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Interaction of proteins with spherical polyelectrolyte brushes in solution as studied
by small-angle x-ray scattering
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We use small-angle x-ray scatteriAXS) as a tool to study the binding of proteins to spherical polyelec-
trolyte brushegSPB) in situ. The SPB consists of a solid core f 100 nm diam onto which long polyelec-
trolyte chains[poly(styrene sulfonic acid, PS&nd polyacrylic acid, PAA] have been densely grafted. The
proteins used in this investigation, Bovine Serum AlbumiB&A) and Bovine Pancreatic Ribonuclease A
(RNase A, adsorb strongly to these SPB if the ionic strength is low despite their negative charge. Virtually no
adsorption takes place at high ionic strength. SAXS demonstrates that both proteins are distributed within the
brush. The findings reported here give further evidence that the strong adsorption of proteins to SPB is due to
the “counterions release forces”: The patches of positive charge on the surface of the proteins become multi-
valent counterions of the polyelectrolyte chains. Thus, a concomitant number of co- and counterions is thereby
released and the entropy of the entire system is increased. The repulsive Coulombic interaction as well as the
steric repulsion between the proteins and the brush layer are counterbalanced by this effect. The data discussed
here demonstrate that the adsorption of proteins in SPB presents a new principle for the immobilization of
proteins.
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I. INTRODUCTION solid surface, is attainefll5,1§. Two types of polyelectro-

The interaction of proteins with well-defined surfaces pre-Iyte chains have_ been used in this study: the weak polyelec-
o trolyte polyacrylic acid (PAA) and the strong polyelectro-
sents a very active f|e|_d of research by ”W*S]- In many lyte poly(styrene sulfonic acid (PSS. Affixing weak
cases, adsorption of biomolecules onto solid surfaces nee lyelectrolyte chains leads to annealedSPB because the
to be avoided to prevent denaturation and loss of biologic umber of charges depends on fité present in the system

function [4]. On the other hand, nanoparticles carrying pro- : '
. . o [17]. Particles carrying strong polyelectrolytes are named
teins may be of considerable technological intefé$t The quenchedSPB because the charges do not depend optthe

large surface offered by colloidal suspensions allows in prin- .
ciple the immobilization of a high amount of proteins, anti- In the solution[17]. The contour length of the polyelectrolyte

bodies, or enzymes for a variety of possible applicationsChams that have been affixed by a "grafting-from technique

Clearly, a detailed understanding of the various factors govl—s of the order of 100 nni18,19. Proteins such as, e.g.,

erning the interaction of proteins with colloidal particles is —CHy—CH—
the prerequisite of possible applications. In particular, ad-
sorption onto solid surfaces may often lead to irreversible
denaturatiorj6,7] and strong deformation of the shape of the
proteins[8]. Evidently, a strong interaction of the protein
with the nanoparticle that is followed by its deformation
must lead to a loss of most of the enzymatic actiyiy9].
Recently, we have shown that spherical polyelectrolyte
brushes(SPB present a new class of carrier particles for
proteins and enzymgd0-14. These SPB consist of a core
of solid poly(styreng onto which long polyelectrolyte chains
are graftedsee Fig. 1 The diameter of the core particles is
of the order of 100 nm. The chains are densely grafted so
that the mean distance of the chains directly at the surface is
much smaller than their contour length. In this way, the brush FIG. 1. Schematic representation of the spherical polyelectrolyte
limit, i.e., the limit of strongly interacting chains affixed to a brushes investigated herein. Two different types of brushes are in-
vestigated here: Quenched brushes where (ptylsenesulfonate
chains (PSS are grafted to the surfacsystem Q-SPB and an-
. . . _ nealed brushes where p@herylic acid chains are affixed to the
TElectron_lc address: rr_latth!as.ballauff@unl-bayregth.de surface of the polstyreng core particles(system A-SPR The
Electronic address: nico.dingenouts@polymer.uni-karlsruhe.de prush thicknesd. is a function of the ionic strength within the
solution[17,19.
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Bovine Serum AlbumingBSA) adsorb onto these particles ~ TABLE I. Characterization of the proteins used in this study.
in aqueous solution if the ionic strength is low. Little or no

adsorption takes place, however, if the ionic strength is highProtein Mg/Mof  pI° Ry (nm)° v (emig?  Ap®
[10,12. If the ionic strength is raised, most of the protein is

released. Additional experiments demonstrated that the teRSA 66900 5.1 3.0 0.73 304.0
tiary structure of the released proteins is mostly maintainedRNase A 13910 9.6 1.3 0.73 302.0

[11]. Finally, Fourier-transform infraredFT-IR) spectros- - - . .
copy revealed that the secondary structure of several acg?g gleelgzﬁgwilig?t as determined by SAXS in solution.

sorbed proteins including BSA and Bovine Pancreatic RibotRadius of gF;/rati;)n as determined by SAXS

nuclease ARNase A is only slightly disturbed14]. Thisis g .. ) Lo _
in excellent agreement with the recent finding that the enzy_Partlal molar volume as determined from density measurements in

matic activity of Glucoamylase and other enzymes adsorbegéll:)trl(etrzcs)ltug? ?ﬁe roteins in water given by number of excess elec-
onto SPB is nearly fully retained.3]. P g y

_3-
The adsorption of negatively charged proteins onto grons per nm=in water.

