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PHYSICAL REVIEW E 69, 021401 ~2004!
Mechanism of protein binding to spherical polyelectrolyte brushes studiedin situ using two-photon
excitation fluorescence fluctuation spectroscopy

C. Czeslik* and R. Jansen
Physikalische Chemie I, Universita¨t Dortmund, D-44221 Dortmund, Germany

M. Ballauff* and A. Wittemann
Polymer-Institut, Universita¨t Karlsruhe, D-76128 Karlsruhe, Germany

C. A. Royer
Centre de Biochimie Structurale, INSERM, F-34090 Montpellier, France

E. Gratton and T. Hazlett
Laboratory for Fluorescence Dynamics, University of Illinois, Urbana, Illinois 61801, USA

~Received 8 September 2003; published 19 February 2004!

We used two-photon excitation fluorescence fluctuation spectroscopy with photon counting histogram~PCH!
analysis as a new tool to study the binding of globular proteins to colloidal particlesin situ. Whereas fluores-
cence fluctuations are traditionally evaluated by calculating the autocorrelation function~fluorescence correla-
tion spectroscopy!, a complementary PCH analysis has been performed in this study which is advantageous
when particle concentrations of a multicomponent system are of interest and the particles can be distinguished
through particle brightness differences. The binding of two proteins, staphylococcal nuclease~SNase! and
bovine serum albumin~BSA!, to spherical polyelectrolyte brushes~SPB! was measured as a function of protein
concentration and ionic strength of the solution at pH-values where SNase and BSA are positively and nega-
tively charged, respectively. It has been found that SNase and BSA strongly bind to the SPB regardless of the
protein charge. When the ionic strength of the solution is raised to 100 mM, the SPB become resistant to both
proteins. These findings provide further evidence for a binding mechanism where the proteins are mainly
driven to the SPB by the ‘‘counterion evaporation’’ force, while Coulomb interactions play a minor role. The
results of this study characterize the potential of SPB as a new class of carrier particles for proteins whose use
in biotechnological applications appears to be rewarding.

DOI: 10.1103/PhysRevE.69.021401 PACS number~s!: 82.70.Dd, 87.15.Kg
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I. INTRODUCTION

The development and investigation of biofunctional nan
particles consisting of protein~enzyme! molecules immobi-
lized on colloidal carrier particles is currently a very acti
research field@1–11#. These bionanoparticles are charact
ized by a high local density of protein molecules and may
used in the fields of biomedicine and biotechnology as d
delivery systems, biosensors, immunoassays, and bioc
lysts.

To design bionanoparticles, the protein molecules may
adsorbed directly on hard colloidal particles, such as silica
poly~styrene! particles. Although the biological activity o
the proteins is preserved in some cases, significant cha
in the secondary structure of the protein molecules are o
observed due to the interaction of the protein with the so
surface of the particles@12–14#. Furthermore, upon adsorp
tion to solid surfaces, the internal dynamics of enzymes m
be reduced, leading to poor catalytic activity@15#. In a series
of studies, polyelectrolyte layers have been found to b
favorable immobilizing substrate for proteins, since the
tive conformation of the protein molecules appears larg
preserved, protein-protein aggregation can be prevented
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the activity of enzymes remains high when the protein m
ecules are in contact with these layers@1,2,11,16,17#. Bio-
nanoparticles coated with polyelectrolyte layers are gener
prepared using the layer-by-layer deposition method wh
polyelectrolytes of opposite charges are deposited on c
particles@1,2,18#. Protein molecules are adsorbed on the p
ticles in the last step or are embedded between polyelec
lyte layers.

Recently, spherical polyelectrolyte brushes~SPBs! have
been presented as a new class of carrier particles for pro
@19#. The SPBs consist of a solid core of poly~styrene! onto
which long linear polyelectrolyte chains of poly~acrylic acid!
~PAA! or poly~styrene sulfonic acid! ~PSS! are grafted@20–
22#. Because of their colloidal size and their brush struct
these particles exhibit a large interfacial area in solution t
is well defined and able to bind large amounts of prote
Indeed, SPBs with PAA chains have been found to stron
bind bovine serum albumin~BSA! at a low ionic strength
@19#. In addition to a high protein binding capacity, SPB
provide a mild environment for protein molecules, since t
conformation and the enzymatic activity of adsorbed prote
have been found to be largely preserved@23,24#.

