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Encapsulation of enzymes by polymers is a promising method to influence their activity and stability. Here, we
explore the use of complex coacervate core micelles for encapsulation of enzymes. The core of the micelles
consists of negatively charged blocks of the diblock copolymer BRAAM,;7 and the positively charged
homopolymer PDMAEMAsq For encapsulation, part of the positively charged homopolymer was replaced by
the positively charged globular protein lysozyme. We have studied the formation, structure, and stability of the
resulting micelles for three different mixing ratios of homopolymer and lysozyme: a system predominantly
consisting of homopolymer, a system predominantly consisting of lysozyme, and a system where the molar ratio
between the two positively charged molecules was almost one. We also studied complexes made of only lysozyme
and PAAPAAM,17. Complex formation and the salt-induced disintegration of the complexes were studied using
dynamic light-scattering titrations. Small-angle neutron scattering was used to investigate the structures of the
cores. We found that micelles predominantly consisting of homopolymer are spherical but that complex coacervate
core micelles predominantly consisting of lysozyme are nonspherical. The stability of the micelles containing a
larger fraction of lysozyme is lower.

Introduction resistant antifouling properties. Other applications can be the
encapsulation of nanoparticles in the core of these micelles.
Complex coacervates are viscous liquids consisting of op- There are already micellar aggregates available with “soft”
positely charged macromolecules. The classical example is phas@anoparticles such as DNA and proteins in the tofé and
separation between gum arabic and gelatin at acidic conditions,with “hard” nanoparticles such as oxide nanopartiéfes® We
studied by Bungenberg de JohgViore recently, complex  are interested in using these micelles primarily for encapsulating
coacervation is gaining interest. Since biomacromolecules, suchenzymes.
as DNA, proteins, and polysaccharides, often are charged, When using these complex coacervate core micelles to
complex coacervation can be used to construct particles for encapsulate enzymes, there are a number of potential difficulties.
encapsulation, targeting, and delivery of functional ingredients Because electrostatics, which includes electrostatic attraction
in fooc? and pharmaceuticsFurthermore, in food science the  and entropy gain due to counterion release, is the main driving
influence of complex coacervation on the structure and texture force of complexation, pH and ionic strength influence the
of food* ¢ is studied. stability of the micelles. The pH can influence the electrostatic
Previously, we have investigated block copolymer micelles attraction since the charge on, for example, proteins and other
with cores consisting of complex coacervates. These consist of(bio)polymers usually originates from dissociation or association
diblock copolymers having both an electroneutral hydrophilic with protons and therefore varies with pH. As electrostatic
and a charged block mixed with either oppositely charged interactions are screened by low-molecular-weight electrolytes
homopolymer or diblock copolymér1© At equal charge ratios  in solution, one has to think about “tricks” to make structures
electrostatic complexes of finite size are obtained that are at physiological ionic strength stable. Enzymes, i.e., globular
stabilized by a hydrophilic corona. We call these complexes proteins, have a charge density that is much lower than the
complex coacervate core micelfésStable micelles are formed  charge densities of the homopolymers and diblock copolymers
when the neutral block is 3 times longer than the charged Block. used. Therefore the ionic strength at which these structures
It has also been found that a minimum block length is required disintegrate is expected to be lower than that for micelles without
for the formation of the complexes. Micelles made of an proteins in the core. Kataoka et al. solved this problem by
oppositely charged homopolymer and diblock copolymer are increasing the hydrophobic interactiéhsand by cross-link-
more resistant against salt than micelles made of two oppositelying?!-24 the core with gluteraldehyde.
charged diblock copolymef<Other authors have studied similar We use a different approach. To regulate the number of

polymer micelles and called them polyion complex micelles enzyme molecules in the cores of the complex coacervate core
(PIC micelles)* or block ionomer complexes (BICS). micelles, we mix proteins with like-charged homopolymers and
Complex coacervate core micelles can be used for different |et this solution form a complex with oppositely charged diblock
applications. It has been found that they spontaneously adsorbcopolymers. By changing the ratio between protein and ho-
on substratéd and therewith may give the substrate protein- mopolymer we are able to control the number of enzyme
molecules in the cores of the particles. This also results in