brush layer consisting of negatively charged polyelectrolyte
chains may appear surprising at first: In principle, there is @rehensive investigation of this problem by small-angle
Coulomb repulsion between the protein and the SPB in sox-ray scatteringSAXS [27,2§). SAXS is well-suited for the
lution, in particular at low ionic strength. Moreover, a densestudy of the SPB under consideration here because of the
layer of chains affixed to colloidal particles should induce agood contrast between the p@yyreng core and the brush
marked steric repulsion and repel the proteisse the dis- layer [29,30. Moreover, the monodisperse core particles
cussion of steric repulsion in Rgfl6]). The strong adsorp- together with the marked discontinuity of the excess
tion of proteins onto the SPB must therefore be sought in &lectron density between the core and the shell lead to strong
driving force that can overcome these effects. The previousscillations of the measured scattering intensitg)
discussion 10,12 suggests that the adsorption is caused byg=(4#/\)sin(6/2) is the magnitude of the scattering vector;
the counterion release force3he patches of positive charge \ is the wavelength of radiatior] is the scattering angle
on the surface of the proteins become multivalent counteriProteins in general exhibit a good SAXS contrast when dis-
ons of the polyelectrolyte chains. Thus, a concomitant numpersed in watef27] and the adsorption onto the SPB should
ber of co- and counterions is thereby released and the eme easily detected by this methodsitu.
tropy of the entire system is increased. A previous discussion Two different proteins, Bovine Serum Albumin@SA)
by Fleck and von Griinber@0] has shown that the counter- and Bovine Pancreatic Ribonucleas¢®Nase A, have been
ion release force presents a valid concept. used in this investigation. The choice of these proteins and
In the case of spherical polyelectrolyte brushes, the counthe respective carrier particles originates from previous stud-
terion release forces are expected to play a major role for thies: The adsorption of BSA onto annealed SPB has already
following reasons: Theoretical work predicts that nearly allbeen the subject of several stud{@d®-12,14. The adsorp-
counterions are confined within the brush lay&b]. The tion of RNase A onto a quenched SPB was recently investi-
same prediction has been made for the similar case dajated by FT-IR spectroscopy in order to detect possible
charged star polymerf21,23. Hence, the brush layer is changes of the secondary structure in the adsorbed[4#jte
practically neutral and its height is dominated by a singleThe analysis of the process of adsorption by SAXS continues
force, namely the osmotic pressure of the counterions corthese studies inasmuch as it can reveal the location of the
fined in the layer. If the ionic strength in the solution is low, adsorbed protein within the brush layer.
the polyelectrolyte chains affixed to the surface will be
strongly stretched to increase the volume accessible for the
counterions and to alleviate their osmotic presgtmemotic Il. EXPERIMENT
brush”[15]). On the other hand, added salt screens the elec-
trostatic interaction within the brush layer and the chains
behave more or less as neutral polymélsalted brush” Bovine Serum AlbumingBSA) and Bovine Pancreatic
[15]). Experimental work done on planar polyelectrolyte Ribonuclease ARNase A were purchased from Sigma and
brushes[23,24 and on spherical polyelectrolyte brushesused without further purification. Table | gathers the main
[17,25 has fully corroborated these predictions. Thus, if aparameters characterizing these proteins.
protein acts as a multivalent counterion within the brush, the The synthesis of the spherical polyelectrolyte brushes
release of monovalent counterions will lower the strong os{SPB) has been done as described recefit;19. Two SPB
motic pressure but retain electroneutrality. Therefore, the adiave been used in this study: tlemnealed SPB termed
sorption of proteins onto SPB cannot be related to forcef\-SPB carrying chains of po{gcrylic acid (PAA) and the
usually invoked when explaining the experimental findingsquenched SPBermed Q-SPB carrying chains of p@yy-
related to solid surfaces such as, e.g., hydrophobic effects oene sulfonic acigd The core particles consist of pédty-
van der Waals attractiof8,26). rene. Table Il summarizes the main parameters of these sys-
If the counterion release forces are responsible for théems. All systems have been purified by exhaustive
strong attractive interaction of the proteins with the SPB, theultrafiltration. For experiments using BSA, thpH of the
proteins cannot be located only at the outer surface but musblution was adjusted to 6.1 by 10 mM
be dispersed within the brush layer. Here we present a comN-morpholinoethanesulfonic aciMES) according to the

A. Materials
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TABLE I1l. Characterization of the spherical polyelectrolyte

brushes used in this study. 0.05 |
Particle R (nm)? L (nm)®
A-SPB 50 54 B o002}
Q-SPB 56 50 G

-~
®Core radius of particles. 0.01}
PThickness of brush layeisee Fig. 1 determined by DLS at the
ionic strength of the adsorption experiments.