To study the degree of protein adsorption at plan
aqueous/solid interfaces a series of reflectometric techniq
can be applied@25,26#. In the case of colloidal particle sur
faces, the degree of protein binding has primarily been
©2004 The American Physical Society01-1
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CZESLIK et al. PHYSICAL REVIEW E 69, 021401 ~2004!
tained indirectly using the depletion method@27#. Here, we
introduce the use of two-photon excitation fluorescence fl
tuation spectroscopy with photon counting histogram~PCH!
analysis as a new method to study the binding of protein
colloidal particlesin situ. This approach allows a miniatur
ization of the sample volume, as compared to other te
niques, and reports on the concentration and the fluoresc
brightness of the diffusing species@28,29#. Traditionally,
fluorescence fluctuation time series are analyzed by eva
ing the autocorrelation function, i.e., fluorescence correla
spectroscopy~FCS! is applied@30,31#. Complementary, the
PCH can also be calculated from the fluorescence fluctua
data. As shown here, PCH analysis is superior to FCS w
the concentrations of multiple species are to be determin
and the various species show differences in their brightne
but only minor differences in their diffusion times.

In a previous study, the amount of BSA adsorbed to S
was measuredex situ, i.e., in the absence of free, nona
sorbed protein. Weakly and nonadsorbed BSA was remo
from a BSA/SPB suspension by ultrafiltration, and the p
tein concentration of the filtrate was determined using ul
violet spectroscopy@19#. The aim of this study was to cha
acterize the binding of globular proteins to SPBsin situ,
thereby presenting fluorescence fluctuation spectrosc
with PCH analysis as a new tool for the investigation
protein/colloid systems. BSA and staphylococcal nucle
~SNase! were selected as model proteins. BSA is charac
ized by an isoelectric point at pH55 and is composed of 58
amino acid residues@32#, whereas SNase has 149 amino a
residues and an isoelectric point at pH59.5. At neutral pH
values, BSA and SNase are negatively and positiv
charged, respectively. Thus, the effects of protein size
net charge on the degree of binding to the SPB can be in
tigated and compared.

BSA, with a net negative charge, is adsorbed to a SPB
low ionic strength and can be desorbed from the SPB
rinsing with a 500-mM sodium chloride solution@19#. This
finding is somewhat surprising, since one would expect t
the elevated ionic strength should lead to a decreased
trostatic repulsion between the BSA and the SPB and thu
an enhanced protein binding. For example, when negati
charged BSA adsorbs on negatively charged planar surf
composed of poly~styrene sulfonic acid! or silica, enhanced
adsorption is observed at higher ionic strength only@33,34#.
As will be shown in this study, the mechanism of prote
binding to SPBs is mainly based on a release of small co
terions of the SPB. The dominance of this entropic drivi
force has not been observed before for other protein/col
systems.

II. EXPERIMENT

Staphylococcal nuclease was obtained as described b
@35#. Bovine serum albumin was purchased from Sig
~catalog number A-6003!. Both proteins were analyzed b
gel electrophoresis and were found to be essentially pu
(.99%). SNase was labeled with fluorescein by add
fluorescein-isothiocyanate~Molecular Probes! to a solution
of SNase in carbonate buffer~100 mM, pH57.9). After
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about 45 min, unbound dye molecules were separated f
the solution using a Sephadex G-25 column which w
rinsed with a morpholinopropanesulfonic acid~MOPS!
buffer ~10 mM, pH57.0). From ultraviolet~UV! spectros-
copy of the purified stock solution, a degree of labeling
21% and an SNase concentration of 13.7mM were deter-
mined. BSA was labeled with Texas Red dye~Molecular
Probes! by adding the dye to BSA dissolved in carbona
buffer ~100 mM, pH58.4). After about 60 min, unbound dy
molecules were removed from the BSA solution using
Sephadex G-25 column which was rinsed with a morph
noethanesulfonic acid~MES! buffer ~10 mM, pH56.1).
From UV spectroscopy of the purified stock solution, a d
gree of labeling of 91% and a BSA concentration of 1.1mM
were determined.

