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Thin films of polyelectrolyte multilayers composed of alternating layers of poly(styrene sulfonate) and poly-
(allylamine hydrochloride) were characterized in terms of their structure, surface potential, and viscosity, by
monitoring the Brownian height fluctuations of colloidal beads placed on the films using dual wavelength-
reflection interference contrast microscopy (DW-RICM). Special attention was directed toward characterizing
the surface properties of the probe beads. The effect of coating the beads with differently charged polymers
and of having differently charged polymers as the topmost layer of the film was investigated. It was found
that, unless the coated beads and the topmost layer were similarly charged, the beads were present at a lower
height than expected and did not exhibit any Brownian fluctuations. In the case of well-fluctuating beads, the
film thickness obtained by DW-RICM agreed well with that obtained by optical waveguide lightmode
spectroscopy. The height fluctuations of the beads were analyzed to yield information about the bead/film
interaction potential and the viscosity of the films. Both the viscosity and the stiffness of the potential decrease
as the film thickness increases. We also report an unexpected power law dependence of the stiffness of the
bead/substrate interaction potential on the height of the beads.

Introduction

Surface modifications of materials are of primary importance
for biomedical applications.1-3 Among the different techniques
used to modify surfaces, the deposition of polyelectrolyte
multilayers (PEMs) has emerged as an easy to handle and
versatile tool.4-6 It involves alternate deposition of polycations
and polyanions and allows the buildup of films with tunable
properties by adjusting parameters such as the chemical nature
of the polyelectrolytes, pH and ionic strength of the medium,
and immersion and rinsing times. It is thus possible to obtain
an almost infinite variety of architectures with different per-
meabilities,7 optical properties,8 or even cell adhesion proper-
ties.9,10 One of the most investigated polyelectrolyte systems is
based on poly(styrene sulfonate)/poly(allylamine hydrochloride)
(PSS/PAH). These nanometer-thick multilayers have been
characterized by a wide range of techniques. Both the mass and
the thickness of the films have been shown to exhibit, in the
dried state, a linear growth with the number of deposition
steps.11,12PSS/PAH films were also used as a reference system
for following in situ, under a liquid environment, the process
of PEM buildup by various optical biosensors, such as scanning

angle reflectometry (SAR),13 optical waveguide lightmode
spectroscopy (OWLS),14,15 and a colorimetric resonant bio-
sensor.16 Films made of synthetic polyelectrolytes such as PSS/
PAH are attracting interest as new biomaterial coatings, because
they are highly biocompatible in vitro and favor the growth of
primary endothelial cells and primary fibroblasts.17,18

For many applications, e.g., when the films are subjected to
flow, deformation, shear stress, aging, or when they are used
as a substrate for promoting or inhibiting cell growth,10,17 it is
important to control the mechanical properties of the film.19

However, the viscoelastic properties of these layer-by-layer
polyelectrolyte films are still poorly understood. This is partly
due to the lack of available techniques capable of probing the
rheology at length scales relevant to these films whose thickness
range from nanometers to micrometers. The few studies
undertaken so far were focused on the elasticity and mechanical
stability of hollow capsules of the polyelectrolytes.20,21Several
techniques based on colloidal probes have recently been
developed to study soft thin films. These include surface force
measurements with colloidal beads attached to atomic force
microscopy (AFM) tips,22,23total internal reflection microscopy
(TIRM),24,25 and reflection interference contrast microscopy
(RICM).26-28

Using conventional RICM, it is possible to measure the
instantaneous height (i.e., the distance from the underlaying
substrate) of colloidal beads hovering over transparent planar
substrates in a liquid medium and to reconstruct the bead/surface
interaction potentials from the height distribution functions. As
in any interferometric technique using monochromatic light, the
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height determination has an inherent ambiguity of approximately
half the wavelength of the light used, which is usually of the
order of 200 nm. Recently, the RICM technique was further
modified to include a second wavelength (dual wavelength, or
DW-RICM), which enables the measurement of absolute
heights up to∼800 nm with an accuracy of 3 nm.29 With this
technique, the interaction potentials and the effective surface
friction coefficients can be measured as a function of the
absolute distances of the beads from the substrate. DW-RICM
is thus ideal for investigating the surface properties of thin
nanostructured films. However, in all the techniques involving
colloidal probes, including DW-RICM, it is important to first
characterize the probe beads, in terms of their surface properties,
because the bead surfaces are typically not smooth and hard
but exhibit some roughness, fuzziness, and hairiness, as a result
of the polymer nature of polystyrene, which is the material that
typically comprises colloidal beads.30,31

In this paper, we report the characterization of thin films made
of PEMs, in terms of their thickness, surface potentials, and
surface friction coefficients using DW-RICM, with special
attention to the influence of bead/film interaction on the
measured parameters. The beads to be used as probes were first
characterized in terms of the fuzziness of their surface. Next,
the DW-RICM technique was validated for absolute height
measurements by comparing the heights of multilayer films of
controlled thickness, as measured by DW-RICM, with OWLS
data. The influence of having different coatings on the beads
and of different polyelectrolytes (PSS or PAH) as the topmost
layer on the behavior of the beads was investigated. Finally,
the bead/film interaction potential and the surface friction
coefficient of the films was obtained by monitoring the thermal
fluctuations of colloidal beads placed on the films. The
interaction potential was characterized by its double derivative
(i.e., the curvature) at the minimum (i.e., around the equilibrium
height) and was compared to previous studies of colloidal beads
on glass substrates and on hyaluronic acid cushions.27,28 An
unexpected universal power law dependence of the curvature
of the interaction potential on the bead height is reported.

