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Abstract Electrokinetic effects play an important role in
microfluidics and nanofluidics. Although the related
phenomena are often utilized to control fluid flow and
sample transport in lab-on-a-chip devices, their depen-
dency on the surface charges on the channel walls often
remain enigmatic. This is mainly due to the lack of ade-
quate experimental methods to analyse the electrical
charging of solid/liquid interfaces of interest. To address
this need, an experimental set-up—designated as microslit
electrokinetic set-up (MES)—has been recently developed
and applied for the investigation of charge formation
processes at planar solid/liquid interfaces. The device
permits to perform streaming potential and streaming
current measurements across a rectangular streaming
channel formed by two parallel sample carriers (20x
10x3 mm®) at variable distance allowing for the deter-
mination of the surface conductivity. Utilizing the MES,
charge characteristics can be determined for a wide variety
of materials prepared as thin films on top of planar glass
substrates. Streaming potential and streaming current
data permit to investigate the mechanisms of charge
formation while surface conductivity data provide infor-
mation about mobile charge carriers located in different
zones at the interface. The applicability of this advanced
experimental approach is demonstrated with examples
obtained for surfaces with different levels of complexity:
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1. Preferential ion adsorption onto unpolar fluoro-
polymer (Teflon® AF) films was characterized in
simple electrolyte solutions; the results were quanti-
tatively evaluated with respect to interfacial ion
concentrations.

2. Interrelation of charge density and conformation of
grafted poly(L-glutamic acid layers) were unravelled
from the determination of pH-depended variations of
surface conductivity and layer thickness.

3. The impact of spatial confinements of surface func-
tional groups on their acid—base behaviour was
studied with self-assembled monomolecular films of
alkanethiols chemisorbed on gold.

4. Charging of and ion mobility within poly(acrylic
acid) (PAA) brushes prepared by a Langmuir—
Blodgett technique were analysed at varied pH and
ionic strength.

5. Interfacial modes of adsorbed proteins were distin-
guished at two polymer surfaces with varied hydro-
phobicity/charge density.
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1 Introduction

In many applications, solid surfaces contact aqueous
media (Riepl et al. 1999; Fodor et al. 1993; Jeon and
Andrade 1991; Uyama et al. 1998). The resulting for-
mation of an interfacial electric charge often determines
the characteristics of the solid/liquid interface. Interfa-
cial charge was found to be relevant for a number of
fundamental phenomena such as wetting, adsorption
and adhesion (Grundke et al. 1995; Bismarck et al.
1999; Schmitt 2002) and, thus, crucial for a wide variety
of technologies. The kinetics of conjugation between li-
gands (proteins and nucleic acids) and biosensor sur-
faces (Liu et al. 2000; Baerga-Ortiz et al. 2000) as well as
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transport and separation processes in microscale bio-
analytic devices (Erickson and Li 2002; Stroock et al.
2000) depend on the charge at the interface, and on the
electrokinetic and electrodynamic phenomena associ-
ated with this charge. Therefore, the comprehensive
characterization of electrosurface phenomena at non-
conducting solid materials adjacent to aqueous solutions
is an important but not yet sufficiently addressed task in
the rational design of lab-on-a-chip systems. Impor-
tantly, the experimental assessment of surface charge is
required to permit the rational design of the surface
chemistry and structure on the channel walls of micro-
fluidic systems to enhance the electroosmotic transport
of fluids and the electrophoretic separation of samples in
lab-on-a-chip devices and to direct electrostatic inter-
actions between proteins and the microfluidic channels.

Potentialities and limitations of the experimental
assessment of electrosurface phenomena are very often
related to the determination and interpretation of the zeta
potential. This quantity is defined as the potential ‘at the
plane of shear—an imaginary plane separating the
solution adjacent to a smooth and charged interface into
two zones: an inner region where no fluid motion occurs
(hydrodynamic immobile layer) and an outer region
where fluid velocity takes non-zero values (Lyklema
1995). Zeta potentials are derived from the analysis of
electrokinetic effects which, briefly, consist of the tan-
gential displacement of a solid phase and an aqueous
solution caused by an external electrical field, or inversely,
consist of a charge separation by an external mechanical
force acting on the system to tangentially shift the two
phases. Electrokinetic measurements were found to be a
valuable tool providing direct information on the charge
of solid/liquid interfaces (Hunter 1981). This marks a
major advantage of this method when compared with
experiments rather indirectly related to the interfacial
charge (Garbassi et al. 1996). Since the electrokinetic
experiment considers the compensation of surface charge
by the ions of the double layer on the liquid side of the
interface it is often very useful when investigating prob-
lems of practical relevance (Jacobasch 1984; Werner et al.
1999). Electrokinetic measurements are—as another
advantage—applicable to solids of different shapes which
has stimulated the development of a variety of instru-
ments for the electrokinetic characterization of particles/
dispersions and macroscopic solid samples (van der Put
1980; Nitzsche and Simon 1997; van Wagenen and And-
rade 1980; Jacobasch and Schurz 1988).

However, very often the interpretation of electroki-
netic measurements is not unambiguous due to the
presence of physicochemical heterogeneity of the sur-
face, i.e. roughness, porosity, hairy layers or a patch-like
distribution of chemical properties. This fact was expe-
rienced as an apparent lack of reliability in several
experimental approaches but also provoked efforts to
extend both electrokinetic experiments and theory (Ly-
klema and Rovillard 1998; Ohshima 1995; Werner et al.
1998; Duval and van Leeuven 2004; Yezek 2005; Dukhin
et al. 2004, 2005). As an important conclusion to be

drawn from these activities for a majority of relevant
samples additional information about the analysed
interface is required for any reasonable interpretation of
electrokinetic experiments.