The spherical polyelectrolyte brushes that serve as s
strate for SNase and BSA in this study consist of a poly~sty-
rene! ~PS! core and a poly~acrylic acid! shell. They were
prepared by photoemulsion polymerization as described
fore @22#. The radius of the PS core is 51 nm, the conto
length of the PAA chains is 36 nm and the grafting density
0.13 nm22. To get a visual impression of the SPB, an atom
force microscopy image of the SPB is shown in Fig. 1. It w
obtained by spreading an aqueous solution of the SPB o
freshly cleaved mica surface. After drying, the image w
recorded in the tapping mode using the Multimode atom
force microscope~AFM! from Digital Instruments. The im-
age illustrates the homogeneous size of the particles. S
neighboring particles share straight borders which indicate
compression or an interdigitation of the polyelectroly
brushes of the particles. Particle diameters of 10065 nm are
measured when the brush is compressed, whereas par
without neighbors show diameters of about 129 nm. A d
tailed AFM study of SPBs can be found elsewhere@36#.

The following systems have been characterized in t
study by fluorescence fluctuation spectroscopy: SNase/S
NaCl in a MOPS buffer~10 mM, pH57.0) and BSA/SPB/
NaCl in a MES buffer~10 mM, pH56.1) at varying concen-
trations of the protein and sodium chloride. SPB sto
solutions of 1mg/mL in a MOPS or MES buffer were pre
pared. Then, appropriate amounts of the protein and the
stock solutions were added to buffer solutions containing

FIG. 1. Atomic force microscopy image of spherical polyele
trolyte brushes~SPB! with poly~acrylic acid! chains. The image was
recorded in tapping mode at the air and displays the phase o
oscillating cantilever tip.
1-2
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MECHANISM OF PROTEIN BINDING TO SPHERICAL . . . PHYSICAL REVIEW E 69, 021401 ~2004!
ferent concentrations of sodium chloride. After intensi
mixing, the samples were equilibrated for at least 1 h before
the measurement.

The two-photon excitation fluorescence fluctuation m
surements were carried out at the Laboratory for Fluor
cence Dynamics~LFD! at the University of Illinois~Urbana,
Illinois, USA!. A Zeiss Axiovert 135 TV inverted microscop
with a Zeiss F Fluar 403/1.30 oil objective was used. Th
excitation light source was a Coherent Mira 900 mod
locked Ti:sapphire laser which was pumped by a Cohe
Verdi cw laser~532 nm, 5 W!. The excitation light had a
wavelength of 780 nm, a pulse frequency of 80 MHz an
pulse width of about 150 fs at the sample. An avalanc
photodiode~EG&G, model SPCM-AQR-15! was used as the
fluorescence detector. The output of the photodiode was
rectly read into a home-built~LFD! computer acquisition
card and stored in memory. The photon counts were sam
at 20 kHz. Data were processed and analyzed with SimF
and Globals Unlimited™ software packages developed at
LFD. A three-dimensional Gaussian point spread funct
was assumed which was calibrated using an 11 nM fluo
cein solution at pH.9 ~the diffusion constant is
300mm2 s21). All experiments were performed at lea
twice. The reproducibility of the experiments is given in t
figures as error bars.

III. PCH AND FCS ANALYSIS

The observed fluorescence fluctuations emitted from
protein/SPB samples have been processed by calcula
both autocorrelation curves~fluorescence correlation spe
troscopy, FCS! and photon counting histograms. An autoco
relation function is given as@30,37#

G~t!5
^dF~ t !•dF~ t1t!&

^F~ t !&2 , ~1!

where dF(t)5F(t)2^F(t)& is the fluorescence fluctuatio
at timet, given as the deviation of the fluorescence intens
F(t) from the time-averagêF(t)&. If the fluorescence fluc-
tuations are caused by diffusion of the fluorescent molec
into and out of the two-photon excitation volume,G(t) can
be described as

G~t!5
g

N̄
•

1

118Dt/r 0
2
•

1

~118Dt/v0
2r 0

2!1/2
, ~2!

whereg is a geometric factor depending on the shape of
excitation volume@38#, N̄ is the mean number of fluoresce
molecules within the excitation volume,v05z0 /r 0 is the
ratio of the excitation volume dimensions parallel and p
pendicular to the beam axis, andD is the diffusion constant
For a two-component system,G(t) is the sum of the indi-
vidual autocorrelation functions weighted by the correspo
ing fractional intensities squared:
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G~t!5S «1N1

«1N11«2N2
D 2 g

N1
g1~t!