Materials and Methods

Substrates.Glass slides (24 mm× 24 mm, VWR Scientific)
that were cleaned by sonication in a 2% v/v detergent solution
(Hellmanex, Hellma, Germany), followed by repeated washing
and sonication in ultrapure water (Milli Q-Plus system, Milli-
pore, Bedford, MA), were used as bare glass substrates. Similar
slides that were cleaned with 10 mM sodium dodecyl sulfate
(SDS) and 0.1 N HCl and extensively rinsed with pure deionized
water were used as substrates for the polyelectrolyte multilayers.

Polyelectrolyte Solutions.Poly(sodium 4-styrene sulfonate)
(PSS, 70 kDa), poly(allylamine hydrochloride) (PAH, 70 kDa),
and poly(ethyleneimine) (PEI, 700 kDa) were purchased from
Sigma-Aldrich. All solutions were prepared using ultrapure
water (Milli Q-Plus system, Millipore) with a resistivity of 18.2
MΩ cm. Polyelectrolyte solutions were prepared by direct
dissolution in a filtered 0.15 M NaCl solution at pH 6 in order
to have a final concentration of 5 mg/mL.

Beads.Carboxyl-modified polystyrene beads with a diameter
of 10.15( 0.06µm were purchased from Duke Scientific (Palo
Alto, CA). For experiments on glass, the beads were used after
washing in ultrapure water. For experiments on PEM films,
beads were coated with bovine serum albumin (BSA) (Sigma-
Aldrich, incubation for 30 min), followed by three rinsing steps.
Beads were also coated with PSS or PAH following the same
procedure. Sulfate-modified polystyrene beads with a diameter

of 9.6 ( 0.7 µm were purchased from Interfacial Dynamics
Corporation (Molecular Probes, Eugene, OR). Prior to use, the
beads were washed with ultrapure water.

Experiments on bare glass with Duke and IDC beads were
performed in potassium chloride (KCl) solutions of various ionic
strengths.

Automatic Buildup of the Polyelectrolyte Multilayered
Films. In the following, films ending with a PAH (positive)
layer are called PEI-(PSS/PAH)i films and films ending with
a PSS (negative) layer are called PEI-(PSS/PAH)i-PSS. The
subscript “i” refers to the number of PSS/PAH layer pairs.

All the PEI-(PSS/PAH)i films were prepared with an
automatic dipping machine (Dipping Robot DR3, Kirstein
GmbH, Germany). First, a precursor layer of PEI was deposited
on the glass substrates. The glass slides were arranged vertically
in a homemade holder that was immersed for 10 min in a first
polyelectrolyte solution (PEI). The slides were subsequently
rinsed successively in three different beakers, containing 0.15
M NaCl solution (pH 6), of volumes of 350, 200, and 200 mL
for 2, 6, and 6 min, respectively. They were then dipped into
the oppositely charged polyelectrolyte solution (PSS) followed
by the same rinsing procedure. The entire procedure was
repeated with the PAH solution and so on. Rinsing solutions
were changed after the deposition of every tenth layer. Slides
were stored in 6-wells culture plates at 4°C.

Analysis of Film Growth and Zeta Potential. The PEI-
(PSS/PAH)i film buildup process was followed in situ by
OWLS.32,33Briefly, OWLS is sensitive to the penetration depth
of an evanescent wave (∼200-300 nm) traveling through a
polymer film deposited on a waveguide surface and gives access
to the optical properties of the film. The effective refractive
indexes of the waveguidesNTE and NTM for the transverse
electric and transverse magnetic waves, respectivelysare meas-
ured. From these, the film refractive index (nA) and thickness
(dA) can be deduced by solving the phase equations. This method
has already been experimentally applied to polyelectrolyte
multilayers.15,34One hundred microliters of the polyelectrolyte
solutions was injected (alternately polycation and polyanion),
left at rest for 15 min, and rinsed under constant flow (rate 7
mL/h) for 12 min with the NaCl solution.

The zeta potential of the layers adsorbed on a capillary were
measured using a homemade streaming potential measurement
apparatus.35 The apparatus and the experimental procedure have
been previously described.13,36The adsorption of PSS and PAH
was performed in a 0.15 M NaCl solution, and measurements
were performed after a rinsing step, following the deposition
of each layer. The rinsing solution (also present during the
measurements) contained only 0.5 mM Tris at pH 6.