* Author to whom correspondence should be addressed. Pheir@) ( micelles that are more stable against disintegration by increases
(0)317 482 585. Fax:431) (0)317 483 777. E-mail: saskia.lindhoud@wur.nl. in ionic strength.
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Chart 1. Structures of (a) PAA,PAAmM,, and (b) PDMAEMA,
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Our system consists of the negatively charged diblock
copolymer PAAPAAM,;7, the positively charged homopoly-
mer PDMAEMA; 50, and the positively charged globular protein
lysozyme. We studied three systems with varying protein to
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homopolymer ratios. These systems are compared with theFigure 1. Schematical representation of the scattering intensity as

formation of complex coacervate core micelles without lysozyme,
studied by Hofs et aP,and complexes that are formed when
lysozyme and PAAPAAM,;7 are mixed.

We use dynamic light-scattering (DLS) titration measure-
ments to study the formation of micelles. Starting with one of

function of composition (F~) for complex coacervate core micelle
formation studied by dynamic light scattering.

Two different types of titrations were performed: composition
titrations and salt titrations. For the composition titrations the measure-
ment cell contains macromolecules of the same charge sign. The titrant

the charged species, we are able to study the existence and sizg , sojytion containing macromolecules of opposite charge. After every
of the complex coacervate core micelles as a function of the yation step the pH is measured and a light-scattering run is started:

composition, expressed as a ratio between the concentrationshe typical number of light-scattering runs per titration step is five.
of charges of one sign divided by the total concentration of The scattered intensity, the pH, and the hydrodynamic radius are
Charges. Dynamic Iight-scattering titrations can also be used torecorded as a function of the compositibn (eq 1)

determine the ionic strength at which the complexes disintegrate.
Dynamic light scattering only gives information about the
hydrodynamic radius, which is mainly determined by the corona
of the micelles. The corona thickness is larger than the double
layer of the core, and therefore electrostatics does not influence

e 1_Ft= [— charges]
[+ chargesH [— charges]

@)

particle diffusivity. To obtain information about the shape,

structure, and the size of the core of the micelles, small-angled

neutron-scattering (SANS) experiments were performed.

Experimental Section

Materials. Lysozyme (L6876) was purchased from Sigma and used
without further purification. The poly(acrylic acidlock-poly(acryl
amide) (PAAPAAM,17, where the numbers refer to the number-
averaged degree of polymerization) diblock copolymers were a gift

Effective average hydrodynamic radii of the complexes were
etermined by analyzing the autocorrelation function using the methods
of cumulants and using the StokeSinstein equation for spherical
particles. The composition was calculated in the following way: We
know from proton titration curves that at pH 6.5 the net charges of the
diblock copolymer and homopolymer ar€9 and+105, respectively.
But, because in these experiments pH is not fixed, for the calculation
of F~, we used the maximal amount of chargeable groups of the
polymers. PAAPAAM417 has 42 chargeable groups per molecule, and
PDMAEMA 150 has 150 chargeable groups per molecule. For lysozyme
we usedt-8 charges, based on a titration curve measured by Van der

from Rhodia, Auberville, France. For details of the synthesis see Taton Veen et al3 the number of net positive charges on the protein is almost

et al?® The positively charged homopolymer used was @/
dimethylaminoethyl methacrylate) (PDMAEM4&), purchased from
Polymer Source, Inc., Canada.

Sample Preparation. Lysozyme was dissolved in demineralized

water. The pH was adjusted to 6.5. Solutions were filtered (pore size,

0.1um), and the protein concentration was determined by UV (281.5
nm, 2.635 L g cm).%° Diblock copolymer and homopolymer

constant in the pH interval between 6 and 8.5.