The surface conductivity K? (also designated as spe-
cific surface conductivity or interfacial conductivity) can
be considered as a very valuable parameter for that aim
since it independently reflects the ion accumulation at
the solid/liquid interface. In the context to be discussed
here, surface conductivity represents an excess conduc-
tivity of the interface due to the accumulation of ions
within the electrical double layer. Usually, surface con-
ductivity is treated in projection on an assumed inter-
facial plane according Eq. 1:

K =FY / lei(x) — c1(00)] wi(x) dx, (1)
! 0

where F is the Faraday constant, i, the index of different
ionic species, z, the valency of the ions, ¢(x), the ion
concentration perpendicular to the surface, ¢(e0), the ion
concentration of the bulk solution, u, the mobility of the
ions and, x, the distance from the surface.

As an important advantage, surface conductivity is
not related to any hydrodynamic slipping process and,
thus, not affected by properties influencing the liquid
flow at the interface. Although the resulting potentiali-
ties were pointed out by Dukhin (Dukhin and Derjaguin
1974) and a few others already, many years ago many
authors continued to treat surface conductivity rather as
an unspecified correction term for zeta potential calcu-
lations from experimental data. However, the value of
surface conductivity data and the contained information
was recognized by a wider range of scientists in the last
few years (Werner et al. 1998; Lobbus et al. 2000; Minor
et al. 1998; Zimmermann et al. 2003).

Starting from the work of Bikerman (1935) the
presence of mobile ions in the diffuse part of the elec-
trical double layer was for a long period, the only dis-
cussed origin of the occurrence of surface conductivity.
However, recently the contribution of conductivity
“behind” the slipping plane was found to be a sub-
stantial share of the total surface conductivity in several
cases (Werner et al. 1998; Lobbus et al. 2000; Minor
et al. 1998; Zimmermann et al. 2003). This effect will be
emphasized referring to several examples in Sect. 4 of
this article. For hydrophilic or conducting solid mate-
rials even the volume phase of the solid may give rise to
this type of conductivity to a considerable extent.

Encouraged by the fundamental work and personal
advice of Stanislav S. Dukhin the authors of this article
designed, built and applied a new device for the deter-
mination of the surface conductivity from streaming
potential and streaming current measurements across
rectangular slit channels formed between two planar
samples. The set-up can be applied for the character-
ization of electrosurface phenomena at a wide variety of
materials prepared as thin films on top of planar,



macroscopic glass carriers. The dimensions of those
carriers easily permit the comprehensive surface char-
acterization of the analysed materials by surface spec-
troscopies, microscopies and optical thickness
measurements at similar samples. Subsequently, the
microslit electrokinetic set-up (MES) will be briefly
introduced. In addition, examples for the analysis of
interfacial charge at thin organic films in aqueous
solutions by means of the MES will be reported to
demonstrate its versatile applicability.

2 Design and operation of the microslit electrokinetic
set-up

The MES is an in-house-built instrument for the elec-
trosurface characterization of planar samples. It permits
the perform streaming potential and streaming current
measurements at a rectangular streaming channel
formed by two parallel sample carriers (Fig. 1, Korber
et al. 1999). As a key feature of the device the distance
between the sample surfaces can be adjusted down to
1 um keeping the surfaces parallel and without de-wet-
ting of the samples.

A cross-section of the sample carrier and positioning
unit is shown in Fig. 2. Polymer-coated sample carriers
are fixed on a glass block and aligned in parallel under
microscope. After the alignment, the slit formed by the
sample carriers is sealed by silicon gaskets from all four
directions simultaneously by a pneumatic system. Ag/
AgCl electrodes for the measurement of the streaming
potential and streaming current are positioned at the
inlet and outlet of the channel. The precise distance
adjustment is performed by means of a piezotranslator.

Streaming potential and streaming current measure-
ments can be performed with the MES at varied pressure
differences across the slit channel automatically includ-
ing variation of electrolyte, its concentration and pH
plus variation of the channel height, respectively.

Fig. 1 Microslit cell after
alignment of the sample carriers
(left) and schematic
representation of the streaming
channel (right)
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Provided that the conditions for ‘“‘standard electro-
kinetic substrates” to be fulfilled, i.e. the sample exhibits
a molecular smooth, non-porous and chemical homo-
geneous surface, the zeta potential, {, can be derived
from the streaming potential, Us, and streaming current,
Is, data based on the Smoluchowski equations:

nKg dUs
(Ug) = =2 =2 , 2
) =) (2)
7]L d]s
Ig) = —— >

where # is the dynamic viscosity of the fluid, Kp, the
specific electrical conductivity of the fluid, gy, the per-
mittivity of vacuum, €., the dielectric constant of the
fluid and, p, the pressure difference across the slit
channel. The conditions for the applicability of Eq. 2 are
given by the Dukhin number Du (Lyklema 1995). For
rectangular streaming channels Du is defined by the
dimensionless ratio K°/hKg, i.e. Eq. 2 can be used for
the evaluation of the streaming potential measurements
at high electrolyte concentrations and large channel
heights.

The fluid flow Q measured at several pressure differ-
ences p permits to determine the slit channel height #:

tlp’ (4)

Independent of the flow measurements, the determina-
tion of a reference channel height 7y can be based on
streaming current measurements (d/g/dp) at different
channel heights /; (h;=hg+ Ah;). Substituting 4 in Eq. 3
by hy+ Ah; one obtains

1’]L (d]s

P> dp)i CAh; + Cho

(5)

Using this expression (5), 5y can be derived by a linear
regression.