Dual-Wavelength Reflection Interference Contrast Mi-
croscopy (DW-RICM) Technique. The DW-RICM tech-
nique has been described in detail elsewhere.29 In conventional
RICM, monochromatic light is incident on the bead under study,
which typically hovers over a bare glass substrate or a
transparent polymer film (deposited on a glass substrate) in a
liquid medium. The incident light is reflected from the glass/
buffer interface and again from the buffer/bead interface. These
two reflected rays interfere and result in the characteristic RICM
interference pattern that consists of concentric dark and bright
circular fringes in case of spherically symmetric objects such
as beads. The major drawback of the conventional RICM
technique is that the information about the absolute phases of
the beams reflected by the various interfaces of a film is not
known. Therefore, absolute distances cannot be measured,
because there is an ambiguity of a factorλ/(2n) (whereλ is the
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wavelength of the light used andn is the refractive index of the
medium). This drawback can be overcome by comparing the
interferograms obtained simultaneously with two different
wavelengths. In other words, an additional periodicity and
boundary condition is introduced by observing a second
wavelength. This enables the measurement of absolute heights
of the beads above a planar surface.

A reflection interference contrast inverted microscope
(Axiomat Zeiss, Germany) that was equipped with an antiflex
objective (63×, oil immersion, N.A.) 1.3) was used. In this
setup, the sample is illuminated through the objective by a
bichromatic light beam (λ ) 546 and 436 nm) generated by
passing the light from a 100 W mercury vapor lamp (Osram,
Germany) through an interference filter (IF filter, 85% transmis-
sion, 12 nm waveband; AF-Analyzetechnik, Germany). Just
before recording the image, the images corresponding to the
two wavelengths are separated by a dichroic mirror and recorded
with two charge-coupled device (CCD) cameras (models 4880-
85 (10 bit) and 4742-95 (12 bit), Hamamatsu, Japan).

The heights of the beads were determined, within theλ/(2n)
ambiguity, from the radii of the interference fringes obtained
using λ ) 546 nm. In principle, for a bead of radiusR, the
heighth(rl) and the radius of thelth fringe rl are related by

However, in this equation, the curvature of the bead has not
been taken into account. Therefore, a more accurate empirical
relation29 was used to determine the heights of the beads. The
ambiguity ofλ/(2n) in the height was removed by comparing
the interferograms obtained with the two wavelengths. Using
this technique, the absolute and relative heights of a bead can
be determined respectively with an accuracy of∼3 nm about
∼0.4 nm.

Determination of the Interfacial Potential and the Surface
Viscosity. The Brownian motion of a colloidal bead in an
interfacial potentialV(h) can be described by the Langevin
equation:

whereh is the distance of the bead from the substrate,m the
mass of the bead,t the time variable, andfstoch the stochastic
force due to thermal noise. In the case of a colloidal bead, the
inertial term (the first term on the left-hand side) can be
neglected. The second term accounts for the viscous force, where
γ is an effective friction coefficient. The third term accounts
for the interfacial interaction potentialV(h) between the bead
and the polymer film. For small deformations,V(h) can be
expressed in terms of a harmonic potentialV(h) ) V′′(∆h)2,
whereV′′ ) ∂2V/∂h2 and∆h ) h - 〈h〉. V′′ is a measure of the
stiffness of the interfacial potential.

The effective frictionγ experienced by a sphere exhibiting
steady-state motion at a distanceh from a wall is determined
by a modified Stoke’s law:37,38

where the functionF(R/h) accounts for the fluid drainage
between the bead and the wall andηeff is the effective surface
viscosity.

The two viscoelastic parametersV′′ andγ can be determined
by calculating the time correlation function of the fluctuation
of the distance between the bead and the substrate, according
to

The interaction potential can also be obtained from the
probability distribution of the heights using Boltzmann’s
law:26

For our measurements, we have confirmed that both methods
yield approximately the same value forV′′(h) (data not shown).

Results and Discussion

Characterization of Probe Beads.The absolute equilibrium
height of colloidal beads hovering over glass substrates were
measured as a function of the ionic strength of the medium,
which was varied from 0.5 mM to 0.3 M by adding KCl.
Measurements were performed with carboxyl-modified (Duke)
and sulfate-modified (IDC) beads.

In Figure 1, the measured equilibrium heights of the beads
are plotted against the ionic strength of the buffer. Each data
point corresponds to the average equilibrium height calculated
from at least five different beads; the error bars indicate the
standard deviations of the distributions.