0.005 . . :
0 0.4 0.8 1.2 1.6

method described recentf{0]. In the case of RNase A, the "
pH was adjusted to 9.3 by 10 mM @yclohexylaming- qfnm’]

ethanesulfomc a(?ldCHES)' 2 mM .NaN". Wert_e added to the FIG. 2. Analysis of the SAXS intensity of free RNase A in

bu_f'fer solutions in order to av0|§i microbial growth. The aqueous solution. The weight fraction of RNase A is 0.0056. The

thlckne_ssj__ of the brus_h laye(see F_'g' Jwas determined by crosses display the measured scattering intensity whereas the solid

dynamic light scatteringDLS) using a Peters ALV 4000 |ine gives the optimal fit by Guinier's lafEq. (1)]. The plot shows

light scattering goniomete 7]. By this method, the overall - that Guinier's law gives a good description of the measured inten-

hydrodynamic radius?, of the particles in the respective sities up tog=1.4 nn*. The intercept of the solid line yields the

solution is determined. The thicknetsis thenL=Ry~R,  molecular weight of the dissolved protein. The value derived from

whereR denotes the radius of the core partic{ese Fig. 1. this figure(13.910 g/Mo) is in excellent agreement with the theo-

This subtraction works with high precision since the coreretical value(13.700 g/Mo).

particles are practically monodispergky]. Table Il gathers

the data of both types of particlels.was measured directly 1. Analysis of the dissolved proteins

for the solutions used in the adsorption experiments because ) ]

this parameter depends sensitively on the ionic strength of 'N€ proteins BSA and RNase A present small objects hav-

the solution[17]. ing a dlam'eter. of a few nanometers onIy._Flgure 2 ldlsplays
Given amounts of protein were dissolved in aqueous 1dhe scattgrlng intensiti(q) qbtamed for_a cﬁlute solution of _

mM buffer solution containing 2 mM Nadjand added to the RNase Ain the buffer solution. The solid line presents the fit

solution of the respective SPB adjusted to the spiieand Py Guinier's law[27]

stirred for 24 h[10,14. The fraction of the protein not ad- ﬁ‘f

sorbed to the SPB was removed by ultrafiltration as de- 1(q) = Ap*cM exp(— ) (1)

scribed recently{10]. The amount of removed protein was 3

determined by extinction measurements as described eBﬁ/hereAp denotes the contrast of the proteins in the solvent
where[10,14. water (cf. Table ), c is the weight concentratioM its mo-
lecular weight, andR;, its radius of gyration. Good agreement
is seen up t@=1.4 nnm?, as expected. The molecular weight
obtained from the interceptl3 910 g/Mol, see Table) |
All SAXS data have been measured using a home-builhgrees very well with the calculated val(&8 700, see Ref.
Kratky camera. The details of the measurements and of thgag]). A similar analysis has been done for BSA in dilute
desmearing of the data can be found in previous papersolution (not shown. The agreement of theory
[28,29. All scattering curves discussed here present absolutgse 472 g/mol, see Ref36]) and experiment66 900, cf.
intensities. Table I) was similarly satisfying. The main point for the sub-
sequent analysis is the good description of the scattering

function of the proteins in terms of E@l) for a q rangeq
Ill. RESULTS AND DISCUSSION <1.0 nnl.

B. SAXS measurements

A. Characterization of the proteins and the spherical
polyelectrolyte brushes by dynamic light scattering and SAXS 2. Analysis of the spherical polyelectrolyte brushes in solution

We analyze the scattering function of the spherical poly- The analysis of SPB in solution has been discussed in
electrolyte brushes loaded with different amounts of the regreat detail recently17,19,29,30 Dynamic light scattering
spective proteins. It is therefore necessary to analyze first thigas revealed that the thicknds®f the brush laye(see Fig.
scattering functions of the proteins and of the SPB under th&) depends strongly on the ionic strength in solutj@i,19.
condition of the measurements. Moreover, the analysis of th&wo types of SPB have been used here: The annealed SPB
radial structure of the composite particles requires speciah-SPB bearing PAA chains and the quenched SPB Q-SPB
consideration. It is interesting to note that the evaluation otarrying PSS chains on the surface of the core particles. In
the strongly curved brushes under consideration here raghe case of an annealed bruglb,23, the charge density
sembles closely the analysis of flat brushes by surface refleclepends strongly on thgH in the system whereas no depen-
tivity measurement§23,31-35. dence is seen for the quenched SRB]. The respectivgpH
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used in the present experiments, however, is high enough to

ensure full titration of all charges in the annealed system 1000 ,_5—60 ]
[10]. The data ofL for the respective SPBs obtained by dy- E 40

namic light scattering are summarized in Table II. The analy- = 20
sis of the SPB by SAXS was developed in REF9]. The 10 3 ]

main points are briefly summarized as follows: The intensity
I(g) measured at small concentrations can be evaluated dis-
regarding the structure fact&(q) that takes into account the 0.1
influence of interparticle interferences. This has been argued

for similar systems on the basis of model calculations that

0
0 40 80 120

Kq) [em™)

showed thatS(q) alters the scattering curves only at the 0.001 L— . . . .
smallestq values not considered hef&8]. Hence, in the 0 02 o4 2-6 08 1.0
following, S(q)=1 in excellent approximation. qlpm]

The scattering intensit f a single SPB m lit
©s ering intensiti(q) of a single S ay be sp FIG. 3. SAXS intensity of the quenched polyelectrolyte brush

into three term$29), Q-SPB(weight fraction: 0.04h The circles give the measured in-
1(q) =leg(@) + liue(@) + 1ps (2) tensity and the solid line shows the optimal f#ee text The
dashed line refers to the contributionl{g)) deriving from the fluc-
The first termlcg(q) is due to the overall structure of the tuations of the brush layer affixed to the surface of the particies
SPB that consist of a core with low contrast and a shelFig. 1). The inset presents the excess electron denpsity-py as
having a high SAXS contrast. The shell composed of thehe function of the radial distanaewhich has been obtained from
polyelectrolyte chains and their counterions is described byhis fit.
an average radial profile directly related to the excess elec-
tron densityp(r)-pu, Wherep(r) is the radial electron den-
sity of the spherical polyelectrolyte brush apgdis the elec-
tron density of the surrounding medium water. From this it
follows thatl -5(q) =B?(q) with the scattering amplitudB(q)

The finallpgterm in Eq.(2) refers to the density fluctua-
tions in the solid core particlgsee the discussion {87]). It
is practically negligible for the presentrange.

