Combined microslit electrokinetic measurements and reflectometric

interference spectroscopy to study protein adsorption processes

Ralf Zimmermann® and Toshihisa Osaki
Max Bergmann Center of Biomaterials Dresden, Leibniz Institute of Polymer Research Dresden,
Hohe Strasse 6, 01069 Dresden, Germany

Gunter Gauglitz
Institute of Physical and Theoretical Chemistry, Eberhard Karls Universitdt Tiibingen,
Auf der Morgenstelle 8, 72076 Tiibingen, Germany

Carsten Werner

Max Bergmann Center of Biomaterials Dresden, Leibniz Institute of Polymer Research Dresden,
Hohe Strasse 6, 01069 Dresden, Germany and Institute of Biomaterials and Biomedical Engineering,
University of Toronto, 5 King’s College Road, M5S 3G8 Toronto, Canada

(Received 1 October 2007; accepted 29 October 2007; published 21 November 2007)

Streaming potential/current measurements for the characterization of charge formation processes at
solid/liquid interfaces were combined with reflectometric interference spectroscopy. The
simultaneous determination of electrosurface characteristics and the optical thickness of interfacial
layers provides information on structural variations of adsorbed or covalently bound polymers and
on charge dependent adsorption and desorption phenomena at solid/liquid interfaces. To
demonstrate the potentialities of this extended approach for biointerfacial studies the authors report
a series of experiments on the adsorption of the plasma protein fibrinogen at
poly(octadecene-alt-maleic acid) thin films.
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I. INTRODUCTION

Contact of solid surfaces with aqueous solutions very of-
ten involves the formation of interfacial c:haurge.k4 In turn,
electrostatic interactions were found to be relevant for a
number of interfacial processes such as wetting, adsorption,
and adhesion,™® the stability of proteins and nucleic acids in
the vicinity of or at the interface,7 the kinetics of interactions
between these components and biosensor surfaces™® as well
as for the separation characteristics of membranes.”'® Be-
yond that, structural characteristics of interfacial layers can
be strongly influenced by the charge formation within these
layers and consequently switched by the properties (pH,
ionic strength) of the solution.'"'? Thus, there is a need for
the comprehensive characterization of interfacial charge and
structural features of interfaces.

Streaming potential and streaming current measurements
are known to be useful for the investigation of charge forma-
tion processes at solid/liquid interfaces."*™" The electroki-
netic or zeta potential ({) derived from such measurements is
defined as the electrical potential at the hydrodynamic shear
plane between the solid and the bulk liquid and is often
discussed in terms of models of the electrical double layer
(i.e., with respect to the charge of the diffuse layer of ions
compensating the surface charge). The zeta potential as a
function of electrolyte solution concentration and pH reflects
the charge formation process and can be related to the intrin-
sic characteristics of the solid surface. The surface conduc-
tivity (K“) is defined as the conductivity at the interface
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caused by ion accumulation within the electrical double layer
and, thus, provides complementary information on the pres-
ence and mobility of charge carriers near the surface."*

In comparison to other analytical methods, e.g., x-ray
photoelectron spectroscopy, electrokinetic measurements
provide direct access to the charge formation at solid sur-
faces in aqueous solutions. Because of this advantage,
streaming potential and streaming current measurements
were utilized for the in sifu investigation of protein adsorp-
tion processes.m_18 Norde and Rouwendal have performed
streaming potential measurements to study the adsorption of
lysozme at glass surfaces.'® In this study it was found the
final zeta potential (the zeta potential at the end of the ad-
sorption process) is rather independent of the protein solu-
tion concentration at high concentrations. This was attributed
to an adsorption saturation at the glass surface. Shirahma et
al."® have combined streaming potential measurements and
reflectometry to obtain complementary information about the
kinetics of the protein adsorption and to determine the sur-
face concentration of the protein, however the experiments
were performed with uncoupled setups. Differences found by
both methods were attributed to different hydrodynamic
(transport) conditions in the cells used for the adsorption
experiments.