The interfacial interaction potential experienced by the beads
is expected to be the sum of three contributions: the electrostatic
double layer repulsion, gravity, and the van der Waals force.
When the separation distance is greater than several Debye
lengths, the van der Waals attraction is expected to be severely
retarded and screened24 and can, therefore, be neglected. Also,
the double-layer repulsion is expected to be well-modeled using

h(rl) ) λ
2n

- R + xR2 - rl
2

m
∂

2h

∂t2
+ γ ∂h

∂t
+ ∂V

∂h
) fstoch (1)

γ ) 6πRηeffF(Rh) (2)

Figure 1. Experimental and theoretical equilibrium heights as a
function of the ionic strength for two different types of beads hovering
over a bare glass substrate. Experimental points were determined by
the dual-wavelength-reflectance interference contrast microscopy (DW-
RICM) technique (9) for carboxyl-modified beads from Duke and (O)
for sulfate-modified beads from IDC. The lines correspond to the
theoretical equilibrium heights calculated using eq 6 with the surface
charge of the glass substrate given asσG ) 0.0007 C/m2. The thin
solid line corresponds to IDC beads (σB ) 0.0001 mC/m2, no fuzzy
layer), and the thick solid line corresponds to Duke beads (σB ) 0.0005
C/m2, fuzzy layer of 7 nm). Inset shows an enlarged view of the low
ionic strength range (0-12 mM).

〈h(t)h(t + τ)〉 )
kBT

V
exp(-V′′

γ
τ) (3)

V(h) ) -kBT ln(P(h)
P0

) (4)
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linear superposition and Derjaguin’s approximation. This in-
teraction potential is given by

where

and

ε0 andεR are, respectively, the permittivity and relative dielectric
constant of water,R is the radius of the sphere,e is the elemental
charge, andψB andψG are the Stern potentials of the bead and
the glass wall. The reciprocal screening length is given as

whereI the total ionic strength,kB the Bolzmann constant, and
FB and FF are the densities of the bead and the medium,
respectively. The surface potentials (of both glass (G) and
polystyrene bead (B)) are related to the surface charge densities
(σB) by the Graham equation:39

with

Equation 5 can then be minimized to obtain the theoretically
expected equilibrium height (hEQ), given by

Contrary to expectations from theoretical consideration, heights
of ∼20 nm were measured for the carboxyl-modified Duke
beads at high salt concentrations (g50 mM). At these ionic
strengths, the Coulomb repulsion is expected to be screened
and the beads are expected to “salt out” or sediment out of
solution, onto the substrate. However, when the beads were
placed on a positively charged surface (glass slides coated with
aminosilane), the measured height was of the order of a few
nanometers. It was also possible to push the beads closer to a
bare glass surface by applying an external downward mechanical
force. All these observations are consistent with the hypothesis
that a fuzzy polymer layer is present around the bead,31,40 and
this layer is too dilute to reflect light but nevertheless marks
the mechanical boundary of the particle. When an external force
is applied, either in the form of Coulomb attraction from a
positively charged surface or as a downward mechanical force,
the dilute fuzzy layer gets compressed and the bead is driven
closer to the substrate. The thickness of this fuzzy layer depends
strongly on the surface modification of the bead and can vary,
even for the same chemical surface modification, from one
manufacturer to the other (data not shown). Thus, in experiments
using optical techniques that necessarily rely on the optical

density of the bead, the bead appears to be higher than it really
is, because of the presence of the fuzzy layer.

For fitting the experimental heights shown in Figure 1 with
eq 6, the surface charge of the glass substrate was taken to be
σG ) 0.0007 C/m2, according to von Gru¨nberg.41 The only free
parameter in the fitting was the surface charge density of the
bead, which was varied in order to optimize the fit. It was found
that the measured heights were always consistently higher than
the expected height. However, adding a constant heighthfuzz to
the hEQ value, to account for the fuzzy layer, improves the fit
significantly (the thick solid line in Figure 1). The best values
for hfuzz and the bead surface charge density (σB) were
determined to be 7 nm and 0.0005 C/m2, respectively. The fuzzy
layer thickness estimated here is approximately the same as the
surface roughness estimated from AFM observations.24

The second type of beads (IDC) considered were sulfate-
modified polystyrene. The theoretical equilibrium height curve
is plotted as a thin solid line in Figure 1 (withhfuzz ) 0 andσB

) 0.0001 mC/m2) and fits the data adequately for concentrations
of <50 mM. The best fit for the fuzzy layer thickness was zero.
Contrary to expectations, the height of the IDC beads increases
at high salt concentrations. We believe that these deviations are
unlikely to result from zeta potential effects, because the zeta
potential shift toward more-positive values (in the case of our
beads, which have large negative charges, the charge should
become less negative, that is, shift toward zero charge) when
the ionic strength is increased, thus leading to an enhanced
attraction (or reduced repulsion) between the bead and the glass
substrate. On the other hand, the RICM interference fringes
indicate that, above an ionic strength of 50 mM, the average
bead size increases with the salt concentration, which, in turn,
leads to a decrease in the bead density. The increase of height
with salt concentration is thus attributed to the decrease in bead
density.

It is also possible to extract from the height fluctuations the
interfacial interaction potential experienced by the beads. The
potential energy of Duke beads hovering over bare glass in
media of different ionic strengths is shown in Figure 2. The
data points are represented by symbols and the expected
theoretical potentials (calculated from eq 5) are represented as
solid lines. As can be seen, the theoretical curve agrees well
with the data for low ionic strengths (up to∼10 mM). At ionic
strengths of 5 mM and above, the observed potentials are more
symmetric than expected, because the slopeC of the attractive
portion of the measured potential is higher than that expected
from gravity alone. The discrepancy between theory and
experiment becomes larger as the ionic strength increases
(corresponding to lower heights), and, at 50 mM or more, the
theoretical and experimental curves are totally mismatched.