1S «2N2

«1N11«2N2
D 2 g

N2
g2~t!, ~3!

where gi(t)5(118Dit/r 0
2)21(118Dit/v0

2r 0
2)21/2 and « i

is the molecular brightness of speciesi ~number of photon
counts per sampling time and molecule!.

A photon counting histogram represents the probability
detect k photons per sampling time@28,29#. Whereas the
autocorrelation function is determined by the average nu
ber of particles in the excitation volumeN̄ and their diffusion
constantD, a PCH analysis yieldsN̄ and the particle bright-
ness«. Briefly, the probabilityp(k) to detectk photons from
a single diffusing molecule is a weighted average of Pois
distributions, each with the mean value«I (rW):

p~k!5E @«I ~rW !#k exp@2«I ~rW !#

k!
q~rW !drW, ~4!

where I (rW) is the point spread function normalized at th
origin and q(rW) is the probability to find the molecule a
position rW. To generalize this equation forN diffusing mol-
ecules,I (rW) and q(rW) must be replaced by( i 51

N I (rW i) and
) i 51

N q(rW i), respectively, and the integration is perform
over the 3N coordinates of the molecules. Finally, to dete
mine the PCH for an open two-photon excitation volum
with a fluctuating number of molecules inside, we have
averagep(k) with a Poisson distributionn(N) for the num-
ber of molecules:

P~k!5 (
N50

`

p~k!n~N!. ~5!

The autocorrelation function of a multicomponent syste
can be decomposed, if the components have markedly di
ent diffusion constants. However, a straightforward deter
nation of the average particle numbers of the componen
not possible, since these numbers are linked to the fractio
intensities@Eq. ~3!#. To extract particle numbers from th
amplitude of an autocorrelation curve, the brightness of e
component must be known or, in the case of a tw
component system, at least the brightness ratio. In cont
in a multicomponent analysis of a PCH, the average part
number and the brightness of each component are direc
ting parameters. This is the main reason why a PCH anal
is advantageous over FCS when the concentrations of
cies involved in a binding process are of interest.

IV. RESULTS AND DISCUSSION

Binding of proteins to SPB

Figure 2 shows autocorrelation curves that were cal
lated from fluorescence fluctuations according to Eq.~1!. The
fluorescence fluctuations were recorded from samples c
taining 10mg of SPB and an increasing mass of SNase i
1.5-mL buffer solution. Similar data were obtained wh
1-3
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CZESLIK et al. PHYSICAL REVIEW E 69, 021401 ~2004!
BSA was added instead of SNase. As can be seen from
figure, the amplitude of the autocorrelation curves is incre
ing strongly with increasing protein mass. A two-compone
model was required to fit globally the autocorrelation curv
~Fig. 2!. In the global fitting procedure, the diffusion consta
of the first component,D1 , was fixed to 110mm2 s21 for
free SNase or to 60mm2 s21 for free BSA@39#, whereas the
diffusion constant of the second component,D2 , was varied
but linked across the data set. This diffusion constant w
found to beD25(1.660.2) mm2 s21 ~for both SNase and
BSA samples! and can thus be assigned to the slow diffus
SPBs with adsorbed fluorescent protein molecules. Wit
core radius of 51 nm and a shell thickness of 61 nm for
SPB@19#, a diffusion constant of 1.9mm2 s21 can be calcu-
lated using the Stokes-Einstein relationship which is in go
agreement with the experimental value. There was no ef
of the adsorbed protein mass on the diffusion constantD2 ,
of the SPB which indicates that the size of the SPB is
significantly changing as protein molecules bind to the SP
This result suggests that the protein molecules pene
deeply into the polyelectrolyte brush shell, thereby leav
the overall dimension of the SPB unchanged. In the follo
ing text we continue to label the parameters of the free, n
adsorbed protein with index 1 and those of the protein-coa
SPB with index 2.