To determine the ionic strength at which the complex coacervate
core micelles disintegrate we carried out light-scattering titrations with
salt. For the salt titration solutions with a composition Fieje
(Figure 1) were prepared. The typical volume of these solutions was 9
mL. To these solutioma 4 MNaCl solution was titrated in steps of 10
or 20uL. Both the intensity and the hydrodynamic radius were plotted

solutions were prepared by dissolving the molecules in demineralized as a function of the salt concentration. When the error in the average
water. The pH was adjusted to 6.5. The solutions were diluted to the radius of five measurements was larger than 2 nm, the measurement is
desired concentration and a salt concentration of 5 mM NaCl. For the said to be unreliable, and its value is not plotted.

light-scattering titrations of the three-component systems, the solutions

containing the like-charged molecules, i.e., lysozyme and PDMAEMA,
were mixed first. This solution was always optically clear. There was

Small-Angle Neutron Scattering Small-angle neutron-scattering
measurements were performed at the time-of-flight instrument LOQ
at ISIS (Rutherford Appleton Laboratory). The incident wavelengths

no indication of the presence of aggregates in this solution during DLS are 2.2-10.0 A, giving a scattering vectaybetween 0.008 and 0.287

measurements.

Dynamic Light-Scattering Titrations . Dynamic light scattering was
performed with an ALV5000 multiple digital correlator and an argon
ion laser with a wavelength of 514.5 nm. All measurements were
performed at a scattering angle of°90he laser power used was 200
mW. Temperature was kept constant at°®5by means of a Haake
C35 thermostat, providing an accuracy 0.1 °C. Titrations were
performed using a Schott-Géeacomputer-controlled titrations setup
to control the addition of titrant, the cell stirring, and the delay times.
The pH was recorded with a calibrated Mettler Toledo InLab pH
electrode filled wih a 3 M KCI solution.

A1 For these measurements®was used as a solvent, taking the
difference in pH and pD into accoufit.All measurements were
performed at 25C. Samples were prepared with a concentration of
10 g/L, having the solution compositidfy,,..e (Figure 1). Solutions
were kept in quartz cells with a path length of 5 mm. All samples
were corrected for sample transmission, background scattering, and
thickness. From the raw spectra absolute intensities were determined
using a polymer standard (a solid blend of protonated and deuterated
polystyrene with a known scattering cross-section), which was provided
by ISIS. Small-angle neutron-scattering measurements were analyzed
using the generalized indirect Fourier transformation (GIFT) met%E)BV
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Figure 2. Light-scattering titrations of complex coacervate core micelles made of diblock copolymer and homopolymer: (a) intensity vs
composition, (b) hydrodynamic radius vs composition, and (c) pH vs composition. Raw data were provided by Hofs et al.®

This is a model-independent way to extract information about the size  Complex Coacervate Core Micelles without Lysozyme.
and shape of the particlé%.3 Figure 2 shows the light-scattering titration results
for PAA,,PAAM,17 and PDMAEMAs0 at pH 6.7 and 10 mM
NaNQ;, taken from Hofs et d. The intensity versus
composition curve (Figure 2a) shows a very sharp peak
Complexation of oppositely charged macromolecules is atF~ ~ 0.5. The hydrodynamic radius (Figure 2b) at the peak
strongly dependent on the composition of the system. Light- composition E ;... iS about 25 nm. The pH versus composi-
scattering titration is a useful tool to study the complex formation tion curve (Figure 2c) gives information about the protein
as function of the composition. During a light-scattering titration uptake and release during the complex formation. The be-
measurement, charged macromolecules are titrated to a solutioravior of the pH during the light-scattering titration measurement
with macromolecules of opposite charge. Van der Burgh &t al. is rather complicated. This behavior will be discussed in more
postulated a diagram of the various species formed due todetail in the section below.
complexation in such a titration. This diagram is shown in Figure ~ pH during the Light-Scattering Titrations . The change
1. At low F~ positive soluble complexes are formed. Adding in the proton concentration is due to the proton uptake
more titrant to this solution one arrives at a valuegFofwhere or release by the macromolecules involved in the com-
electroneutral aggregates first appear. These we call “complexplexation process. It gives rise to a typical curve for the pH,
coacervate core micelles”. At the pehly in the aggregation ~ shown in Figure 2c. This kind of curve, with pH values that
diagram these micelles are the dominating species; we call thisare the same &~ = 0, F~ = Fmicele, andF~ = 1, will be