In the second part of this work, measurements were performed
on PEMs using the monodisperse Duke beads as probes.
Because the size of each bead can be determined from the RICM
interference fringes, IDC beads could, in principle, also be used.
However, beads of different sizes have different weights and,
hence, compress the films differently. Therefore, although the
Duke beads exhibit a fuzzy layer, they were preferred over the
IDC beads, because they are more monodisperse.

Growth of PSS/PAH Films. As a first check of the growth
of the PSS/PAH films, we used the well-established in situ
OWLS technique. A typical curve obtained during the successive
adsorption of PSS and PAH from 0.15 M NaCl solutions is
shown in Figure 3. The increase in the effective refractive index
NTM (raw signal) after the addition of each new layer indicates
polyelectrolyte adsorption. The charge overcompensation that

V(h) ) B exp(-κh) + Ch (5)

B ) 4πRε0εR(kT
e )2

tanh(eψB

4kT) tanh(eψG

4kT)

C ) 4
3
πR3(FB - FF)g

κ ) x8πIe2

εkBT

4πλBσG ) -2κ sinh( ψG

2 )

λB ) e2

4πε0kTεR

κhEQ ) ln(κB
C ) (6)
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appears on the surface after each deposition constitutes the
driving force for the deposition of the next layer. The zeta
potential of these films alternated between negative and positive
values. It was approximately-50 mV for PSS-ending layers
and approximately+55 mV for PAH-ending layers (see inset
in Figure 3). The thickness increased linearly with the number
of bilayers, and after the deposition of 10 layer pairs, the mean
thickness estimated by OWLS was determined to be∼50 nm
with a film refractive index ofnA ) 1.5.

BSA Beads on PSS-Ending Films: Film Thickness and
Interaction Potential. The validity of the DW-RICM tech-
nique for thickness measurements of thin PEM films was
checked with PSS/PAH multilayers of various well-controlled
thicknesses. BSA-coated beads are known to be passivated, with
respect to hydrophobic attraction,42 and PSS is known to interact
only slightly with albumin.43 Therefore, in the first set of
experiments, PSS-ending films were studied using BSA-coated
beads as colloidal probes.

PEI-(PSS/PAH)i-PSS films with the number of layer pairs
“ i” in the range of 5-30 were studied. The absolute equilibrium
heights of the beads are plotted in Figure 4A for all the PSS-
ending films. Each data point is obtained by averaging the
heights of at least 16 beads on at least 2 different samples. The
error bars correspond to the standard deviation of the heights
obtained for a given number of layer pairs. The absolute height

of the beads, as well as the inhomogeneity in the bead height
distribution, increase as the number of layer pairs increases;
the highest scatter in the height data is observed for 30 layer
pairs (where the height ranges from 80 nm up to 260 nm). The
dotted line in Figure 4A is the regression line obtained from
OWLS data from films up to 10 layer pairs, which was linearly
extrapolated to 30 pairs of layers. The experimental height of
the beads obtained by RICM matches the extrapolated thickness
from OWLS data fairly well. A slight deviation is observed for
the thinnest films comprising 5 layer pairs. This discrepancy
may be related to the fact that, even on bare glass, bare beads
at 150 mM NaCl exhibited an average height of∼20 nm (see
Figure 1). The error bars reflect the heterogeneity of both the
PEM film and the bead surface. The standard deviation of the
height fluctuations of the beads is represented versus the number
of layer pairs in Figure 4B. As the number of layer pairs
increases, the height fluctuations are larger and more disperse.
For films containing more than 30 layer pairs, the interference
patterns were highly distorted, especially for the weaker blue
light, because of the high layer thickness combined with a rather
high refractive index (1.5) of the polyelectolyte film (Figure
5). As a consequence, images from films containing more than
30 layer pairs could not be analyzed.

PEM films are rather soft; therefore, the relatively large
colloidal beads used here compress and/or sink into the film,

Figure 2. Experimental potential energy profiles determined from the
height fluctuations of the beads for 10-µm polystyrene spheres
interacting with a bare glass slide at various ionic strengths: (A) (O)
0.5 mM, (0) 5 mM, and (3) 10 mM, and (B) (4) 50 mM. Each curve
corresponds to one single bead. Solid curves are calculated from eq 5,
using FB - FF ) 100 andR ) 5.2 µm. Changing the ionic strength
changes the slope of the right-hand side of the theoretical profiles but
only slightly. The slope is given byC, which depends onFB - FF, and
R is the radius of the sphere.

