion

PhD trip Sweden/Denmark

UU = Utrecht University
WU = Wageningen University

Organizer / place Year
(UU and WU) 2004
(Sarain) 2004
(Berlin, D) 2004
(Berlin, D) 2004
(Berlin, D) 2004
(UU and WU) 2005
(PTN) 2005
(WUR, PCC) 2005
(WUR, PCC) 2005
(WUR, PCC) 2005
(Arcachon, F) 2005
(Chodova Plana, CZ) 2005
(Prague, C2) 2006
(Prague, C2) 2006
(DPI) 2007
(Ven, S) 2007
(Geneva, CH) 2007
(WUR, PCC) 2007
(WUR, PCC) 2004-2008
(WUR, PCC) 2004-2008
(Ludwigshafen, D) 2006
(WUR, PCC) 2007

WUR = Wageningen University and Research centre

PCC = Physical Chemistry and Colloid science
PTN = Polymeer Technologie Nederland

DPI = Dutch Polymer Institute