To use the advantages of electrokinetic measurements for
the charge formation at solid surfaces in aqueous solution
and to study the influence of surface charge on interfacial
processes we have developed the microslit electrokinetic
setup (MES)."* The MES permits for the first time the
combined determination of zeta potential and surface con-
ductivity of flat solid surfaces. The key feature of the device
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is the variability of the distance between two planar sample
carriers forming a rectangular streaming channel. The MES
was successfully applied in several studies, e.g., on the
charge formation caused by unsymmetrical ion adsorption,4
on the ionization characteristic of self assembled
Inonolayers,21 for the characterization of a set of polymer
films used for the preparation of biosensors,” to analyze the
charging of poly(acrylic acid) and poly(ethylene oxide)
brushes in aqueous electrolyte solutions™ as well as to un-
ravel the charging of single crystalline diamond.**

Interfacial processes such as adsorption and desorption as
well as structural variations of interfacial layers can be stud-
ied using the reflectometric interference spectroscopy (RIfS).
This technique is based on the interference of polychromatic
light in thin films® and can be used for the investigation of
interfacial processes26 such as pH dependent thickness
(structure) variations of immobilized polymers as well as for
the detection of biomolecular interactions at biosensor
surfaces.”” ™ An advantage of detection systems based on
RIfS is the low price for the technical equipment,3 % which is
conducive to a broad application of this method. Recent de-
velopments demonstrate the advanced application of the
RIfS for the label-free high-throughput screening31 and the
characterization of cell adhesion on antibody-functionalized
surfaces.*

To unambiguously determine interrelations of electrical
charging and structural changes or adsorption/desorption
processes at interfaces the combination of analytical methods
is required. Therefore the MES was recently combined by us
with the reflectometric interference spectroscopy.33’34 In this
study we demonstrate the potentialities of this approach for
the characterization of adsorption processes. Results of ex-
periments analyzing the adsorption of the plasma protein fi-
brinogen onto poly(octadecene-alt-maleic acid) thin films
will be reported and discussed.

Il. FUNDAMENTAL PRINCIPLES

A. Streaming potential/current measurements in
rectangular capillary systems

The electrokinetic phenomena streaming potential and
streaming current are based on the charge displacement in
the electrical double layer at solid/liquid interfaces caused by
an external force shifting the liquid phase tangentially
against the solid. The convective transport of hydrodynami-
cally mobile ions in the direction of the liquid flow can be
detected directly by measuring the electrical current between
two nonpolarizable electrodes by an amperemeter of suffi-
ciently low internal resistance (Fig. 1). Alternatively, an elec-
trical potential (streaming potential) can be measured if an
electrometer of sufficiently high internal resistance is con-
nected to the two electrodes. The measured streaming poten-
tial results from the steady state of the charge separation by
the streaming current and a back current in the capillary sys-
tem due to the electrical conductivity of the liquid
embedded."*

For hard surfaces the streaming potential and streaming
current can be converted into the zeta potential, the electrical
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FiG. 1. Principle of streaming potential/current measurements combined
with reflectometric interference spectroscopy. The charge of the polymer
film is determined by streaming potential and streaming current measure-
ments via nonpolarizable electrodes positioned at the inlet and outlet of the
channel. Structural variations of the polymer layer as well as adsorption or
desorption processes are followed simultaneously through evaluation of the
interference pattern resulting from the interference of the partial beams 7;
and I,. (The relative dimensions in the scheme are not in scale.)

potential of the hydrodynamic shear plane.]4 The dependence
of the zeta potential on the solution properties can be evalu-
ated to obtain information on the charge formation process at
the interface.

The situation is more difficult for soft surfaces where an
interfacial zone exists in which solvent and ions can pen-
etrate. At such surfaces the assumption of a discrete shear
plane and the zeta potential lose their physical meaning. In
this case the measured streaming potential and/or current can
be used for the evaluation of the charge formation process.
Beyond that, advanced theories permit the calculation of the
surface and Donnan potential based on surface conductivity
data®™ (which is accessible via streaming potential and
streaming current measurements>’) for these cases and allow
to consider the penetration of the hydrodynamic flow into the
polymer layer.3 6

B. Reflectometric interference spectroscopy

Reflectometric interference spectroscopy is based on in-
terference phenomena in thin films. A schematic representa-
tion of the principle is given in Fig. 1: A polychromatic light
beam that is penetrating a thin polymer film on a transparent
substrate will be reflected partly at the interface between the
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substrate and the polymer (/;) and partly at the interface
between the polymer and the adjacent solution (I,). Both
partial beams show interference depending on the angle of
incidence and the optical thickness of the polymer layer. A
detailed comparison with other methods is given in Ref. 37.