Figure 3 displays the SAXS intensity measured from a
dispersion containing 4.5 wt. % of the quenched SPB

given by([28,29 Q-SPB. The solution has been adjusted fgHaof 9.3 and an
o singr ionic strength of 10 mMcf. Sec. l)). In this way, the SPB is

B(qg) = 47rf [p(r) = pml r2dr. (3) adjusted for the adsorption experiments using RNase A to be

0 ar discussed in the next paragraph. It should be noted, however,

that thepH is of no influence for the quenched brugtv].
Therefore, the data shown here can directly be compared to
the results presented on a fully titrated annealed bf@sh

The pronounced minima and maxima of the scattering curve
displayed in Fig. 3 point directly to the narrow size distribu-
gon of the core particles. At highar values, the scattering

Equation(3) can be easily generalized to include polydis-
perse systemf28]. In this case, theB(q) of speciesi are
added up weighed by their respective number density.
The termlg,(q) takes into account the fluctuations of the
polyelectrolyte layer on the surfa¢®9]. This term has been

discussed for a number of systems composed of pOIyme”curve does not decay a*, as expecte@@7]. In this region,

layers or networks that are attached to colloidal particle§he second term of Eq(2), namely lq.(), becomes the
Al fluct\™/»

[29,37-39. In particular, Pedersen and co-workers gave . L ¢ . _—
detailed discussion of the possible modeling of the contribuateadlng term. This is in full accord with previous findings

tion of attached chains to the scattering function which be—Obta'm.Ed from a relate_d Systeffd). . .
comes the leading term at high scattering an@i€s-42. In In view of the restricted resolution of the SAXS experi-

the present work, however, we are mainly concerning witHent an.d of the subsequent ana]ysis Of. the more complicated
the region of smallelq values, i.e., with the modeling of composite systems, the analysis I64) is done here in a

lc«(@). Therefore, a simplified treatment ¢f,.(q) devel- slightly different fashion than is described in RE29]. The

. . . o . L core radiuR is exactly known from a precise analysis of the
oped in previous investigation29,37,39 will suffice in the bare core particles by SAXS. The shell, i.e., the excess elec-

following. . N ; .
According to Ref.[29], I,(q) may be described by a tron denS|'§yp(r)—pM for radial dlstanpe>R, is modeled in
Lorentzian terms of five subsequent concentric shell of homogeneous
excess electron density. The integral equati®nhence be-
luct(0) comes a sum over five terms fp(r)—py, whereas the core
(@) = 1+, + & (4) is modeled by a homogeneous sphere with the excess elec-

tron density of polystyreng (7e”/nnm?, see Ref[37]). The
where ¢ characterizes the spatial extent of the fluctuationsdescription becomes much simpler in this way without sac-
Here it suffices to consider this term as an additional contririficing the accuracy of the modeling. In particular, it is well-
bution that comes into play mainly at high scattering vectorsadapted for the analysis of the composite parti¢kese be-
g. The following analysis will show that most of the infor- low). The coarse-grained description leads to artifacts in the
mation can be obtained in @range in whichlg,(q) pre-  scattering curve only at much highgrthat are not consid-
sents a rather small part of the measured intensity. ered here. Given this simplification of the analysis, the fit of
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As is obvious from the contrast factotsp gathered in

il
190 s — 100 ) Table I, the proteins exhibit a good SAXS contrast in water
10 , 'g 10, ] and hence contribute markedly to the measured intensity of
= the composite particles shown in Fig. 4. This leads to the
- £ 1 observed increase of the intensity seen at tpvAt high g,
5_ 1 3 the scattering intensity seems to be even dominated by the
G ] 0.2 contribution of the RNase A molecules. A similar behavior
o041t q [nm“] 3 has been observed in a SAXS study of a system containing
¢ gy, latex particles and micellggl4,45. A modeling of the com-
0.01 Ny Bong, 1 posite system under consideration here can be done in the
. ) o000gers] same fashion.

At low scattering angles, there is no resolution with re-

4 gard to the fine details of the shell which are of the order of
q[nm’] the size of the proteins. The bound proteins will therefore
increase the electron density of the shell but will not be vis-
ible as separate entities. In this range, the proteins can be
treated similar to adsorbed surfactafus].