Results and Discussion

COMPOSItionF, .o FOrF~ > F. .o OVercharging will result foun_d when_ the pH at which the complgxation process is
in the disintegration of micelles into negatively charged soluble studied is in between theKps of the different macro-
complexes. molecules.

In the following section, light-scattering titrations as a In our system all the components have a charge that varies

function of the compositiofr~ (eq 1) will be discussed. First ~ With pH. The degree of ionizatiors, of these groups can be
we will focus on two-component systems, complexes formed expresse¥ by eq 2

when PAAPAAM,17and PDMAEMA s, (Figure 2) or lysozyme

and PAAPAAM, 7 are mixed (Figure 3). Then the three- a, = 1 2
component systems will be discussed (Figure 4). 1+ 10FCH-PRotep)kT

Ccbv
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Figure 3.

(a) Intensity vs composition (titrating PAAs2,PAAmM417 to lysozyme) and (b) (titrating lysozyme to PAAs,,PAAM4;7). (€) Hydrodynamic

radius vs composition (PAA,2PAAM,17 to lysozyme) and (d) (lysozyme to PAA,,PAAM417) and (e) pH vs composition (PAAsPAAM4;7 to lysozyme)
and (f) (lysozyme to PAAs,PAAM417).
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Figure 4. Intensity, hydrodynamic radius, and pH vs composition with three different lysozyme/PDMAEMA molar ratios: (a, b and c) 83:17, (d,

e, and f) 3:2, and (g, h, and i) 7:13. In all measurements a mixture of lysozyme and PDMAEMA was added to the PAA42,PAAmM4;17 solution.

First consider the extremes of the titration curve. When a
positively charged macromolecule is introduced into a solution
containing mainly negatively charged macromolecules € CDV