The adsorption/desorption of biological species or a solu-
tion dependent thickness variation of the polymer layer will
change the conditions for the occurrence of minima and
maxima in the interference pattern. Consequently, RIfS pro-
vides information of the characteristic of these processes. For
more detailed information and the theoretical background of
the method we refer the reader to Refs. 25 and 38.

lll. MATERIALS AND METHODS
A. Sample carriers

Glass carriers (20X 10X 3 mm?®) with layers of 40 nm
tantalum oxide and 450 nm SiO, were purchased from Ber-
liner Glas KGaA Herbert Kubatz GmbH & Co., Berlin, Ger-
many. The carriers were cleaned with a mixture of aqueous
ammonia solution (Acros Organics, Geel, Belgium) and hy-
drogen peroxide (Merck, Darmstadt, Germany) and amino-
functionalized by  reaction  with  3-aminopropyl-
dimethylethoxy-silane (ABCR, Karlsruhe, Germany).

B. Poly(octadecene-alt-maleic acid) films

Thin films of poly(octadecene-alt-maleic acid) (POMA,
50000 g/mol) were prepared on top of the amino-
functionalized sample carriers according to the following
protocol:”’40 POMA was dissolved in tetrahydrofuran
(0.08 wt %), spin-coated on the glass substrates, and an-
nealed at 120 °C for 2 h. The anhydride moieties of the
copolymer were subsequently hydrolyzed by autoclaving.
The POMA was obtained from Polysciences Inc. (War-
rington, PA). The thickness of the dry polymer film was de-
termined to (4+0.5) nm.

C. Electrolyte and protein solutions

All electrolyte solutions were prepared from vacuum-
degassed Milli-Q water by addition of 0.1 M potassium chlo-
ride, potassium hydroxide, and hydrochloric acid solutions
(Bernd Kraft GmbH, Duisburg-Neumiihl, Germany). The ad-
sorption experiments with FGN were performed in diluted
phosphate buffered saline solutions (13.7 mmol/L NaCl, 0.27
mmol/L KCI, 0.81 mmol/L Na,HPO,, 0.15 mmol/L
KH,PO,). The fibrinogen was purchased from Sigma
(Taufkirchen, Germany).

D. Microslit electrokinetic setup

The microslit electrokinetic setup (MES) is a fully auto-
matic instrument for the determination of zeta potential and
surface conductivity of planar samples. A comprehensive de-
scription of the MES and the data evaluation is given in
Refs. 19 and 20. Briefly, the instrument is characterized by
the following features:
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e Streaming potential and streaming current measurements
are performed across a rectangular capillary system formed
by two parallel sample carriers (20X 10X 3 mm?).

* Variability of the separation distance between two parallel
sample surfaces (60 um down to I wm) by means of a
piezoelectric-driven positioning without dewetting of the
samples.

e Laminar flow and well-defined transport conditions in the
streaming channel."”

e Multi-step measurements can be performed automatically
at different electrolyte concentrations and at varied slit
channel height.

E. Combination of streaming potential/streaming
current measurements and reflectometric interference
spectroscopy

For the combination of the streaming potential/streaming
current measurements (MES) with the reflectometric interfer-
ence spectroscopy a VIS spectrometer (Spekol 1100, Analy-
tik Jena AG, Germany) with a fiber optic was used.” The
light of a continuous wave halogen lamp is coupled into the
first arm of a bifurcated optical fiber (coupling ratio: 2:1).
The end of this fiber is attached at the backside of one of the
sample carriers, forming the slit streaming channel of the
MES (see above). The wavelength dependent intensity pat-
tern (resulting from the interference of the light in the thin
film on top of the sample carrier) is detected with the grating
detector of the VIS spectrometer. For this, the second arm of
the bifurcated fiber is connected with the grating detector.