L =20 mm
b =10 mm
h =(1...60) um
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Fig. 2 Microslit electrokinetic I
set-up: cross-section of the ]
sample carrier and positioning ) )
it streaming channel piezotranslator
glass block L .
O sample carrier I
N i —
gasket
; micrometer
pneumatic ; S
cylinder ’J:[’ tsrgr;;selatlon screw
[ [

The streaming potential and streaming current values
obtained for a number of sufficient small channel heights
h are used to calculate the surface conductivity K°
according to Eq. 6:

d]s/dp L KB
=Btk
dUs/dp2b 2 ' T (6)

3 Materials

Samples for MES experiments summarized in this work
had been prepared according to the following proce-
dures:

1. Teflon™ AF films were obtained by spin-coating of
polymer solutions purchased from DuPont, Neymours,
US onto glass or Si wafer using a commercial spin-
coater (Karl Suss, Saint Jeoire, France). By adjustment
of the solution concentration (2% AF1601 in FC75) and
velocity of the coater disk smooth and homogeneous
films were obtained. The polymer films were vacuum-
dried and tempered 1 h at 165°C. The layer thickness of
the Teflon® AF films layer has been determined to
(118 £5) nm by variable angle spectroscopic ellipsome-
try (M44, Woolam Co., Lincoln, NE, USA). Dynamic
water contact angles—measured by means of axisym-
metric drop shape analysis (ADSA, developed by Prof.
A.W. Neumann, University of Toronto, Department of
Mechanical and Industrial Engineering) revealed the
Teflon® AF layer to be very hydrophobic (0,4,=121°,
0rec =112°). The morphology of the polymer layer has
been characterized by AFM (Bioscope, Digital Instru-
ments, Santa Barbara, USA). The determined degree of
roughness is in the range of few nanometers
(R,=0.2, ..., 0.8 nm). The elemental composition of the
polymer surface (F:O:C = 57:11:32) was determined by
X-ray-photoelectron spectroscopy (ESCA-Lab 2, Vision
Instruments, UK) to exclude dissociating surface
groups.

2. Grafted poly (L-glutamic acid) films were produced
by a surface initiated polymerization process. First, the

surface of the glass carriers was modified with amino
groups by immersing into a 1% solution of amin-
opropyltriethoxysilane (Aldrich) in ethanol. After
60 min, the substrates were removed form the solution,
rinsed with ethanol and heated for 60 min at 100°C. This
amine modified surface is used as an initiator layer for
the surface induced polymerization.

To obtain the poly(L-glutamic acid) layers, the
modified substrates are reacted with a solution of the
N-carboxyanhydride of y-t-butyl-L-glutamate in tetra-
hydrofuran. After 24 h, the substrates were rinsed with
tetrahydrofuran and treated with formic acid in order to
remove the t-butyl protecting groups. After 18 h, the
substrates were removed and rinsed with de-ionized
water.

3. Self-assembled monolayers (SAMs) on gold were
prepared by overnight deposition from solutions of 11-
mercapto-1-undecanol (MUD, Aldrich), 11-mercap-
toundecanoic acid (MUA, Aldrich), 16-mercaptohexa-
decanoic acid (MHA, Aldrich) and hexadecanethiol
(HDT) with an overall thiol concentration of 0.2 mM.
For self-assembly of one-component monolayers and
MUD/MUA mixtures absolute ethanol was used,
whereas MHA/HDT mixtures were deposited from THF
(anhydrous) solutions. Gold substrates were prepared by
subsequent thermal evaporation (Leybold Univex) of
2 nm chromium and 150 nm gold onto borofloat glass
slides. Thereafter, the gold surfaces were treated in a
plasma cleaner (Harrick) and instantaneously immersed
in the thiol solutions.

After assembly, the samples were removed from the
thiol solution, rinsed thoroughly with absolute ethanol
and blown dry in a stream of argon. Surface analysis of
these monolayers using contact angle measurements,
XPS, FTIR, AFM and ellipsometry has been reported
recently (Schweiss et al. 2004). In particular, surface
characterization of mixed monolayers by X-ray photo-
electron spectroscopy showed good correlation of the
surface composition and the mole fractions of the depo-
sition solution for the mixed monolayers prepared based
on this protocol. Tapping mode AFM measurements with
hydrophilic/hydrophobic tips further indicated that for



the binary system MHA/HDT no phase separation
exceeding the lateral resolution of this method could be
observed. Therefore, even the polar—unpolar mixtures
like MHA/HDT can be considered as homogeneous at
least above the molecular level.

4. Poly (acrylic acid) brushes were prepared by means
of a Langmuir-Blodgett method described by Currie
et al. (1999b, c, d, 2000). In short, monolayers of a
(PS)35—(PAA)s;¢s block-copolymer at an air/water
interface were prepared in a Langmuir trough, and
pressure-area isotherms were determined. At an inter-
facial area of 10 nm? per polymer molecule PS-coated
glass carriers were dipped (air — water) and retracted
(water — air) through the (PS);4—(PAA);¢s monolayers
at a speed of 1 mm?/s, while keeping the interfacial
pressure and, hence, the area per polymer molecule in
the monolayer constant. Thus, a single layer of
(PS)34—(PAA)363 was transferred from the monolayer at
the air/water interface onto PS-coated carriers. Usually,
a transfer ratio of unity was achieved, resulting in a
polymer grafting density at the carrier that is the same as
the one selected at the air/water interface, i.e. 10 nm? per
polymer chain. The samples were dried and heated for
5 min at 95°C (which is just beyond the glass tempera-
ture of PS); this treatment ensures that the PS block of
the copolymer fuses with the PS coating and is essen-
tially irreversibly attached after cooling to room tem-
perature. Continuous washing with water did not
remove any (PS);3—(PAA)sgs from the surface, as pro-
bed by optical reflectometry under flowing water. Thus,
the PS indeed firmly ’anchors’ the (PAA);¢g chains on
the surface. It has been ascertained that at the chosen
grafted chain density of 0.1 nm~? the (PAA)ss-layers
adopt a brush conformation (Currie et al. 1999a).