where pH is the measured pHKgpis the intrinsic K value of
the ionizable groups of the macromolectiéjs the electrostatic
potential k is the Boltzmann constant, afids the temperature.
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1), the pH increases (Figure 2c). Because the macromoleculethe first titration steps there is no increase in the light-scattering
experiences a negative potential (eq 2) proton uptake by theintensity (Figure 3b). A peak in the intensity versus composition
polycation is favored. However, protons are released by the plot is found at the same position as for the diblock copolymer
polyanion, because the negatively charged macromoleculesto lysozyme titration. The hydrodynamic radius versus composi-
experience the positive potential of the polycations. Since an tion (Figure 3d) shows the formation of large structures with a
increase in pH is measured, it means that the polycation alsoradius of 45 nm aF~ ~ 0.85. The size of the particles decreases
takes up protons from the solvent. This gives rise to an increaseto about 37 nm; this is the size of the aggregates found at the
of the pH. At the other extreme of the titration curve, when a position of the main peak. The pH versus composition curve
negatively charged macromolecule is brought into a solution for both systems (Figures 3e and 3f) only shows the disintegra-
of mainly positively charged macromoleculds™(= 0), the tion of one single type of particle.
opposite effect will be seen. Protons are then released, and the Ppiotting Figures 3a and 3b on top of each other it becomes
bulk pH will decrease. clear that the formation of the structures is slightly different
In the intermediate regime the increasing and decreasingthan the disintegration. It is noticed directly that the curves are
extremes are connected by a curve that crosses the initial pHasymmetric. When the protein solution is the solution that one
value. The slope of the curve is steepestFaf.,. and is starts with (Figure 3a), micelles are directly formed. Similar
actually the “isoelectric point” of the complex; the number of behavior has been found previously when lysozyme and an
positive charges and negative charges at this composition areoppositely charged chemical analogue of lysozyme are mixed;
the same. Depending on the potential, the negatively chargeddirectly precipitates are formeéd,and no soluble complexes
groups deprotonate, and the positively charged groups protonatewere formed. Starting from the other side, when the protein
The net effect depends on the differences between the pH andsolution is the titrant (Figure 3b), first soluble complexes are
the K values of the charged groups. For two isolated oppositely formed, and only after reaching a certain composition micelles
charged species, the effect is exactly symmetric for pH values are formed.
halfway between the twoks. In that case the extra protonation Irreversibility of the aggregation process is reflected in the
of the positive species cancels deprotonation of the negativeintensity versus composition curves (Figures 3a and 3 of
species, and the pH will stay the same. In short, for a symmetric = 1 or F~ = 0, respectively; the intensity will be much higher
system, at pH= (pKy + pK3), we expect the pH to be the  than the starting intensity. A reason for this could be that one
same aF~ = 0, F~ = 0.5, andF~ = 1. If the pH is not the  diblock copolymer is attached to about five proteins. The
average of the I§'s of the system, then the pH curve of a electrostatic attraction between diblock copolymer and protein
titration experiment can be totally different, but Bf;.. the will not be the same for the different protein molecules. For a
slope of the curve is the steepest. nonstoichiometric charge ratio this could imply that the proteins
Various complications make a quantitative analysis of these that are loosely attached can leave the complex easily, resulting
effects rather difficul” In complexes formed by polyelectro-  in complexes that are less dense and have a lower light-scattering
lytes or polyampholytes, the effects are not so easy to predict. intensity. These structures have a radius that is the same or larger
The potential is already nonzero before complexation, and thethan that of the original micelles.
potentials felt by groups in the complex are a complicated A similar system was already studied by Kataoka e€&f.
function of the structure of the complex and the salt concentra- They mixed lysozyme and PEG-p(ASP) at different mixing
tion. For an amphoteric species, such as a protein, charges mayatios and determined the size of their complexes with DLS.
occur in patches. In complexes with such molecules, the distanceThey never found an asymmetry or irreversibility of their
between attracting charges will be smaller than the distance system. A reason that we find this could be that we do not wait
between repelling charges. The protonation and deprotonationlong enough after every light-scattering titration step. The system
will be complicated in such a system. The titration curve does might therefore not be in equilibrium, which is a disadvantage
not just shift but can change in shape as well. Nevertheless,of our measuring method.
Figure 2c nicely confirms the situation that we have described,  However, an advantage of the light-scattering titrations is that
because we know that the starting pH in this experiment is pH the maximal light-scattering intensity indicates at which com-
= oKy + pKo). position our neutral complexes are formed. In this system
Complex Formation of Lysozyme and PAAPAAM.;». Fricelle iS found at 0.67, whereas one would expect to find
Figure 3 shows the results of the light-scattering titrations for npeuytral particles aE~ = 0.5 (eq 1). For the calculation &
the system where all of the homopolymer is replaced by fylly charged PAAPAAM,17was taken into account. We know

lysozyme. Titrations were performed both by increasiig  however that the number of charges on this diblock copolymer
(Figures 3a, 3c, and 3e) as well as by decreabingFigures is pH-dependent. Lysozyme is an amphoteric molecule; the sign
3b, 3d, and 3f). and the number of its charges depend on the pH. Therefore we

There is a limited but significant difference between the “up” chose to use the titration curve measured by Van der $¥¢en
(increasing=") and “down” (decreasing ™) titrations. Starting determine the number of charges at the pH region at which our
with lysozyme in the cuvette (Figures 3a, 3c and 3e), micelles measurements are performed. The way that we calcElaie
are directly formed. The hydrodynamic radius of these particles therefore the reason for this deviation from 0.5. When pH-
is about 30 nm. AF~ ~ 0.67 the peak is found. The radius of dependent molecules are involved in complex formation, one
the particles at this composition is about 37 nm. After the peak should be careful to calculate the composition of the neutral
(the intensity vs composition), the radius of the particles complexes. By using light-scattering titrations, we avoid
increases. Since the intensity decreases, the best explanatiomiscalculations for our neutral complexes, because we can
for this observation is that the aggregates disintegrate partly simply determine the COMPOSitidHgee At Imax This makes it
and become less dense. a more accurate way to study these structures than to cal-