Figure 3. (A) Raw NTM signal obtained as a function of time during
a PEI-(PSS/PAH)10 film buildup from a 0.15 M NaCl solution, as
measured by the optical waveguide lightmode spectroscopy (OWLS)
technique. Dotted lines indicate the polyelectrolyte injection steps. (B)
Thickness obtained by OWLS as a function of the number of layers.
Inset shows the evolution of the zeta potential of a PEI-(PSS/PAH)5
film during its buildup. A linear fit was added to guide the eyes.
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which leads to a decrease in the apparent thickness of the film.
On the other hand, because of the fuzzy layer around the bead,
the bead appears to be slightly higher than it is in reality, thus
increasing the apparent thickness of the film. Moreover, in the
height calculations, we have not taken into account the fact that
the refractive index of the polymer films (nF) is higher than
that of water (n), the medium for which the beads were
calibrated. This leads to two effects. The first effect results from
the fact that the optical path traveled by the ray that gets re-
flected from the bead now travels through a medium with a
refractive index ofnF ) 1.500, instead of through water that
contains salt, with a refractive index ofn )1.334. This leads to
an increase in the path difference between the two reflected
rays and, therefore, an increase in the apparent height by a factor
of nF/n ≈ 1.12. The second effect is more subtle and results
from the fact that the radii of the interference fringes and,
hence, the calculated heights depend on the refractive index of
the film.

For the PSS/PAH films studied here, these three effectss
namely, film compression, steric levitation (the fuzzy layer

effect), and the refractive index effectsscompensate each other
in such a way that the measured data remain close to the line
extrapolated from OWLS data. The interaction potential of the
beads on PSS/PAH films of various thicknesses are represented
in Figure 6 (note the difference in scale of the abscissa between
panels A and B). A comparison with Figure 2 shows that the
potentials over the PEI-(PSS/PAH)i-PSS films are different
from the potentials over glass at an equivalent ionic strength.
The stiffness of the potential decreases as the number of layers
increases.

PSS- or PAH-Coated Beads on PSS-Ending Films: Influ-
ence of Bead Coating.The effect of coating the beads with
different polymers (PSS or PAH) on the bead/film interaction
potential was explored. Duke beads were coated either with PSS
or with PAH and were placed on PSS-ending PEM films. As a
polycation, PAH adsorbs onto polystyrene10 and also onto
carboxyl-modified surfaces groups, because of its positive
charge. In case of PSS, the adsorption is not because of the
charge but because of hydrophobic interactions with the
modified polystyrene beads.42

Figure 4. (A) Absolute height of BSA-coated beads on the PEI-(PSS/PAH)i-PSS multilayer films, as measured by the DW-RICM technique,
as a function of the number of layer pairs (i ) 5, 10, 20, 30). Symbols represent averages over all the beads for a given number of layer pairs. The
error bars represent the dispersion in the height data. (B) Standard deviations of the height fluctuation of the beads as a function of the numberi
of layer pairs in the film. Each symbol corresponds to one bead and represents the amplitude of fluctuation.
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As a control, the behavior of the coated beads on bare glass
(buffer ionic strength 0.15 M NaCl, pH 6.5) was checked. The
average height of the BSA-coated beads (22.5( 2.3 nm) was
similar to that of the PSS-coated beads (21.9( 5.5 nm);
however, the dispersion in the measured heights was higher for
the PSS-coated beads. The height fluctuations of the BSA- and

PSS-coated beads with standard deviations of 0.5( 0.3 nm
and 0.4( 0.3 nm, respectively, were also similar. The positively
charged PAH-coated beads were slightly lower (17.9( 2.2 nm),
indicating an attractive interaction of the beads toward the glass
substrate. Free PAH molecules from a solution are known to
adsorb onto a bare glass substrate.44 Therefore, it can be
conjectured that, in the present case, the PAH molecules that
are adsorbed onto the bead surface facilitate its attraction to
the glass substrate.

The behavior of the coated beads placed on the PEM films
ending with a PSS layer depends crucially on the nature of the
bead coating. The most obvious difference is that, whereas the
PSS-coated beads fluctuate in a manner similar to that of BSA-
coated beads on similar films, the PAH-coated beads do not
experience any fluctuation whatsoever.

The absolute heights of the beads with the two different
polymer coatings, as a function of the number of pairs of layers
in the film, are shown in Figure 7. A comparison with Figure
4 shows that the measured heights for the PSS-coated beads
are very close to that of the BSA-coated beads. The height
fluctuations are consistently larger for the PSS-coated beads
(Figure 7B) than for the BSA-coated ones (Figure 4B). This is

Figure 5. DW-RICM interference patterns obtained using two
wavelengths (G denotes green at 546 nm andB denotes blue at 436
nm) for two 10-µm beads hovering over PSS-ending films made of 30
layer pairs (G1 andB1) and 50 layer pairs (G2 andB2). For the 50
layer pairs, the interference pattern is highly distorted and, therefore,
is not amenable to further analysis.

Figure 6. Potential energy profiles for 10-µm polystyrene spheres
hovering over PEI-(PSS/PAH)i-PSS multilayer films made of an
increasing number of bilayers (i ) 5, 10, 20, 30) in a 0.15 M NaCl
solution (pH 6.5): (A) (O) i ) 5 and (0) i ) 11; (B) (3) i ) 20 and
(O) i ) 30. (Note the difference in the height scale for the two graphs.)