In Fig. 3, the component amplitudeG2(0) of the SPB
with adsorbed fluorescent protein molecules is plotted a
function of the total protein mass in the samples as deri
from the analysis of autocorrelation curves. The samp
contained 10mg of SPB and varying amounts of protein in
1.5-mL buffer solution. In a simple model, the brightness
a single protein-coated spherical polyelectrolyte brush p
ticle is proportional to the number of adsorbed protein m
ecules:

«25 f «1Nads/N2 , ~6!

where«1 and«2 are the brightnesses of a nonadsorbed p
tein molecule and a protein-coated spherical polyelectro

FIG. 2. Autocorrelation curves of the fluorescence fluctuatio
emitted from solutions contianing 10mg of SPB and an increasin
mass of SNase that is given in the inset. The symbols represen
experimental data, the solid lines show a global fit using a tw
component model.
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brush particle, respectively,f reflects the change in bright
ness when a protein adsorbs on a brush, andNadsandN2 are
the average numbers of adsorbed protein molecules and
particles in the observation volume, respectively. Then,
cording to Eq.~3!, the component amplitude of the SPB ca
be written as

G2~0!5S «2N2

«1N11«2N2
D 2 g

N2
5

1

@N1 /~Nadsf !11#2

g

N2
,

~7!

where N1 is the average number of non-adsorbed prot
molecules in the observation volume. Thus,G2(0) can be
regarded as a measure for the degree of protein bindin
the SPB, since an increase ofG2(0) corresponds to an in
crease ofNads/N1 ~for constant values ofN2 and f ). From
the data plotted in Fig. 3, an increase ofG2(0) is found
when protein is added to the SPB which shows that the n
ber of adsorbed protein molecules,Nads, is increasing rela-
tive to the number of non-adsorbed protein molecules,N1 .
This behavior is interesting, because it is contrary to t
predicted by a Langmuir binding mechanism whereNads/N1
would always decrease when protein is added. Rather,
observed increase ofNads/N1 with increasing mass of pro
tein is more consistent with a condensationlike bindi
where protein molecules are accumulated at the SPB w
the number of nonadsorbed protein molecules remains
In the case of BSA, a maximum is observed forG2(0) at a
protein-SPB mass ratio of 3:10. At higher ratios,G2(0) is
decreasing due to a limited protein binding capacity of
SPB that leads to an increase ofN1 relative toNads~this does
not mean that BSA is desorbing from the SPB!. A mass ratio
of 3:10 corresponds to about 2000 BSA molecules adsor
on a single spherical polyelectrolyte brush.

In Fig. 4, photon counting histograms are plotted th
were determined from the same fluorescence fluctuat
used for the calculation of the autocorrelation functio
shown in Fig. 2. Thus, Figs. 2 and 4 are simply differe
complementary representations of the same observed fluo
cence fluctuations. The samples contained 10mg of SPB

s

the
-

FIG. 3. Component amplitude of the slow diffusing SPB wi
adsorbed fluorescent protein molecules derived from the analys
autocorrelation curves. The samples contained 10mg of SPB and an
increasing mass of protein in a 1.5-mL buffer solution.
1-4
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MECHANISM OF PROTEIN BINDING TO SPHERICAL . . . PHYSICAL REVIEW E 69, 021401 ~2004!
with a variable mass of SNase in a 1.5-mL buffer solutio
Very similar data were recorded when BSA was added
stead of SNase. To analyze the data of Fig. 4, a tw
component model was first used with average particle n
bers N1 and N2 and brightnesses«1 and «2 as fitting
parameters to represent the nonadsorbed protein mole
~index 1! and the SPB with adsorbed protein molecules~in-
dex 2!. This two-component model was fitted globally to th
data by fixing the protein brightness to«150.923~SNase! or
«151.584 ~BSA! and by linking the particle numberN2 of
the SPB across a data set. The protein brightnesses
determined before in separate experiments in the absen
a SPB. The average particle number of the SPB in the ob
vation volume was found to beN250.01560.002. However,
a satisfactory fit could not be obtained@Fig. 4~A!#. Therefore,
to also sample the smaller probabilities, a three-compon
model was fitted globally to the PCH data by fixing«1 and
N2 to the values of the two-component model and by linki
N3 across a data set. With this model, the fit represents
photon counting histograms over more than five orders
magnitude@Fig. 4~B!#. The third component can be assign
to a small fraction of SPBs with a higher number of adsorb
protein molecules, since it was found thatN350.0020
60.0008 and«3.«2 . For example, the PCH of a samp
containing 10mg of SPB and 4.6mg of SNase yields value
of «150.923, «259.710, «3522.875, N150.110, N2
50.016, andN350.0012. It is noted that the correspondin