The aggregation of the particles in the opposite titration culate the stoichiometric composition of the micelles by taking
(Figures 3b, 3d, and 3f) follows a different pattern; before the maximum number of positive charges on the protein
micelle formation first soluble complexes are formed. During molecule!>16 CDV
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Figure 5. Salt titrations: (a) intensity and radius vs salt concentration for micelles containing only lysozyme, (b) intensity and radius vs salt

concentration for 83:17 micelles, (c) intensity and radius vs concentration for 3:2 micelles, and (d) intensity and radius vs concentration for 7:13
micelles.

Complex Formation at Different Lysozyme/PDMAEMA and a smaller radius. This observation is confirmed by the pH
Ratios. Figure 4 contains the light-scattering titration results versus composition curves.
for three different systems with different lysozyme to PD- Because the intensity, hydrodynamic radius, and pH as

MAEMA 150 molar ratios: 83:17, 3:2, and 7:13. The curves in function of the composition all suggest the formation of a second
Figures 4a, 4d, and 4g show the intensity as function of the particle, we tried to analyze the light-scattering autocorrelation
compositionF~ (eq 1). In Figures 4b, 4e, and, 4h the radius of functions more extensively. Both biexponential fitting these
the particles that are formed during the titrations can be found. curves and a CONTIN analysis did not give indications of
In Figures 4c, 4f, and 4i the pH of the solution during the multiple species being present at the same time. The concentra-
measurement is plotted. The data are individually discussed fortion of individual protein molecules is too low to be determined
the three different systems. using light scattering.

In Figure 4a it is seen the, .. ~ 0.5. Particles at this Like the system where lysozyme is in excess (Figures
composition have a hydrodynamic radius of about 28 nm (Figure 4a—c), the 3:2 system also seems to have a shoulder at
4b). In the intensity versus composition curve a shoulder is found 0.62. The radius versus composition curve (Figure 4e) shows
atF~ = 0.4, suggesting the formation of another structure with that in this system most likely another particle is formed. The
a radius of about 25 nm. The same was observed startiig at ~ particle formed a¥ . has a hydrodynamic radius of about
= 0 (results not shown). A possible explanation for this 28 nm;the second particle has a hydrodynamic radius of about
phenomenon is that the attraction between the homopolymer35 nm. In the pH versus composition plot (Figure 4f) only a
and the diblock copolymer is stronger than the attraction betweensmall kink is seen, which could correspond to the formation of
the diblock copolymer and the protein, because of the difference this second particle as well.
in charge density between the homopolymer and the lysozyme The last system considered is the system where the positively
molecule. Therefore the homopolymer will be preferably taken charged component predominantly consists of homopolymer
up in the micelles, and when a small amount of positively (Figures 4g-i). One single sharp peak Bt ~ 0.56 is found in
charged components is needed (16w value) lysozyme will the intensity versus composition plot. The formation of one type
be expelled from the complexes. The new particles that are of particle is confirmed by the hydrodynamic radius versus
formed contain a lower lysozyme to PDMAEMA ratio. Those composition and the pH versus composition plots. These results
complexes are expected to have a lower light-scattering intensitystrongly resemble the results of the light-scattering titratio%[))fv
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Figure 6. Neutron-scattering intensity (/) curves as function of scattering vector g for the five different systems. From a to e the ratios between
lysozyme/homopolymer are 1:0, 83:17, 3:2, 7:13, and 0:1, respectively. The corresponding pair distance distribution functions as function of r

(in A) for these systems are plotted on the right side.