Figure 7. (A) Absolute heights of the PEI-(PSS/PAH)i-PSS multi-
layer films, as measured by the DW-RICM technique, as a function
of the number of bilayersi for (O) PSS-coated beads and (b) PAH-
coated beads. The solid line represents the fit obtained with OWLS
data, and the dashed line represents a line of height 42 nm, which is
the average of all the heights measured on the PAH-ending samples.
(B) Standard deviations of the height fluctuations for all the beads, as
a function of the number of layer pairsi in the PEM film (with same
symbols as for panel A). Each symbol is the mean of all the data
obtained for at least 16 beads on two different PEM films (of samei)
with the corresponding standard deviation. Dashed line corresponds to
fluctuations of 0.4 nm, which is the experimental limit of resolution.
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likely to be a consequence of the steric and Coulomb repulsive
interactions between the PSS coating of the beads and the PSS
outer layer of the film.

In case of PAH-coated beads, the bead heights and, hence,
the apparent film thickness did not increase with the number
of layers (Figure 7A) but remained approximately constant at
∼42 nm. The maximum height measured was∼60 nm. The
amplitude of the height fluctuation is∼0.4 nm, which is close
to the limit of resolution of the experiment (Figure 7B).

The low bead heights and low amplitude of height fluctuations
of the PAH-coated beads suggest that these beads get embedded
into the PEM film. A possible mechanism could be a step-by-
step bead/PEM interaction, such that the positively charged PAH
coating of the bead first interacts with the negatively charged
outermost PSS layer of the film. At this stage, the bead gets
partially covered with negatively charged PSS, which then
interacts with the next underlying positively charged PAH layer,
and so on. In the case of negatively charged PSS-covered beads,
the similarly charged PSS on the outermost layer of the PEM
film has a repulsive interaction with the bead, preventing it from
undergoing further interaction with the underlying layers. Figure
8 summarizes why PSS- or BSA-coated beads do not sink into
the film, whereas PAH-coated beads do.

Experiments on PAH-Ending Films. In the next set of
experiments, the behavior of the coated beads on PAH-ending
PEM films was studied. The BSA- and PSS-coated beads were
at a height of∼50 nm, irrespective of the number of layers in
the PEM films, and did not exhibit any height fluctuations (see
Table 1). Since BSA- and PSS-coated beads are negatively
charged, they are expected to experience an attractive interaction
with the positively charged PAH-ending films. Moreover, it has
been demonstrated by SAR that albumin adsorbs strongly onto

PAH-ending films but only weakly on PSS-ending films.43,45

Therefore, the absence of fluctuations and the uniform bead
height for all the samples can again be attributed to the attractive
interaction of the beads with the positively charged outermost
layer of the films, eventually leading to the beads getting
embedded in the films (Figure 8).

Unexpectedly, PAH-coated beads on PAH-ending films did
not exhibit significant height fluctuations. This may originate
from an imperfect coating of the beads with PAH and/or the
presence of defects in the positive topmost layer, which expose
the negative layers underneath and lead to attractive bead/film
interactions.

Film Viscosity and Bead/Film Interaction Potential. The
effective frictionsand, hence, the effective surface viscosity
(ηeff)sexperienced by a bead can be calculated from the height
correlation function, using eqs 3 and 4. When, as in the present
case, the bead fluctuates near a hard wall (the glass substrate)
with R . h, F(R/h) in eq 2 can be approximated asF(R/h) ≈
R/h.46 Because the bead is only partially submerged in the
polyelectrolyte film, the effective viscosity has contributions
from both the surrounding buffer and the film. Note that the
viscosity reported here is a sum of these two contributions and
characterizes the entire film/buffer interface. In Figure 9A,ηeff

(for BSA-coated beads on PSS-ending films) is plotted as a
function of the number of layer pairs in the PEM film. As can
be seen,ηeff decreases as the number of layer pairs increases.
For a 50-nm-thick film made of 10 layer pairs, the effective
viscosity is∼10 times that of water, whereas a film containing
30 layer pairs is only four times more viscous than water. This

Figure 8. Scheme of the interaction of a colloidal probe with a PSS/
PAH multilayer film (PSS being the polyanion and PAH the polycation)
on top of a PSS-ending film for a BSA- or PSS-coated bead and for a
PAH-coated bead. For clarity, only a few bilayers have been repre-
sented; the gray zone represents many bilayers. The parameterhEQ is
the equilibrium height of the bead measured by DW-RICM. In the
left panel, the bead is hovering over the film, whereas in the right panel,
it is stuck into the film.

TABLE 1: Averages and Standard Deviations of the Height
Fluctuations of the Beads on Top of PEI-(PSS/
PAH) i-PAH-Ending Filmsa

Bead Coating (nm)number of
layer pairs,i BSA PSS PAH

5 0.6( 0.5 (20) 0.4( 0.2 (10) 0.7( 0.5 (17)
10 0.7( 0.5 (12) 0.8( 0.7 (12) 1.0( 0.7 (12)
20 0.6( 0.5 (10) 0.5( 0.2 (11) 1.7( 0.7 (10)
30 0.5( 0.3 (9) 0.7( 0.6 (10) 1.1( 0.4 (10)

a Beads were coated with BSA, PSS (negative), or PAH (positive).
The number of beads over which an average was obtained is given in
parentheses.