5. Thin films of poly (octadecene-alt-maleic acid)
(POMA, Polysciences Inc., Warrington, PA) and poly
(propene-alt-maleic acid) (PPMA, Leuna-Werke AG,
Germany) were prepared on top of the glass carriers as
follows (Pompe et al. 2003; Osaki and Werner 2003):
anhydride POMA and PPMA were dissolved in tetra-
hydrofuran  (0.08 wt.%) and  methylethylketone
(0.1 wt.%), respectively, spin-coated on the substrates
which were modified with 3-aminopropyldimethyleth-
oxysilane (ABCR GmbH& Co. KG, Germany) imme-
diately after cleaned with mixture of ammonium
hydroxide and hydrogen peroxide solution, and an-
nealed at 120°C for 2 h to form stable imide bonds to
the substrates. The rest of anhydride moieties were
subsequently hydrolysed by autoclaving prior to the
adsorption experiments. Physicochemical properties of
the films were demonstrated elsewhere (Pompe et al.
2003, 2005; Osaki and Werner 2003). In this study, the
density of covalent anchorages regarding the silane
modification was adjusted to obtain the similar isoelec-
tric points between POMA and PPMA films although
the estimated charge densities from XPS data (Pompe
et al. 2003) were different.

All solutions for electrokinetic measurements were
prepared from de-ionized water, which has been
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vacuum-degased prior use. The electrolyte concentra-
tions have been obtained by the addition of 0.1 M
KCl, 0.1 M KOH or 0.1 M HCI solution.

Fibronectin (FN) solution was purified from adult
human plasma following the protocol of Brew and
Ingham (1994).

4 Results and discussion
4.1 Charge formation by unsymmetrical ion adsorption

To unravel details of the charge formation process of
unsymmetrical ion adsorption Teflon® AF films were
used as a model polymer substrate without any disso-
ciable functionalities. It was known from several earlier
studies that in those cases preferential adsorption of
simple electrolyte ions may lead to rather high zeta po-
tential values (Jacobasch 1984; Werner et al. 1999). By
the determination of the zeta potential in dependence of
the KOH, HCIl and KCI solution concentration, the
impact of the different dissolved ions on the formation
of surface charge at the apolar polymer surface became
evident (Fig. 3): The strongest preferential adsorption
was observed for the hydroxide ions which predominate
over the adsorption of the hydronium ions. No effect of
preferential adsorption was found for the K™ and CI~
ions (Zimmermann et al. 2001).

For several compositions of the electrolyte solution
the surface conductivity was determined based on the
variation of the channel geometry. Results of the
quantification of zeta potential and surface conductivity
for Teflon® AF in several solutions are given in Fig. 3.

For the given ideally smooth and homogeneous solid
surface without dissociating surface sites, we may con-
clude from the charge density of the diffuse layer (64) on
the excess charge density of the inner layer (o, ,):

Oje = —04, (7)
40
20_ ..... g KOH
O} —@—Hcl
20l —0— KClI

10™ 10°
¢ [mol/l]

Fig. 3 Zeta potential of Teflon® AF in dependence of the KOH,
HCI, and KCI solution concentration
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where g4 can be obtained from the experimentally deter-
mined zeta potential and the solution concentration:

04 = \/ 8&p&-RTc sinh (ZFC)

2RT ®)

Corresponding to the charge density g4, the conductivity
of the diffuse layer can be calculated according to

252
grd = EFe {D+ (e*zFC/ZRT -~ 1) (1 + 3m—2+>
z

RTk
¢ 3m_
zF({/2RT
+D,<e ¢ —1) <1+Z—2>]»

where m , =(RT/F)*(2eo¢ r/3nD +) describes the relative
contribution of the electroosmosis to K™ and k' is the
Debye radius (Bikerman 1935). Equation 9 involves the
assumption that { and ¥ coincide. If this prerequisite is
fulfilled the calculation provides precise results since the
composition of the bulk electrolyte phase is known and
the ion concentration in the diffuse layer is simply
attributed to electrostatics. If the diffuse layer conduc-
tivity (K™) is known the inner layer conductivity K is
obtained from the experimentally determined data of K°
to Eq. 10:

K% =K — K. (10)

The inner layer conductivity expected for the excess of
the charge determining ions (K ‘) can be estimated by
Eq. 11 using the bulk mobilities which might be con-
sidered as upper boundaries of the probable range:

a0 __
K" = |O-i,e}ui.ea

(11)

where u;, is the mobility of the potential determining
ion. The corresponding surface concentration I, of the
excess charge carriers can be obtained by Eq. 12:

r, = Lo
F |

(12)

The difference between K” ' and K /, can be evaluated
according to Eq. 13 to estimate the surface concentra-
tion I',, of cations and anions in the inner layer which
neutralize each other and therefore do not contribute to
the surface charge:

o, (N
Ko — K%

= R ) (13

The sum of the excess ion concentration and the surface
concentration of anions and cations which neutralize
each other provides the total ion concentration in the
inner layer, which can be converted to the values for the
areas A per inner layer ion:

1

Aj=—-———.
YT NA(T +T)

(14)

The results of this evaluation are given in Table 1. The
presented data are unique by indicating the content of

Table 1 Experimentally determined values of , K?, I',, I',,, and A
for Teflon® AF in different electrolyte solutions

Solution { (Is) K° r, r, Ay
(mV) (@S) (molm™2) (molm™>) (A?