the homopolymer to the diblock copolymer (Figure 2). The For all of the systems the intensity as function of the salt

radius of the particles formed at the composition of the peak is concentration decreases. This is to be expected since the

about 22 nm. electrostatic interactions become weaker when the salt concen-
Summarizing the light-scattering titrations, we can say that tration is increased due to screening of the charges. The particles

the broader intensity versus composition curves are obtained atare expected to swell when salt is added, resulting in larger
higher lysozyme to homopolymer ratios. When lysozyme is in radii. Salt resistance is markedly different for the different

excess more than one type of particle seems to be formed, butsystems. For micelles containing only lysozyme (Figure 5a),
these structures might not exist simultaneously. The systemthe salt concentration at which the particles fall apart can

predominantly consisting of homopolymer shows only one kind accurately be determined. At 0.12 M NacCl the radius of these
complex coacervate core micelles is increasing. The error at

of micelle.
Titrations with NaCl Solution. Since electrostatics is the higher salt concentrations is very largely increased compared
main driving force of the complex formation, the stability of to the error at lower salt concentrations.
For the micelles predominantly consisting of lysozyme

the complexes will depend on the ionic strength. Therefore a
second type of light-scattering titration was performed to (Figure 5b), the intensity as function of the salt concentration

determine the resistance of the micelles toward salt. Solutionsdrops off much steeper than that for the system with only
with composition F..e Were prepared, aha 4 M NaCl lysozyme. The radius as function of the salt concentration
solution was titrated to these solutions. The intensity and the decreases. The error in the radius does not increase as much as

radius as a function of NaCl concentration are shown in Figure for the micelles containing only lysozyme. A possible explana-
5 for the four different systems studied. tion could be that the proteins are expelled from the mice&st
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and complexes of homopolymer and diblock copolymer are of the micelles with only lysozyme and the micelles with only
favored. These complexes are expected to have a smaller radiusiomopolymer does not give a similar pair distance distribution
and have a lower light-scattering intensity. function.

Figures 5¢ and 5d are very much alike. The salt resistance of The last three scattering curves for the systems with lysozyme/
the micelles predominantly consisting of homopolymer (Figure homopolymer ratios of 3:2 and 7:13 and the complex coacervate
4c) seems to be slightly better than the salt resistance of thecore micelles made of homopolymer only are quite similar. The
3:2 system (Figure 5c). In summary, the results in Figure 5 show Pair distance distribution functions of these systems show that
that the salt resistance increases when the cores of the compleX€ shape of the structures is spherical. The radius of the spheres
coacervate core micelles contain more homopolymer. For iS however much smaller than the hydrodynamic radius mea-
micelles with mixed cores it seems that at a certain salt Sured with light scattering. This suggests that the core scattering

concentration lysozyme seems to be expelled from this core. dominates. o ,
The particles that are formed then have smaller radii. At high g the intensity in the scattering curves of the complex

. .. coacervate core micelles with proteins (Figures 6b, 6¢, and 6d)
Itis known that the number of charges and the charge denSItyseems to increase whereas a curve without protein (Figure 6e)

ionn thr?w rrl10)l(ef01ilrﬁs ;h%t srf iﬂa:tlﬁlpat'ngn?r? )r(elevantr\r/x%[ramertersdecreases_ This could be an indication that at higheshould
compiex formatiort. For Instance, compiex coacervate core possible to find a structure peak of the protein molecules.
micelles made of oppositely charged block copolymers are less

It resistant th | t icell de of Berret et al. found structure peaks of micelles in the neutron-
saitresistant than complex coacervaté core micefies made o ascattering curves of coreshell structures made of micelles and
diblock copolymer and oppositely charged homopolyfer.

itely ch d diblock lyme¥sThis struct k
Therefore it is not surprising that the structures made of protein OpRoSTEly charged Chiock copoym IS SHUCIIre pea

d diblock | " . fth is found atq > 0.15 A~1, which is within theg-range of our
and diblock copolymers are more sensitive to increases of the o \iron_scattering experiment, but the micelles that Berret used
ionic strength than the complexes with mixed cores.