For higher scattering angles, however, this argument is no
scattering curve of the loaded and of the unloaded brush particlelgnger valid. Here ,th,e re,somt'on of the SAXS, experiment is
has been normalized to the weight fraction. The intensity of the fre(bIgh 'enough to distinguish between a COf_“'”UOPS electron
RNase A has been scaled to the total concentration of the proteifl€nsity and adsorbed spheres. Hence, this region must be

adsorbed on the brush particles. The inset shows an enlarged vidkeated differently. It can be shown that here the scattering
of the region of smallest angles. Here the shift of the maxima tdntensities of the SPB and the bound proteins simply add up:

smallerq values upon absorption of RNase A is clearly seen. In principle, the scattering function of a binary system of
spheres of different size originates from the squared sum of

the two scattering amplitudeB(q) of the different spheres.
Consider the system consisting of one big sphere and several
term dominates are well-separaisee Fig. 3 and the analy- sn(;alll spheres gttadl?d to thet surftace foIht_he b'gt sphferﬁ:. The
sis provides no difficulty. The solid line in Fig. 3 presents gradial averaged scattering intensity ot this system Tollows

fit of 1c4(g) obtained in this manner, whereas the dashed ”néjirectly as[27]
displayslg,(g) obtained from the fit. The inset displays the

excess electron densip(r)—py as a function of the radial
b( ) Pu |(Q) = 82 e(q) + E Bgmallj(Q) + E Bsmallj(Q)BIarge(Q)
I I

FIG. 4. Comparison of the SAXS intensities of the spherical
polyelectrolyte brush Q-SPRircles, of the same system loaded
with RNase A(quadrangles; 408 mg RNase per g of the carrier
particle), and of the free RNase £crosses; see Fig.)2Both the

I(g) proceeds along the lines given in R§29] by fitting
lc(q) andlg,(q) in one step. The ranges in which either

sinqd

distancer. A full description of the experimentdl(q) up to larg qd
g=2 nnitis achieved in agreement with a previous analysis )

[29]. For the sake of clarity, only the range up tp +23 ByyiB sin qd; 5)
=1 nmitis shown. The correlation length was determined to o omalimsmali g,

£=1.9 nm from this fit. A similar magnitude was found pre-

viously [29] and presents a reasonable value. whered denotes the distance between the centers of gravity

B. Adsorption of proteins on spherical polyelectrolyte brushes ~ Of the large sphere and a small sphere. The mutual distances
_ between the small spheres are denoteddasHence, the
1. Modeling of data intensity consists of four terms, namely the two scattering
Figure 4 displays a comparison of the scattering intensiintensities of the large and of the small spheres, respectively,
ties of the SPB Q-SPB without RNase(éircley and after and of two additional terms containing the respective mutual
the adsorption of 408 mg RNase A per g of the S@Bad- distances of the spheres. The first and the third term are
rangles. Both intensities have been normalized to the weightfunctions ofqd and will mainly contribute at concomitantly
fraction of the carrier particles. In addition to this, crossessmall angles. The first term will fall off ag™# and not play a
mark the scattering intensity of free RNase(gee Fig. 2  significant role at higher scattering angles. At highethe
with a solution containing 0.35 wt. %. This concentrationthird term is not expected to contribute significantly since
refers to the total amount of RNase A in the solution. Thesin(qd)/qd becomes a rapidly oscillating function gfin this
shift of the maxima ofl(g) of the loaded particlegssee the region. Hence, a small polydispersity already will suffice to
inset of Fig. 4 points directly to an overall increase of the cancel the contribution of this term at sufficiently high
size and the excess electron density within the shell. MoreBecause of the low resolution of the SAXS experiment at
over, there is an increase of the intensity seen at higher scdbw g, the first sum in Eq(5) can be described in terms of an
tering angles. For comparison, the intensity of a solution ofncreased electron density located on the surface of the large
free RNase is shown as well. Here it can be seen that thgphere. This will become more obvious when considering the
scattering intensities of the loaded particles and of the prosmall but finite width of the size distribution of the core
tein merge at the highest scattering angles. The same behgvarticles that leads to a distribution dfas well. The second
ior is seen for particles loaded with BS&ee Fig. 7. term is simply the intensity of a suspension of noninteracting
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small spheres. Evidently, this term will be a leading contri- 10000 ¢
bution at highg. E
It remains to discuss the magnitude of the second sum in
Eq. (5). We proceed from the assumption that the proteins
modeled by the small spheres are distributed at random
within the shell. Thus, the distanag; will be a random v
variable and the average over the last term in &g.will e
vanish. However, a finite correlation between the spheres O,
within the shell must still exist because the minimum dis- —~