Figure 9. (A) Effective surface viscosity as a function of the number
of layer pairsi in the film for the same beads, and (B) evolution of the
second derivative of the interaction potentialV′′ (force constant
characterizing resistance of the film against elastic deformation), as a
function of the number of layer pairsi in the PEI-(PSS/PAH)i-PSS
films for BSA-coated Duke beads.
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effect probably results because the film is attached to an
underlying hard substrate.

The second derivative of the interaction potentialV′′ can also
be extracted from the autocorrelation function of the bead height
fluctuations (see eq 3). In Figure 9B,V′′ (for BSA-coated beads
on PSS-ending films) is plotted as a function of the number of
layer pairs in the PEM films. As can be seen,V′′ decreases as
the number of layer pairs increases. In Figure 10A, theV′′ value
and the height obtained for each given numberi of layer pairs
(5, 10, 20, 30) have been gathered (same data as in Figure 9B)
and the averages have been plotted. The monotonic decrease
of V′′, as a function of the height, can be fitted by the relation
V′′ ≈ hR, with R ) -4.33.

This type of power law dependence also occurs in the case
of ultrathin layers of hyaluronic acid28 and for bare beads on
bare glass. In all these cases, the exponentR is close to-4. To
compare the present data with the data for beads on hyaluronic
acid and bare glass, all the data have been gathered in Figure
10B. Note that two different types of beads were used for the
experiments on hyaluronic acid and on bare glass: carboxyl-
modified beads that were purchased from Duke Scientific (the
same as in the present work) and carboxyl-modified PS beads
that were purchased from Polysciences.

All the experimental data approximately follow the same
power law (withR ) 4.19,R ) 0.84, withR being the linear
regression coefficient). It thus seems that the stiffness of the
potential experienced by a bead at a given height is determined
solely by its height and not by any other parameter. Changing
the ionic strength of the buffer or depositing polymer films
between the bead and the glass substrate changes the equilibrium
height of the bead and, hence, the stiffness of the potential.
However, at a given equilibrium height, the beads always
experience the same potential. Note that the working ionic
strengths considered here are rather large (in the range of a few
millimolar to a few hundred millimolar), whereas most studies
of colloidal beads are conducted at much lower ionic strengths.24,41

Our observations seem to indicate that, at high ionic strengths,
the dominant contribution to the interaction potential comes from
the glass surface itself and the intervening polymer layers do
not have any significant role in determining the stiffness of this
potential. The origin of this power law dependence is not clear
and, until this issue is resolved, the elastic parameters extracted
for relatively thin films from any colloidal probe technique will
remain suspect.

Discussion

In this work, DW-RICM was used to probe the structure
and surface properties of PSS/PAH polyelectrolyte multilayer
films, using colloidal probes, with special attention to surface
properties of the probe beads. It was found that the surface of
the carboxyl-modified beads, which were subsequently used as
probes on the PSS/PAH films, is not hard but is comprised of
an∼10-nm-thick fuzzy polymer layer. Taking into account this
fuzzy layer, the theoretically estimated heights for beads on bare
glass were shown to agree well with the experiments reported
here. For the PSS/PAH films, the measured heights correlate
well with the thickness of the films, as estimated from OWLS
measurements. By coating the beads and depositing polycations
(PAH) or polyanions (PSS) as the outermost layer of the film,
it was found that the relative charges of the beads and the
topmost layer have an important role in determining the bead
behavior. When the two were oppositely charged, the beads sunk
into the films and hardly fluctuated at all. When both the beads
and the topmost layer were negatively charged, the beads
fluctuated in a quadratic potential and exhibited heights that
were comparable to the expected film thickness. The height
fluctuations of the beads were analyzed to yield the bead/film
interaction potential and the effective film viscosity. Both the
effective film viscosity and the stiffness of the potential
decreased as the film thickness increased. In case of the stiffness
of the potential, a power law dependence on the height was
observed and a comparison with studies of colloidal beads on
bare glass substrates and on hyaluronic acid cushions27,28showed
that this power law dependence is universal with a common
exponent.
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Figure 10. (A) Evolution of V′′ as a function of the thickness of the
PEI-(PSS/PAH)i-PSS films as measured by DW-RICM. Each point
represents the average of all the data (8-16 beads per film) obtained
for films containingi ) 5, 10, 20, and 30 layer pairs. The standard
deviations (inX andY) are indicated by error bars. (B) Evolution of
V′′ as a function of the thickness obtained for different types of samples
and surfaces: (3) beads on glass (Schilling thesis); (4) Duke beads
on glass (present work); (O) beads on a hyaluronic acid cushion (data
from ref 27); (0) beads on a hyaluronic acid cushion (data from ref
28); (b) Duke beads on PSS-ending films (present work); and (9) Duke
beads on PAH-ending films (present work).
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