FIG. 4. Photon counting histograms of solutions containing
mg of SPB and an increasing mass of SNase that is given in
inset. The symbols represents the experimental data, the solid
show global fits using a two-component model~A! and a three-
component model~B!.
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analysis of the autocorrelation functions~Fig. 2! cannot re-
solve the third component, since colloidal particles with d
ferent amounts of adsorbed protein differ in brightness
not significantly in their diffusion constant. Thus,G2(0), as
given by Eq.~7!, results from both SPB components. Th
reflects a known limitation of FCS in distinguishing particl
with similar diffusion constants. PCH analysis, on the oth
hand, is based on differences in the magnitude and freque
of the fluorescence fluctuations and has been shown to
solve particles with a brightness ratio of two@40#. The exis-
tence of two SPB components with a low and a high num
of adsorbed protein molecules may be interpreted as an
dication for a distribution for the number of adsorbed prote
molecules. We note that no indication has been observed
an aggregation of the SPB or a fluorescence quenching
time as judged from the analysis of repeated measurem
and the time series of the fluorescence fluctuations.

To obtain the average number of adsorbed protein m
ecules per spherical polyelectrolyte brush as a function of
protein concentration in solution~i.e., the adsorption iso-
therm!, a stepwise approach was taken. First, from the to
number of SPBs in the observation volume (NSPB5N2

1N3) and the known SPB bulk concentration, the size of
observation volume was calculated. Second, knowing the
tal bulk concentration of the protein, the average total nu
ber of protein molecules in the observation volume was
termined. Third, since the numberN1 of free, nonadsorbed
protein molecules in the observation volume is given by
global fit of the PCH data, the number of adsorbed prot
molecules per spherical polyelectrolyte brush and the c
centration of non-adsorbed protein molecules can be de
mined. Adsorption isotherms obtained in this way are plot
in Fig. 5 for both SNase and BSA. From these isotherm
can be seen that at a protein concentration of 0.5 nM ab
10000 SNase and 2500 BSA molecules are adsorbed
single spherical polyelectrolyte brush. Since SNase has a
positive charge and BSA has a net negative charge, it app
likely that electrostatic interactions between the protein m
ecules and the SPB are dominating. However, other par
eters as the size of the protein molecules are also impor
~see below!. It is noted that the adsorption isotherms show
in Fig. 5 reflect an almost quantitative binding of the prote
to the SPB. For example, at a protein concentration of
nM, more than 99.5% of all SNase molecules and ab
98.7% of all BSA molecules are adsorbed at the SPB.
comparison, numbers of BSA molecules that remain
sorbed on a spherical polyelectrolyte brush after intens
washing with pure buffer solution are included in Fig. 5~the
data are taken from Ref.@19#!. The difference between theex
situ data of Ref.@19# and thein situ data of this study is
rather small. For example, if the degree of BSA binding
the SPB is slightly reduced from 98.7%, as measuredin situ
in this study, to 94.8% by washing with pure buffer solutio
the fraction of nonadsorbed protein molecules increases f
1.3% to 5.2%. Thus, whereas the number of adsorbed B
molecules is only slightly affected by washing, the prote
concentration in solution is increased by a factor of four
observed~Fig. 5!.
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Salt-induced protein resistance of the SPB

In Fig. 6, selected photon counting histograms are sho
which illustrate the drastic effect of sodium chloride on t
degree of protein binding to the SPB. When no salt is add
the histograms include high counts with significant proba
ity as can be seen from the long wings extending to h
counts. On the other hand, in the presence of sodium c
ride with a concentration of only a few 100 mM, the hist
grams of both SNase and BSA are limited over the range
0–10 counts. The absence of higher counts is related to
absence of SPBs with a large number of adsorbed pro
molecules. As described in the previous subsection, a th
component model was fitted to the photon counting his
grams where again component 1 represents the non-adso
protein molecules and components 2 and 3 are the SPB
different amounts of adsorbed protein molecules.