107> M KCl —92.4 099 1.18x107% 1.20x107% 4,644
5%x10~> M KCl —85.4 1.29 2.18x107% 1.26x107% 3,526
107* M KClI —76.8 1.43 2.59x107%  1.34x107% 3,156
107> M HCl —63.2 122 0.60x107% 1.70x10~% 4,156
10> M KOH —1458 1.66 3.30x107% 1.27x10~% 2,839
5x107°M KOH —144.0 3.04 7.06x107% 1.81x107% 1,554
10~ M KOH —132.1 441 791x10~% 3.93x107% 1,053

neutralized ions in the inner layer and, thus, the total
density of ions in the stagnant part of the interface. It is
evident that despite of the rather high zeta potential
values obtained the ion density in the inner layer remains
far below monolayer coverage. There is an increase of
the inner layer ion density with increasing ionic strength
of the electrolyte solution and with their content of
charge determining ions.

4.2 Grafted poly(L-glutamic acid) layer

In contrast to the case of the hydrophobic, molecularly
smooth and chemically inert fluoropolymer layer grafted
polypeptide chains exhibit rather dynamic interfacial
structures towards aqueous electrolyte solution
depending on the pH and electrolyte content of the
adjacent solution.

The charge formation of the grafted poly (L-glutamic
acid) layers was studied by streaming current measure-
ments at varied pH in KCI solution concentration
(Fig. 4). The position of the isoelectric point was
determined at pH=2.740.1 indicating the presence of
carboxylic acid groups at the surface to be the major
charge formation process.

To quantify the accumulation of mobile charge carri-
ers within the polypeptide layers, the surface conductivity

0,04
0‘00_ ..... . o 104 MKCI |
_ —a— 10" M KCI
5 -0,04 —0— 10> M KCl
E ! : i
Q ; ; ;
ks] : } ; : :
S8 et e e TS i
—®
-0,20 - - : — . .
2 3 4 5 6 7 8 9 10

Fig. 4 Streaming current versus pressure gradient in dependence of
the solution pH for the grafted poly(L-glutamic acid) layers in 1074,
107, and 107> M KCl solutions



was determined in 1074, 1073, and 10~> M KCl solutions
at pH=06.0 and 9.0. As expected, the grafted polypeptide
layers exhibit in general considerably higher values of the
surface conductivity K° (Table 2) when compared with
the Teflon® AF films discussed above. This can be ex-
plained by the accumulation of mobile ions within the
layer of grafted hydrophilic chains. The surface conduc-
tivity (which has in fact to be considered as a bulk con-
ductivity of an interfacial nano-layer formed by the
grafted ion penetrable polymers) was found to depend
strongly on the pH and concentration of the solution
(Table 2).

In the 100*M KCI solution, the ratio of K°
(pH=9.0) to K° (pH=6.0) was determined to 35.1. For
higher electrolyte concentrations, the corresponding
values were 16.6 (107> M KCI) and 5.2 (1072 M KClI),
respectively. The increase in the surface conductivity at
the different solution concentrations is also indicated by
the Dukhin number versus pH plots (Fig. 5), which were
obtained from streaming potential and streaming cur-
rent data at channel heights of 50 pm. From the Du
versus pH plots, it is obvious that the strongest increase
of K? occurs at about pH 8.3 in the 10~* M and at about
pH 7.5 in the 10~* M KCI solution. Although the sur-
face conductivity is increased with the electrolyte con-
centration, the Dukhin number vanishes to zero at the
solution concentration of 1072 mol 1=!. Therefore, the
accumulation of mobile charge carriers in the polypep-
tide layer cannot be derived from the Du versus pH plot.
However, the low ratio of K° (pH=9.0) to K° (pH=16.0)
obtained for the 10> M KClI solution permits to con-
clude that K° increases under these conditions at lower
pH values as compared to the 107* and 107> M KClI
solution.

The variation of the surface conductivity can be ex-
plained by charge-induced alterations of the structure of
the poly(L-glutamic acid) chains. At low pH values, the
polypeptide chains are uncharged and adopt an a-helical
conformation (Paoletti et al. 1989). Consequently, a
rather compact structure of the hydrodynamically
immobile layer of the grafted polypeptide occurs. The
low values of K° at pH 6 indicate, that there is—in
comparison to higher pH values—just a small amount of
ions in the polypeptide layers sufficiently mobile to
contribute to ion conduction. At high pH, the carboxyl
side-groups, the grafted poly(L-glutamic acid) chains are
negatively charged and—because of the electrostatic

Table 2 Experimentally determined surface conductivity for the
surface grafted poly(L-glutamic acid) in 1074, 1073, and 1072 M
KCl solutions

Solution K, (nS)
107* M KCl, pH 6.0 4.5
1074 M KCI, pH 9.0 157.9
107> M KCI, pH 6.0 10.6
107> M KCl, pH 9.0 179.6
1072 M KCI, pH 6.0 40.6
107> M KCI, pH 9.0 209.9
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0,6 ;
0,51 © 10* MKCI
1 @ 10°MKCI : : :
0._4_ ......... ° 10.2 M KCl .
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Fig. 5 pH dependence of the Dukhin number Du (obtained from
streaming potential and streaming current measurements at a
channel height of 50 pm) for the poly(L-glutamic acid) layers in
1074, 107%, and 10> M KCl solutions

repulsion between the side-groups—their conformation
is that of an extended coil (Paoletti et al. 1989). As a
consequence, the thickness of the immobilized poly-
peptide layers is increased with increasing pH. The in-
crease of the surface conductivity with increased pH can
be ascribed to an increase of the total number of counter
ions in the layer and to the less dense polymer network
at the interface.