tance between two small spheres must be their diameter. Thi \S 1
distancedy,, must be of the order ofR, of the proteins. All
alterations affected by this "correlation hole” can only appear
at higher scattering anglég>1 nnmi) not under consider-
ation here. These considerations may appear difficult becaus
they are subject to a number of approximations. Since the 0.01 e e
subsequent evaluation of the data rests fully on these argu 005 01 02 0.5
ments, the Appendix presents a model calculation that gives i
a proof that this method is valid indeed. g [nm ]
Hence, the subsequent analysis proceeds as follows: In
the region of small scattering angles, the adsorbed protein is FIG. 5. Optimal fit of the SAXS intensity of the quenched poly-
assumed to enhance the radial electron density within thelectrolyte brush Q-SPB onto which RNase A has been adsorbed.
shell of the particles. Therefore, the calculationl@f(q) of  Crosses display the scattering intensity of the unloaded particles
the composite particles is done by increasing the excess elewhereas circles give the intensity of the loaded particles. The
tron density of the shells defined previously in the analysis oimount of adsorbed RNase A is 408 mg per g of the carrier particle.
the unloaded particles. Here different models can be useBoth curves have been normalized to the weight fraction of the
that take into account the correlation of the local density ofcarrier particles. The inset gives the radial distribution of the excess
the adsorbed protein molecules to the radial density of th&lectron density of the brush particfthin line) and of the brush
polyelectrolyte chains: The local density of the protein may'particle + RNas¢thick line). See text for further explanation.
e.g., be assumed to be proportional to the local density of the
segments of the polyelectrolyte chains. As an alternative, isis shown in Fig. 4, the concentratianof the protein is
may be assumed that most of the protein will be adsorbed irescaled to match its total concentration in solution.
the vicinity of the core particles or only at the periphery. The For the sake of simplicity, the correlation length of the
analysis ofl-g(q) in terms of five subsequent concentric Lorentzian Eq.(4) has been taken from the analysis of the
shells is very useful for this analysis because it minimizedunloaded SPB. Evidently, there may be a changé when
the number of free parameters of such a fit. For the differenthe protein is absorbed. The subsequent analysis will show,
models just mentioned, it suffices to define a relation behowever, that the contribution of the adsorbed protein is
tween the segment density of the polyelectrolyte chains in auch larger than the fluctuation-induced part embodied in
given shell and the amount of protein located in this particu£g. (4), at least for the range of scattering angles considered
lar shell. here. Therefore, possible changes will not be visible incthe
The adsorption of large amounts of protein may lead to amange under scrutiny in the present analysis. Hence, the over-
extension of the spatial dimensions of the shell of the SPBall analysis can be done with a minimum of adjustable pa-
In order to account for this effect, the radial width of the rameters inasmuch &, of the proteins and of the carrier
stripes describing the radial excess electron densjigr) particles are assumed to remain unaltered when the protein is
- pm can be slightly increased if necessary. Since SAXS meaabsorbed. The only fit parameters used here refer to the al-
surements are sensitive to the overall size of the particles, tHeration of the core-shell structure as givenlpy(q).
modeling of the composite particles gives the information Evidently, the radial distributionp(r) - pp,, of the loaded
about a possible extension of the shell as well. This extenparticles must be related to the overall amount of adsorbed
sion is certainly to be expected in the case of large bulkyprotein. With the known excess electron densities of the pro-
protein molecules such as, e.g., B&ke below. teins, the zeroth moment afp(r) - p,, must directly give the
The core-shell partc4q) of the intensityl(q) thus ob- total amount of protein within the brush layer. This can be
tained will decay at least ag* and be very small beyond compared to the amount of adsorbed protein determined di-
g>0.4 nm'. As a consequence of thigq) at higher scat- rectly by the method devised previoughiQ.
tering angle will be modeled as the sum of the Lorentzian
Eq. (4) and the scattering intensity of a solution of the free
RNase A having the same concentration as the adsorbed pro- Figure 5 displays the optimal fit obtained in this way. The
tein. The scattering function of the proteins is taken directlyfit is calculated from this profile and a standard deviation of
from the analysis of the free systems shown for RNase A ir5.5% for the diameter of the core. The radial distribution
Fig. 2. Hence, the contribution of the proteins to the meafollowing from this fit is shown in the inset of Fig. 5. At first
suredl(q) is modeled by Eq(1). As suggested by the analy- a trial distribution of the absorbed protein was assumed