The brightness of the SPB is solely due to the adsor
protein molecules. For example, the mean brightness
samples containing 10mg of SPB and 4.6mg of SNase is
reduced from 20.8 in the absence of sodium chloride to 2.
a NaCl concentration of 272 mM@the mean brightness i
calculated as («2N21«3N3)/(N21N3)]. For samples con-
taining 20mg of SPB and 2.84mg of BSA, corresponding
values of 18.6 at 0-mM NaCl and 1.9 at 204-mM NaCl a

FIG. 5. Number of protein molecules adsorbed per spher
polyelectrolyte brush particle as a function of the protein conc
tration in solution (NSPB5N21N3). The data were derived from
PCH analysis of fluorescence fluctuations. For comparison, n
bers of BSA molecules that remain adsorbed on a spherical p
electrolyte brush after intensive washing with pure buffer solut
are included as crosses~data taken from Ref.@19#!.
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found ~Fig. 6!. These values demonstrate that there is a s
induced protein resistance of the SPB regardless of the
protein charge. Knowing the mean brightness of the SPB,
number of adsorbed protein molecules per single spher
polyelectrolyte brush was calculated as a function of sodi
chloride concentration using the following equation:

Nads

NSPB
5

1

f «1
•

«2N21«3N3

N21N3
, ~8!

whereNSPB5N21N3 . As shown above, the number of ad
sorbed protein molecules,Nads, in the absence of salt can b
well approximated by the total number of protein molecu
in the observation volume, so that the factorf can be deter-
mined. Values of f 50.010 and 0.014 were found fo
fluorescein-labeled SNase and Texas Red-labeled BSA
spectively, which reflect that the adsorbed protein molecu
are buried in the brush of the SPB and are strongly quenc
after excitation. Since the values of«1 , «2 , «3 , N2 , andN3
are directly given by the PCH fits, the number of adsorb
protein molecules per spherical polyelectrolyte brush can
calculated using Eq.~8!. This is plotted in Fig. 7 as a func
tion of the sodium chloride concentration for both protein
As can be clearly seen in this figure, the number of adsor
protein molecules is reduced to about 10% by increasing
concentration of sodium chloride to only about 100 mM r
gardless of the protein charge. This result is remarkable,
cause protein resistance of the SPB can be induced at a
tively low ionic strength. In contrast, when adsorbing hum
serum albumin on flat layers of positively charged poly~allyl
hydrochloride! or negatively charged poly~styrene sulfonic
acid!, the amount of adsorbed protein is nearly unchang
after rinsing with a 150-mM sodium chloride solution@41#.

Driving forces for adsorption

At a high ionic strength, electrostatic interactions betwe
the protein molecules and the SPB are screened. Thus

al
-

-
y-
n

FIG. 6. Selected photon counting histograms of solutions c
taining 10 mg of SPB with 4.6-mg SNase or 20-mg SPB with
2.84-mg BSA at different concentrations of sodium chloride that
given in the inset. The chosen protein-SPB mass ratios corresp
to an almost quantitative binding of the proteins to the SPB in
absence of sodium chloride. The symbols represent the experim
tal data, the solid lines show global fits using three-compon
models.
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observed residual protein binding when the ionic strength
the solution is higher than about 200 mM~Fig. 7! must be
attributed to some weak van der Waals or hydrophobic in
actions between the protein molecules and the SPB. Th
types of interaction are generally believed to be respons
for protein adsorption at uncharged surfaces@42–44#.