F. Calculation of the surface concentration

The optical layer thickness can be translated into the sur-
face concentration of the adsorbed species using an approach
developed by de Feijter:41

_dn(1 —ng/n)

1
dn/dc M

where d is the layer thickness, n is the refractive index of the
layer, ng is the refractive index of the solution, and dn/dc is
the refractive index increment. In this study values of n
=1.367, ng=1.333, and dn/dc=0.182 cm3/g were used for
the calculation of the amount of adsorbed ﬁbrinogen.42

IV. RESULTS AND DISCUSSION
A. Charge characteristic of POMA

To study the pH-dependent charging of the POMA layer,
streaming current measurements were performed in 1072 M
KCl solutions. The dependence of the streaming current ver-
sus pressure gradient, dlg/dp, on the pH of the electrolyte
solution and the position of the isoelectric point at pH=1.9
(Fig. 3) indicate that the surface charge originates from the
dissociation of the carboxylic acid groups of the polymer.
Above the TEP (pH>1.9) the magnitude of the negative
streaming current increases with the degree of deprotonation
of the carboxylic acid groups at increasing pH values until a
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FIG. 2. Adsorption of fibrinogen at poly(octadecene-alt-maleic acid) films at
different protein solution concentrations studied by the combination of
streaming current measurements and reflectometric interference spectros-
copy. Both the streaming current vs pressure gradient (a) and the optical
layer thickness (b) immediately respond to the variation of the protein so-
lution concentration. While the optical layer thickness correlates with the
adsorbed amount of FGN (I') the streaming current vs pressure gradient
reflects the variation of the interfacial charge during the adsorption process.
The protein solution concentration was adjusted at /=0 min in the reservoir
system of the MES.

plateau is reached in the basic region corresponding to the
complete dissociation of the carboxylic acid groups.

B. Adsorption of fibrinogen at
poly(octadecene-alt-maleic acid) films

The adsorption of fibrinogen onto the poly(octadecene-
alt-maleic acid) films was studied at protein solution concen-
trations between 0.01 and 1.0 ug/mL in diluted phosphate
buffer solutions (pH=7.4). During the adsorption experi-
ments the time-dependent variation of the streaming current
versus pressure gradient and the optical layer thickness nd
were recorded simultaneously (Fig. 2).

First, constant baselines of dIg/dp and nd were confirmed
for at least 1 h in the buffer solution. At #=0 min the desired
FGN concentration was adjusted in the reservoir system of
the MES. The measurements were continued up to 20 h.

The negative values of the streaming current versus pres-
sure gradient obtained for the poly(octadecene-alt-maleic
acid) film in the pure buffer solutions (base lines of the
dIs/dp versus ¢ plots) can be attributed to a negative surface
charge caused by dissociated carboxylic acid groups of the
polymer (see above). Since the overall charge of the FGN
(IEP=5.4,...,5.8) (Refs. 43 and 44) is negative at pH=7.4

Biointerphases, Vol. 2, No. 4, December 2007

as well, the FGN is adsorbed at the interface despite an elec-
trostatic repulsion. This behavior can be attributed to hydro-
phobic interactions that are dominant for the protein adsorp-
tion at hydrophobic interfaces.*>*® However, the adsorption
kinetics and the amount of protein adsorbed at hydrophobic
surfaces are influenced by electrostatic interactions as
well.**

Both the streaming current versus pressure gradient and
the optical layer thickness respond immediately to the varia-
tion of the protein concentration of the buffer solution at ¢
=0 min. The initial adsorption rate and the slope of the
dl¢/dp versus t plot increase with the protein solution con-
centration at low FGN concentrations. At protein concentra-
tions higher than 0.3 ug/mL the streaming current versus
pressure gradient reaches a constant value while the related
optical layer thickness (reflecting the protein surface concen-
tration) still increases. Obviously, the electrosurface charac-
teristics of the protein-coated surfaces level off prior to the
complete saturation of the surface with adsorbed proteins.
We attribute this behavior to a higher degree of preferential
orientation of the adsorbed proteins to match the negatively
charged polymer substrate at low protein concentrations (low
adsorption rates). Due to the protein-protein interactions in
the adsorbed layer interfering with the protein-substrate in-
teraction, this electrostatically driven protein orientation is
reduced with increasing protein solution concentration (sur-
face coverage). At solution concentrations higher than
0.5 wg/mL no further variation of dIg/dp was observed in
the plateau range of the adsorption curve. The maximum
surface concentration reached at this protein solution concen-
tration was determined to be 92.7 ng/cm?. This value corre-
sponds to about 67% of the surface concentration I, ex-
pected for a protein monolayer (I',,=139.4 ng/cm? if we
assume a rectangular array of the adsorbed protein with lat-
tice constants of 9 and 45 nm, respectively; dimensions of
FGN: 4.5X 9 X 45 nm?, molecular weight: 340 000 g/mol).
Since the increase of the protein solution concentration to
1 pmg/mL did not cause any further variation of the hydro-
dynamically accessible charge we conclude that the charged
entities of the adsorbed proteins show an arbitrary orienta-
tion at cggny=0.5 ug/mL. Because of the modulation of the
Debye screening length with the ionic strength of the solu-
tion this behavior may differ in solutions of other electrolyte
compositions.