As discussed above, the surface conductivity increases
at higher pH values in solutions of lower KCI concen-
tration. This phenomenon can be explained by the in-
crease of the apparent dissociation constant of the
carboxylic acid groups with increased ionic strength of
the electrolyte solution, i.e. the grafted poly(L-glutamic
acid) chains behave more acidic at lower Debye screen-
ing radii (Nagasawa and Holtzer 1964; McDiarmid and
Doty 1966). This finding further indicates that electro-
static interactions of acidic sites within the grafted
chains inducing a pK-shift towards more acidic behav-
iour are most important for the conformational changes
of the grafted polypeptide chains.

4.3 Self-assembled monolayers

The SAMs of alkenthiols on gold surfaces have widely
been used for fundamental studies of surface forces in
the past (Frisbie et al. 1994; Creager and Clarke 1994;
van der Vegte and Hadziioannou 1997; Hu and Bard
1997; Kane and Mulvaney 1998; Kokkoli and Zukoski
2000). This is due to their unique property of a distinct
surface chemistry and surface coverage of functional
groups. The surface charge density (¢ o) of a SAM with
COOH endgroups, therefore, is given by

(15)

where I',, is the surface coverage of the monolayer,

00 = —Falm1C00H
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1200m, the surface fraction of COOH-terminated thiol,
F, the Faraday constant and, o, the degree of dissocia-
tion of the surface COOH groups, respectively. For a
densely packed thiol SAM, I, 1is equal to
7.7x107'° mol cm 2. The surface pK value can be de-
fined as
10

KO — pH 4 10g 100 _ g #
p pH + g[COOH]O pH + 17—

(16)

Combining the equations above and considering a
Boltzmann distribution of protons near the interface
e‘Po}

[H], = 10" exp [——

T (17)

yields an expression which relates the surface potential
(¥y) to the pK of the COOH groups (one-site dissocia-
tion model, see Kane and Mulvaney 1998; Kokkoli and
Zukoski 2000; Healy and White 1978)

.0
FI'mcoon

- eV, .
1+ pK®—pH + 30T

(18)

Using a variety of techniques, it has been found that the
surface pK in a self-assembled monolayer is substantially
shifted to higher pH values due to strong in-plane elec-
trostatic interactions (van der Vegte and Hadziioannou
1997; Hu and Bard 1997; Aoki and Kakiuchi 1999).
These electrostatic interactions can either be lowered by
a reduction of the surface density of COOH groups or
by increasing the ionic strength. As revealed in Fig. 6,
electrokinetic measurements using the MES confirm this
concept.

With decreasing fraction of COOH groups in the
SAM in binary systems, the isoelectric point decreases
owing to the increased acidity of the remaining COOH
groups (Schweiss et al. 2005). At very low fractions of
COOH terminated thiols, it increases again as the
unsymmetrical adsorption of ions onto the methyl-ter-
minated sites becomes the prevailing charge formation
process. The acidity is also affected by the polarity of the
environment of the COOH groups as the shift to lower
pH is more pronounced in the case of hydrophilic binary

monolayer systems such as MUD/MUA. Accordingly,
an increase of the ionic strength results in a lower iso-
electric point as the in-plane electrostatic interactions
between neighbouring COOH sites are effectively
screened by the electrolyte counterions. Figure 6b shows
a plot of the isoelectric point of a MHA SAM depending
on the Debye parameter of the corresponding electro-
lyte.

Electrokinetic experiments on these binary SAM can
additionally be used to evaluate the accuracy of the
Gouy—Chapman theory. Equating the surface charge
(Eq. 18) with the negative diffuse layer charge (Eq. 8), a
Gouy—Chapman surface potential (Yg¢c) can be calcu-
lated numerically. Figure 7 shows a comparison of the
measured zeta potentials (from streaming current) for a
pristine MHA SAM and abinary MUA/MUD-SAM
(0.11/0.89) and the surface potentials obtained the GC
approximation (solid lines). It is obvious that the Gouy—
Chapman approximation is only valid for very low
surface charge density such as the mixed SAM.

Unfortunately, the use of a gold substrate inhibits a
thorough electrokinetic characterization including sur-
face conductivity studies. This is because the underlying
metal substrate provides an additional conduction path
in the microchannel system and cannot be unambigously
separated from the actual surface conductivity.

4.4 Poly(acrylic acid) brushes

The pH-dependent charging of the poly(acrylic acid)
(PAA) layers was studied by streaming current experi-
ments in 107> M KCI solutions. Since the swollen
polymer chains themselves dissociate and create an
ionized meshwork in part penetrated by the flowing
solution, the determination of a discrete shear plane
potential is certainly questionable and we restrict here
on reporting and evaluating streaming current and sur-
face conductivity data. The dIg/dp versus pH plot and
the position of the isoelectric point at pH=2.1 (Fig. 8)
indicate that the surface charge originates from the
dissociation of the carboxylic acid groups of the PAA
chains. Above the isoelectric point (pH >2.1), the mag-

Fig. 6 a Isoelectric point of 50T ; : : 50 :
mixed MUD/MUA (diamond) i ]
and MHA/HDT SAMs (circle) 45 i : P 45
as a function of the surface ! : : : ' :
fraction of COOH groups. = 1 1
b Isoelectric point of a MHA 2 4.04¢ ; 4,04
SAM versus the Debye L | | ]
parameter (i) of the © : : : : : :
corresponding electrolyte o el R 3,51
solution 2 1
3,01 3,01
254 i ; i i ; 2,5 . : ; i ;
0 20 40 60 80 100 0 1 2 3 4 5 6
L o X 100 xx 10°/m’
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Zeta potentials ( © ) und Gouy-Chapman surface potentials
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nitude of the negative streaming current increases with
the degree of deprotonation of the carboxylic acid
groups at increasing pH values, until a plateau is reached
in the basic region corresponding to full dissociation of
the carboxylic acid.