On the other hand, electrostatic interactions are impor
at low ionic strength where strong protein binding to the S
is observed~Fig. 7!. However, BSA has a net negative char
at pH56.1, yet is binding strongly to the negatively charg
SPB. As concluded in a recent study, this behavior can
attributed to attractive Coulomb forces between positiv
charged patches on the protein surface and the negat
charged SPB. These patches become multivalent counte
of the polyelectrolyte brush and a respective number of sm
ions is released@19#. This ‘‘counterion evaporation’’ in-
creases the entropy of the system. These conclusions
strongly supported by the results of this study where
binding of the two proteins BSA and SNase to the SPB
been investigatedin situ. Using model calculations, a coun
terion evaporation has also been shown to act as an ent
driving force for the adsorption of a polyelectrolyte chain
a charged surface@45#.

To further illustrate the effect of SPB counterions on t
degree of protein binding, the local ionic strength within t
brush shell of the SPB has been calculated as a functio
the sodium chloride concentration in the solution. Accord
to Hariharanet al. @46#, the local ionic strength within the

FIG. 7. Number of protein molecules adsorbed per spher
polyelectrolyte brush particle as a function of the concentration
sodium chloride (NSPB5N21N3). The data were derived from
PCH analysis of fluorescence fluctuations.
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brush shell,cbrush, is given by

cbrush5Fcsolution
2 1S r

2eNA
D 2G1/2

, ~9!

wherecsolution is the sodium chloride solution concentratio
e is the electron charge, andNA is the Avogadro constant
The charge densityr within the brush shell depends on th
core radiusR, the shell thicknessL, and the grafting density
s of the SPB, as well as on the contour lengthLc of the PAA
chains and the Bjerrum lengthl B :

r5
3eR2sLc

l B@~R1L !32R3#
. ~10!

As can be seen from Fig. 8, the local ionic strength with
the brush shell of the SPB is approaching the solution
concentration in the concentration range of 10–100 mM.
salt concentrations greater than 100 mM, there is no dif
ence between the salt concentrations of the surrounding
the SPB interior. Therefore, under these higher ionic stren
conditions, counterion release cannot be the driving force
protein binding to the SPB. Indeed, we have observe
strongly reduced protein affinity for the SPB at these hig
sodium chloride concentrations~Fig. 7!. In addition, at
higher salt concentrations, the polyelectrolyte brush of
SPB partially collapses and protein molecules are repe
from the SPB by steric interactions. At a low ionic streng
the dominance of a counterion release over other driv
forces for protein binding to a SPB can be explained by
trapping of almost all counterions within the polyelectroly
brush@47#. This quantitative confinement of counterions h
not been found for nonbrush polyelectrolyte interfaces.

When comparing the numbers of adsorbed BSA a
SNase molecules per single polyelectrolyte brush~Fig. 5!, a
higher number is found for SNase. Attractive Coulomb int
actions between SNase and the SPB is a likely explana
for this finding. However, if one converts the numbers
adsorbed protein molecules to protein masses, both prot
show very similar binding, about 2.75310216g BSA and

al
f

FIG. 8. Local ionic strength within the brush shell of the SPB
a function of the sodium chloride concentration in the bulk solut
~solid circles!. The data are calculated on the basis of the c
radius and the shell thickness of the SPB taken from Ref.@19#. For
comparison, the solid line showscbrush5csolution.
1-7
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2.79310216g SNase are adsorbed at protein solution conc
trations of 0.5 nM. The similarity of the masses suggests
the protein binding capacity of the SPB is also determined
volume effects.

V. CONCLUSIONS

In this study, fluorescence fluctuation spectroscopy w
PCH analysis has been presented as a new tool to invest
the binding of protein molecules to colloidal particlesin situ.
Whereas fluorescence fluctuations are traditionally proce
by a calculation of the autocorrelation function, we ha
found that a complementary determination of the pho
counting histogram~PCH! is advantageous when the partic
numbers of a multicomponent system are of interest and
particles vary in their brightness. We have extended a re
report in which the degree of BSA binding to a SPB af
intensive rinsing was studied@19#. In this work we report on
the quantitative binding of two proteins, BSA~negatively
O
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charged! and SNase~positively charged!, to SPBsin situ.
Increasing the concentration of sodium chloride in the so
tion to approximately 100 mM leads to a drastically reduc
protein affinity for the SPB. The results of this study provi
further evidence for a counterion release as the almost si
driving force for protein binding to SPBs. The dominance
this entropic driving force has not been reported so far
other protein/colloid systems.
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