C. Charge characteristic of FGN on POMA

After reaching an almost constant optical layer thickness
in the adsorption experiment the streaming channel was
rinsed with 1072 M KClI solutions. Subsequently the stream-
ing current versus pressure gradient was determined for all
FGN-covered POMA surfaces (Fig. 3). During the rinsing
step a variation of the layer thickness of less than 5% was
observed. The small variation of the layer thickness can be
attributed to the decrease of the ionic strength and to
a—however very limited—protein desorption.

The isoelectric point of the FGN covered POMA layers is
gradually shifted toward the intrinsic isoelectric point of the



163 Zimmermann et al.: Combined microslit electrokinetic measurements and reflectometric interference spectroscopy 163

100

FGN concentration

—o—0.01 pgfml  —d&— 0.1 py/mL
m—0.03 pgiml ¥— 0.5 pg/ml

—4—0.05 pyg'ml.  —e— 1.0 pg/mL

o
(=]
N

5 o
£ \I\ ‘._\
2 50 N T A S SR s
~ 3 -
. - e

§A—100' . . et -
3 L

0] o R

-200 r T r T r v r T

1 2 3 4 5 6 F 8 9 10
pH(10* M KCI)

FiG. 3. Streaming current vs pressure gradient in dependence of the solution
pH of a 1072 M KCI solution for POMA and POMA after adsorption of
FGN from solutions of different protein concentration (channel height
50 pm).

FGN (IEP=54,...,5.8) (Refs. 43 and 44) with increasing
protein solution concentration up to a solution concentration
of 0.5 ug/mL. At solution concentrations higher than
0.5 wg/mL no further variation of the IEP and the dIg/dp
versus pH plot was observed, i.e., the results of the experi-
ment are in line with the adsorption experiments (no varia-
tion of the dl¢/dp versus ¢ plot at concentrations higher than
0.5 ug/mL). The small difference between the IEP of the
FGN and the IEP of the completely covered surface can be
attributed to structural variations of the protein during the
adsorption process. Also, a decrease of the magnitude of the
streaming current versus pressure gradient values in the al-
kaline pH range was observed with increasing protein solu-
tion concentrations. This effect can be related to the decrease
of the net charge density at the interface with increasing
FGN surface concentration.

V. CONCLUSIONS

Microslit electrokinetic measurements and reflectometric
interference spectroscopy were combined to study the influ-
ence of charge formation processes on the structure and con-
formation of biopolymers at solid/liquid interfaces and to
unravel interrelations between the interfacial charge and the
formation of biopolymer layers. As compared to separate
measurements, this advanced approach permits us to obtain
complementary information about interfacial processes under
identical and well-defined experimental conditions and to
conclude on correlations between (i) charge and structure/
conformation of biopolymers and (ii) charge and adsorption,
desorption, and orientation of biopolymers at interfaces. To
demonstrate the potentialities of the introduced methodology
for in situ studies of the formation of biopolymer layers the
adsorption of the plasma protein fibrinogen at
poly(octadecen-alt-malic acid) films was followed at differ-
ent protein solution concentrations. It was found that the ori-
entation of the proteins at the interface is strongly influenced
by the charge of dissociated groups of the maleic acid co-
polymer film at low protein solution concentrations. In con-
trast, the electrosurface characteristics approach a saturation
at higher protein concentrations prior to the complete cover-
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age of the surface with protein. Furthermore, the results con-
firm earlier findings that FGN nearly irreversibly adsorbs at
hydrophobic surfaces.*’ Altogether, the results obtained point
at the high relevance of surface charge for the adsorption and
orientation of proteins at interfaces.
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