To quantify the accumulation and distribution of
mobile charge carriers at the interface, the surface con-
ductivity was determined in a 107> M KClI solution at
pH=9.0. From (dls/dp)/(dUs/d,) as a function of h
(Eq. 6) a value of 66.7 nS was obtained. As expected, the
experimentally determined surface conductivity of the
PAA brushes is very high at complete dissociation and
must be due to the numerous counterions that are
accumulated inside (K°*') and outside (K°*%) of the brush.

The ion and potential distribution in the brush can be
further analysed by a model developed by Ohshima
(1995) and specified by Dukhin et al. (2004). According
to this model, a polyelectrolyte layer is characterized by
the Donnan potential ¥p, the potential value in the
inner volume of the polyelectrolyte brush, and by the
surface potential ¥, attributed to the outermost edge of
the polymer chains, respectively (Fig. 9). For the case of
complete dissociation, ¥p can be calculated from the

0,04

d/Jdp [nA/mbar]

-0,16 S U S S ‘
1 2 3 4 5 6 7 8 9 10
pH(10° M KCI)

Fig. 8 pH dependence of the streaming current versus pressure
gradient (dIs/dp) for the poly(acrylic acid) layer in a 107> M KCI
solution

pH (3 x 10" M KCI)

fixed charge density in the layer and the electrolyte
concentration of the adjacent solution:

RT . ZpSN

¥Yp = — asinh

b=p B0 <2zchA>’
where R is the gas constant, 7, the absolute temperature,
z, the valence of the ions, F, the Faraday constant, z,,
the valence of the fixed charged groups, s, the number of

(19)
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Fig. 9 Ion Distribution (a) and potential distribution (b) near a
surface covered with a negatively charged polyelectrolyte layer
(Ohshima 1995)
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grafted chains per meter squared, N, the number of
charged groups per polymer chain, ¢, the solution con-
centration, d, the layer thickness, and, N, the Avogadro
number. Subsequently, the surface potential ¥ can be
obtained using the following equation:

RT zZF¥p
\PO = ‘PD —itanh ( RT )

(20)

With N=368 and d=40 nm, a Donnan potential of
—186 mV and a surface potential of —161 mV were
calculated for the brush in the case of complete disso-
ciation.

The contribution of the diffuse layer charge “outside”
the brush layer characterized by the potential ¥y—to the
experimentally determined surface conductivity can be
evaluated according to the Bikerman equation (9). Using
this equation (9) and ¥Y,=-161 mV, we obtain
K°?=4.6 nS. In comparison with the experimentally
determined surface conductivity of 66.7 nS this is about
7%, i.e. the vast majority of counterions is located
within the brush. If we apply the classical Smoluchowski
equation (3) for the evaluation of the streaming current
data, a zeta potential of about —60 mV is obtained for
pH=09.0. This corresponds to less than 1% of the
countercharge.

The well defined layer structure further permits to use
the surface conductivity data to get an information
about the ion mobility in the brush. If the ions outside
the brush can move in an electrical field with the
mobility ug, the mobility u of ions in the brush can be
simply estimated from the charge distribution as follows:

K(r,i

——— (21)
esN — K,/ /uo

u=

where e is the elementary charge and K3 ¢ is the con-
tribution of the diffuse layer to K™¢ caused by the
movement of the ions with respect to the liquid (Dukhin
et al. 2004). Assuming that for the case pH=9, all 368
acrylic acid units in a chain are deprotonated, we find
u=1.1x10"¥ m? V-' s, This may be compared with
the mobility of potassium ions in dilute electrolyte
solution for which one has (from the tabulated equiva-
lent conductance A of about 74 S cm® mol™') uy=1/
F=7.7x10"% m? V~! s7'. Hence, the brush is very con-
ductive, but the mobility of individual ions within the
layer is not more than about 14% of their value in bulk
electrolyte solution. The dramatically reduced ion
mobility can be attributed to hydrodynamic, steric
(tortuosity) effects and to electrostatic ion/brush inter-
actions (Phillips 2000; Brinkman 1947; Johnson et al.
1996).

4.5 Adsorbed proteins at polymer thin films

The performance of biomedical technologies is often
controlled by protein adsorption onto materials facing

simple or complex biofluids. In view of the ubiquitous
presence of protein adsorption, the process might be
considered as a “’translation” of surface properties of the
solid towards any adjacent biosystem, in particular with
regard to the fact that structural and functional altera-
tions of adsorbed proteins are often sensed by cascade
systems of living organisms. As the various interfacial
“modes” of one given protein adsorbed at different
material surfaces define important differences with re-
spect to its functional features, the result of adsorption
and desorption of FN (a key component of the extra-
cellular matrix) at two negatively charged copolymer
films with gradated hydrophobicity were presented in
this section. The electrosurface characterization with the
MES was complemented by the determination of the
adsorbed mass (via optical thickness information by
RIFS: reflectometric interference spectroscopy).

Thin films of alternating maleic acid copolymers
containing either octadecene (POMA) or propene
(PPMA) as comonomers provided acidic surfaces with
varied hydrophobicity (and charge density). For the
present work, substrates with advancing water contact
angles of (100 £5)° for POMA and (38 £5)° for PPMA,
respectively and similar isoelectric points of 1.9+0.1 but
different charge densities of 19 uC cm 2 for POMA and
32 uC cm 2 for PPMA were utilized (see Sect. 3). Dif-
ferences in hydrophobicity and size of the comonomers
determined the swelling behaviour of the films due to the
balance between (attractive) hydrophobic and (repul-
sive) electrostatic interactions within and between the
immobilized polymer chains. This was confirmed by
surface conductivity data, reflecting the concentration of
mobile ions at the interface: POMA showed significantly
lower K’ values than PPMA (Table 3) and only the K°
data of PPMA were found to depend on the solution pH
indicating that the degree of ionization of the maleic acid
groups modulates the structure of the PPMA layers
(Osaki and Werner 2003; Pompe et al. 2005).