_ > were larger than our protein molecules. It would be worthwhile
Small-Angle Neutron Scattering.From the dynamic light- for a next SANS experiment to go to highgrnd try to find

scattering titration measurements we know the hydrodynamic out whether this increase in intensity is caused by the structure
radius of the complex coacervate core micelles, but we are alsopeak of the protein molecules.

interested in the structure and composition of the core. Amethod  From the SANS data we tried to determine the number of
to obtain this information is SANS. The relatively densely proteins inside the cores of our micelles. In the absence of a
packed cores of the micelles have a much higher contrast withmore precise determination by fitting the SANS data over much
the surrounding medium than the dilute corona. Figure 6 shows wider g-range, we here estimate the number of proteins inside
the scattering curves of five different systems with different the cores of the micelles based on the results of the GIFT
amounts of lysozyme in the cores. The first remark about the anaylysis. As a first estimation of the number of lysozyme
scattering curves is that no distinct minima are observed. If the molecules in the core of the spherical complexes, we use the
micellar cores had been monodisperse, then, given the instru-radius of the sphere (the top of the PDDF) to calculate the total
ment setup, we would certainly have been able to observe formvolume of the micelles. Since we know the composition of the
factor minima. complexes and we know the radius of the proteins, we can
Unfortunately, for the present data theange does not extend ~ calculate the number of lysozyme molecules. For the 3:2 system
to low enoughg-values (R < 1) such that we could do a this is about 38, and for the 7:13 system this results in 15
Guinier analysis to extract the radii of gyration and to extrapolate lysozyme molecules per micelle.
to g = O to obtain the core contrast, which should be indicative ~ The number calculated in this way would only be correct if
of the water content. Also, form factors of homogeneous spheresthere were not any water in the cores of the complexes. Since

fit Very poor'y, presumably because the core |nhomogene|t|es it is known that C0mp|eX coacervates contain a Iarge fraction
contribute significantly to the scattering at highe# of water, the actual number of proteins in the cores is expected

to be lower. Weinbreck et &ldetermined the amount of water

by freeze-drying the complex coacervate phase. They determined
for their system that the water content was about 67%. If we
now correct the calculated numbers using this information, then
this would mean that for the 3:2 micelles the number of enzymes
inside the core is about 13, and for the 7:13 micelles this would
result in 5 protein molecules per core.

Therefore, instead we have used the GIFT method. This
method gives a model-free representation of the scattering data
which is called the pair distance distribution function (PDDF),
p(r). Even for inhomogeneous particles th&) function is
proportional to the number of pairs of electrons separated by
the distance. This is the distance that is found in combination
of any volume elementwith any volume elemerk of the same
particle. The shape of th#r) function gives an indication about
the shape of the particlé%.3°

The scattering curves of the different systems are clearly ~We have shown the possibility to encapsulate proteins in
different. The micelles containing only protein have a high complex coacervate core mlcell_es. We are able to c_ontrol the
scattering intensity at lovg compared to those of the other Number of lysozyme molecules in the cores of the micelles by
systems. The functiop(r) of this system tells us that the shape changing the mixing ratio between lysozyme and the like-
of the cores of these types of micelles is most likely ellipsotélal,  charged homopolymer. The shape and stability of these micelles
The pair distance distribution function of micelles predominantly also depend on this mixing ratio. The most stable micelles are
consisting of lysozyme does not indicate a well-defined formed when homopolymer IS In EXCESS over lysozyme. The
structure. Light-scattering titrations for this system as function eS_t'mateq number O_f protein molecules in the cores of these
of the composition and the salt titration already showed the micelles '5_5'15' T_h's suggests that the Enzymes in the core
presence of a second particle. Comparingfr function to are qccgssmle, which would make them suitable for enzymatic
the p(r) functions of the other systems, one could say that it applications.
seems to be an intermediate between ¢ of an ellipsoid Acknowledgment. We thank Richard Heenan for his as-
and a sphere. Theg(r) function of the average scattering curve sistance with the SANS experiments and Otto Glatter forélbev
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