100 B

2. RNase A: Results
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FIG. 6. Locus of adsorption of RNase inside of the brush layer | F|G|' 7 k’?dsﬁftggBOfTﬁSA onto th? anﬁealed sp_her_lcal p(_)ly- f
of the quenched spherical polyelectrolyte brush Q-SPB. Cir(:les't‘ahectroI ytt::j (;us t'-I .h ecrciises_gllvet iscattgggg |nteBnSs:yo
give the measured scattering intensity of the loaded partisies e unloaded particles whereas the circles refer to mg per

Fig. 5. The thin line in the inset gives the radial distribution of the ¢ of the carrier particles. Both intensities are normalized to the

unloaded particle whereas the thick line shows the distribution use&ve'ght fraction of Fhe carrer part|c|es. The inset gives the respec-
for the calculation of the intensitysolid line). In this model, a tive fits of the radial distribution of the excess electron densities.

ghe triangles mark the intensity of an aqueous solution of free BSA

preferential adsorption near the surface of the core particle wa . .
assumed. The obtained fisolid line) shows poor agreement with scaled up to match the weight concentration of the adsorbed BSA

the experimental data displayed by circles. Comparing this result tgwolecules.

Fig. 5 demonstrates that this model can be ruled out. See text for

further explanation. model can be ruled out easily. Additional attempts to fit a
] o _model that assumes the adsorption of most of the protein in

which follows the distribution of the polyelectrolyte chains. {he periphery of the brush particlésot shown lead to even

This distribution was changed until the calculated scattering,, ,ch worse fits. All data demonstrate that the radial distri-

intensity matches the experimental result. The thick line iy ion of RNase A follows the radial density of the PAA

fjheenls?tile;roorfniﬁ.s ﬁtwveﬁggalgdtrgg '?heinol?r:gni?l tﬁ;ﬁﬁzzteﬁ%ﬁ%hains. This points clearly to the fact that the adsorption is

5 displays the sam,e quantity for the unloaded shell. Al ai_not related to the interaction of the proteins with the surface

. ) - Al PAy only to the interaction of the proteins to the polyelectro-
rameters taken from the analysis of the carrier particles a@te chains
well as of the protein have been kept constant. Excellen '

agreement is found. This distribution describes the experi: All facts found here show that the SPB present a rela-
mental data up tg=0.6 nn:. Moreover, the amount of ad- tively mild way of immobilizing RNase A. Virtually no di-

sorbed protein that follows from this fit and subsequent re-rGCt contact with a hydrophobic surface takes place, but the

sults agrees with the directly determined value within theprotein molecules are suspended within the brush layer. It is
e therefore expected that the secondary structure of RNase A is
limits of error (~10-15%). . . . L
. ._only slightly disturbed during the process of adsorption if at

This result dem_onstrates that the _polyelectrolyte _chaln%”. This is found indeed in a recent study by FT{IRY].
are solely responsible for the adsorption of the proteins; no
particular interaction of the proteins with the surface of the
core particles intervenes. The present fit even suggests that
RNase A avoids a direct contact with the surface. This can be Previous work has shown that BSA has a strong affinity to
deduced from the fact that the increase of the excess electr@pherical polyelectrolyte brushes if the ionic strength in the
density in the immediate vicinity of the surfacgee the inset solution is low[10]. More than one gram of BSA could be
of Fig. 5 remains nearly unchanged when going from theadsorbed per gram carrier particle under these conditions.
bare particle to the loaded particle. This interesting findingNearly full desorption takes place, however, if the ionic
that may be deduced from the present fits will be discussedtrength is raised. The tertiary structure of the desorbed BSA
further below when presenting the data obtained with BSA.is mostly preserve{ll1]. Moreover, a recent study by FT-IR

The validity of this fit can be checked by considering demonstrated that the secondary structure of the adsorbed
different models assuming a different correlation of the pro-BSA is hardly disturbed. BSA is therefore well-suited for
teins and the polyelectrolyte chains in the shell of the paradsorption studies on SPB.
ticles. Figure 6 displays the fit in which a much higher den- BSA s a much larger protein and & is more than twice
sity of the protein has been allocated in the first shell abovéhe one of RNase Asee Table)l Adsorption of this protein
the surface of the core particksee the inset of Fig.)6 is therefore expected to change the scattering curves of the
Therefore, the density in subsequent shells must be concom®PB in an even more marked way than was observed in the
tantly lower since the zeroth moment of the entire shell, i.e.case of RNase Asee Fig. 5 The same analysis has been
the amount of adsorbed protein, must not change. The fit aflone for particles loaded with BSA. Here the annealed SPB
the experimental intensity has become much worse and thigarticles A-SPB have been uséd. Table Il). Figure 7 dis-

3. BSA
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FIG. 8. Adsorption of BSA onto the annealed spherical poly-
electrolyte brush A-SPB. The open squares mark the scattering in-
tensity obtained for the unloaded brush. The crosses refer to 296 mg F|G. 9. Schematic representation of the spherical polyelectrolyte

per g of the carrier particle while the circles refer to 1116 mg per gprushes loaded with protein. See text for further explanation.
carrier particle. All intensities have been normalized to the weight

fraction of the carrier particles. The inset gives the respective fits o{

the radial distribution of the excess electron densities. hey interact. This is opposite to the findings obtained by

Tran et al. [34] for fibrinogen adsorbed to planar polyelec-
plays the measured intensity obtained after adsorbing 2980lyte brushes. Here the protein enters only the periphery of
mg BSA per gram carrier particle. Again it is observed thatthe brush as becomes obvious from an analysis of the seg-
the rescaled scattering curve of the free protein merges witfent density by x-ray reflection. The reason for the different
I(q) of the composite particles at higher scattering angles. APehavior is not known. Studies using fibrinogen and the SPB
low scattering angles, there is the marked shift of theunder_ consideration here must be done to resolve this
maxima of the scattering curves to smalipvalues because duestion. .
of the increase of electron density within the subsequent Both Figs. 7 and 8 point to the fact that BSA may also be
shells. The features have already been observed in the cad@sorbed in the immediate neighborhood of the surface of
of RNase A and the analysis of the composite particles majhe SPB. This can be argued from the fact that the excess
proceed in the same way. Because of the larger dimensior@dectron density of the loaded particles is also increased in
of BSA, it turned out to be necessary to increase the thickthe first stripe describing the excess .eIectron _densny Q|rectly
ness of the subsequent shells used for the modeling of trRPove the surface of the core particleee Fig. 8 This
adsorption(see the inset of Fig.)7Attempts to use the same finding is opposite to the results obtained with RNase A dis-
thickness already defined for the analysis of the unloade§Ussed in the preceding sections. Additional checks showed
particles failed to produce acceptable fits. This points clearlyhat the difference between the two proteins is significant and
to an increase of the overall volume of the shell due to the?€yond the limits of error. The reason for the different be-
adsorption of the much bulkier BSA molecules. havior of the two proteins is not yet clear.