The electrostatic and hydrophobic interactions
determining the internal structure of the copolymer films
clearly determine the adsorption behaviour of the pro-
teins as well. This becomes obvious from the comparison
of the adsorption dynamics of FN onto POMA and
PPMA (Fig. 10): On the hydrophobic POMA, the
characteristic pattern of a high-affinity adsorption was
obtained showing a rapid coverage already at low
solution concentrations of the protein and no desorption
upon rinsing. In contrast, lower amounts of FN were
adsorbed more slowly onto PPMA, gradually increasing
with the protein solution concentration, and a certain
fraction of the formed layer could be desorbed by rinsing
with protein free solution. According to the electroki-
netic measurements, the distinct differences in the elec-
trosurface characteristics were also remarkably
pronounced between the two. The weaker interaction
between FN and PPMA showed a more acidic behav-
iour (lower IEP) of the FN-covered PPMA films (even at
similar coverage) and a very different pattern of changes
in K° by FN adsorption (see Table 3).
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Table 3 Surface conductivity (K”) in 10~ M KCI and isoelectric points (IEP) prior to and subsequent to FN adsorption at the copolymer

thin films
POMA PPMA
K’ at pH 6 K’at pH 9 IEP K’at pH 6 K’at pH 9 1IEP

Polymer surface 34 nS 6.3 nS 1.9 21.2 nS 59.6 nS 1.9
With 50 ug mlI~! FN 4.4 10.7 4.2 7.1 17.4 2.9
With 100 pg ml~! FN 4.7 8.4 4.2 4.8 23.0 32
With 200 pg ml~' FN 6.7 24.0 3.2

6.0Ff ; : (@500 6.0 500
£ 100 pg/ml : : Y - N £ N
E 5.0F i - b 400 E E 50 400 £
® i : L P L2
@ a0F B0 /Ml ] 2 3 40 g
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Fig. 10 Three Dynamics of FN adsorptions onto POMA (a) and
PPMA (b) was followed in situ by RIfS at FN solution
concentration from 50 to 200 pg ml~' (desorption was done by
rinsing with pure PBS at the arrows). The measured optical
thicknesses of FN layers were also translated into the adsorbed

The IEP of FN-coated POMA (pH 4.2) approached
the intrinsic value of the protein (at about pH 5, Toony
et al. 1983) pointing at a rather stochastic orientation of
FN on POMA without neither electrostatic matching
with the substrate nor dramatic structural changes of the
protein. In contrast, the FN adsorption/desorption
characteristics on PPMA (Fig. 10) was accompanied by
a significantly lower IEP of the resulting FN layers. In
view of these findings and the absence of strong hydro-
phobic interactions, we concluded on electrostatically
driven FN adsorption, i.e. the attachment of the protein
due to attraction between positively charged residues of
the protein and the negatively charged polymer func-
tional groups, resulting in a charge orientation of the
protein in the interfacial layer (Wilson et al. 2004). Both
the more acidic IEP of the protein layer and the decrease
of K’ during the FN adsorption onto PPMA impres-
sively support the idea of an electrostatically controlled
adsorption. This conclusion is also in line with the
conclusions drawn from a recent own quartz crystal
microbalance study (Voros 2004; Renner et al. 2004).

The elaborated example clearly shows that different
modes of a given protein can be obtained at interfaces
depending on the kind of solid substrate—and conve-
niently detected with the help of the MES-RIfS combi-
nation. In consequence, the availability of the adsorbed

protein mass using de Feijter’s equation (de Feither et al. 1978;
Vords 2004). The results correlate well with previous own data
based on amino acid analysis with HPLC (Renner et al. 2005). The
electrokinetic experiments shown in Table 3 were performed before
and after the adsorptions without de-wetting the surfaces

protein for secondary binding, conformational changes
and displacement can be expected to exhibit differences
as well. Along that line, the compared interfacial modes
of FN on the copolymer substrates used in this set of
experiments were further shown to trigger the reorga-
nization of the immobilized protein by adherent endo-
thelial cells into supramolecular assemblies (Pompe
et al. 2005), and, in turn, switch cellular fate decisions of
the adherent cells from proliferation to angiogenesis
(Pompe et al. 2004).

5 Conclusions and perspective

By means of the MES, the simultaneous determination
of zeta potential { and surface conductivity K° of planar
solid/liquid interfaces can be realized since streaming
potential and streaming current measurements are
evaluated to obtain these data. The agplication of
macroscopic planar surfaces (20x10 mm~) as sample
materials permits to study a wide variety of very differ-
ent interfacial phenomena by this type of experiment.
For any of the analysed examples, the tangentially
mobile charge at the solid/liquid interface is dominated
by charge carriers located in the hydrodynamically
stagnant layer behind the shear plane. A more detailed
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interpretation of the charge carrier distribution and
mobility has to be based on structural information
about the interface for any solution characteristics
considered. With regard to this, the combination of the
surface conductivity measurements with the simulta-
neous determination of optical and hydrodynamic layer
thickness of the analysed samples is highly desirable.
Ongoing activities of the authors address that need. In
addition, the demonstrated experimental progress in the
characterization of planar solid/liquid interfaces asks for
the development of a more advanced theory of electro-
surface phenomena treating both the structure of the
electrical double layer and the charge formation process.
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