Figure 8 demonstrates the changd (@f upon adsorption
of more and more BSA. The upper-most curve refers to an
adsorption of more than one gram of the protein per gram
carrier particle. Here a marked increase of the overall size of An investigation of the adsorption of two proteins, RNase
the composite particles is expected and seen indeed, as b&and BSA, onto spherical polyelectrolyte brushes by SAXS
comes obvious from the inset. The maximal@d) are in-  has been presented. The main result of the present analysis is
creasing and move to smallgrat the same time in a defined the proof that the proteins enter into the brush layer. Figure 9
manner. This points to the increase of the electron density idisplays the findings obtained here for BSA in a schematic
the subsequent shell upon adsorption of BSA. fashion. Both the SPB and the protein BSA are drawn to

Different models were compared to these results. As alscale. Figure 9 displays the case of BSA inasmuch as the
ready found in the case of RNase A, the local density of BSAadsorption near the surface of the core particles is finite. All
follows closely the radial segment density. Other models asresults demonstrate that both proteins enter deeply into the
suming a much higher protein density either at the surface goolyelectrolyte brush layer as shown schematically in Fig. 9.
at the periphery failed to fit the positions as well as theln the case of RNase A, however, the protein concentration
height of the maxima of(q). directly at the surface is smaller as compared to the case of

Both sets of data obtained from totally different proteins,BSA.
namely RNase A and BSA, hence demonstrate that the ad- Hence, the present study clearly demonstrates that adsorp-
sorption of proteins is solely due to their interaction with thetion of the proteins is due to the interaction of the polyelec-
polyelectrolyte chains. Therefore, the proteins are enteringrolyte chains with the biomolecules. As already discussed by
the brush layer and distribute inside the shell according tais previously[10], the "counterion release force$§20] are
the segment density of the polyelectrolyte chains with whichthe driving force for the adsorption of proteins to polyelec-

IV. CONCLUSION
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FIG. 11. Calculation of the scattering cross section of the com-
posite system consisting of the SPB and adsorbed protein. The
FIG. 10. Scheme of the model used for the calculation of thecircles mark the exad{q) obtained by the simulation. The triangles
scattering function of the composite system consisting of the SPBnark I(q) deriving from a ensemble of uncorrelated spheres. The
and adsorbed protein. See text for further explanation. short-dashed line gives the intensity of a core shell system in which
the small spheres only constitute a shell of additional electron den-

trolyte brushes. The positive patches of the proteins can béity around the large sphere. The long-dashed line shayf the
come multivalent counterions of the charged segments of thi8"9¢ sphere in the center. The solid line marks the sum of the
poly(acrylic acig or the polystyrene sulfonic acid In this core-shell calculanqr(short-dashe_d lineand the intensity of the
way, the respective counterions of both the patches as well {&€€ Small spheredriangles. The inset shows the fulj range to

of the polyelectrolyte segments are liberated, thus releasin emonstrqte that the |n.ten3|ty of the small spheres is governing the
the high osmotic pressure within the brush layer. Adsorptior] nge of higher scattering angles. See text for further explanation.
of proteins by spherical polyelectrolyte brushes therefor

presents a novel way to immobilize proteins Ef1as been repeated for a set of large spheres differing in size.

The scattering function of the composite particles has been
added up weighted by their respective number density. For
the model calculation shown here, a Gaussian distribution of

We wish to acknowledge the financial support by thethe large spheres having a polydispersity of 10% has been
Deutsche Forschungsgemeinschaft, the Roche Company, af@sumed. Thus(q) shown by circles in Fig. 11 derives from
the BASF AG. a large number of composite spheres, which ensures good
statistics.

Figure 11 displays the resulting scattering cross section
(circles. The triangles mark the scattering originating from
an ensemble of the same number of small spheres dispersed

It the following, model calculations are described which at random. Evidently, the scattering intensity of the compos-
justify the evaluation of data used herein. Figure 10 showdfe system coincides with the intensity of the ensemble of
schematically the model: We consider a large sphere of 58mall spheres. Only at much highgvalues is there a dis-
nm radius(contrast: 7 /nm?®) onto which a single layer of crepancy because of the first minimumIof)) of the small
monodisperse, much smaller sphe(dmmeter: 6 nm, con- spheres(at q=1.5 nnm?). Since this region of scattering
trast: 3@ /nm?) is attached at random. The attachment of aangles is beyond the range g@fconsidered here, this devia-
given sphere is done by choosing a certain solid angle. If théion of the exact curve and the model is inconsequential.
place on the surface of the large sphere thus chosen is al- At small q values, the core-shell approach marked by the
ready occupied, a new solid angle is chosen at random. If thehort-dashed line gives a good fit. The long-dashed curve
place is free, the sphere is attached directly to the surfacenarksl(q) of the big sphere in the core. The shift of the
Hence, all small spheres have the same distdhde the core-shell system is clearly seen. Both intensities must decay
center of the large spheres but their mutual position is uncomwith g=* at higher scattering angles. The solid line describes
related. In this way, various degrees of surface coverage cahe sum of the core-shell modéhort-dashed lineand the
be achieved. Given the positions of the various spheres, thatensity of the small sphergsiangles. Evidently, the scat-
scattering function(q) of the entire composite can be calcu- tering intensityl(q) of the composite system is well de-
lated exactly by resorting to E@5). scribed by the sum of these terms tpr 1.2 nmL. The scat-

In order to account for the polydispersity of the large tering intensity of the SPB having adsorbed protein on the
spheres, i.e., of the cores of the SPB, the above calculatiosurface can hence be described within this approximation.
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