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Abstract Adsorption of the protein bovine serum albu-
min (BSA) on gold has been tested at various concentra-
tions in aqueous solution by dynamic contact-angle analy-
sis (DCA) and quartz-crystal microbalance (QCM) mea-
surements. With the Wilhelmy plate technique advancing
and receding contact angles and the corresponding hys-
teresis were measured and correlated with the hydro-
philicity and the homogeneity of the surface. With electri-
cal admittance measurements of a gold-coated piezoelec-
trical quartz crystal, layer mass and viscoelastic contribu-
tions to the resonator’s frequency shift during adsorption
could be separated. A correlation was found between the
adsorbed mass and the homogeneity and hydrophilicity of
the adsorbed film.

Keywords Protein adsorption - Dynamic contact-angle
analysis - Wilhelmy plate method - Quartz-crystal
microbalance - Admittance measurement

Introduction

Protein adsorption on surfaces in a biological environ-
ment is the first step in biofilm formation and serves as a
promoter for further bacterial adhesion [1]. The investiga-
tion of protein films and the knowledge of the mecha-
nisms influencing it is an important area of research, as
biofilms are relevant in many fields of medicine, food
processing, and engineering. The processes and influ-
ences involved are still not fully understood as protein ad-
sorption on surfaces is a phenomenon accompanied by a
very complex change of different physical surface param-
eters. These parameters include topography, wetting be-
havior, surface charge, and mechanical stiffness. Most
methods implemented for adsorption studies [2] are mon-
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itoring only a small selection of physical parameters. Op-
tical methods, e.g. ellipsometry and surface plasmon reso-
nance follow the changes in refractive index and thick-
ness. Electrochemical methods like cyclic voltammetry
and impedance spectroscopy are sensitive to changes in
permeability, dielectric properties, and thickness of the
adsorbed layer. The variations in free surface energy are
accessible by contact angle measurements, the amount or
mass of the adsorbed surface species can be investigated
by fluorescence or radiolabelling assays or by gravimetric
methods based on acoustic wave devices [3]. Two prereq-
uisites of reliable protein adsorption studies may be de-
fined.

1. To study the kinetic process of protein adsorption on
the surface the applied technique has to be suited for
liquid environment and dynamic time-resolved mea-
surements.

2. To account for the variety of influencing parameters a
combination of different measurement techniques is
desirable.

In the present work two methods to investigate adsorption
were compared in their independent response to a protein-
surface model system. The well known serum albumin
protein which is a major component to the total blood and
saliva protein content was chosen as adsorbing species.
For availability and cost reasons, the bovine serum albu-
min (BSA) analog to the human protein was employed.
The model surface studied was gold which is of medical
relevance.

With dynamic contact angle measurements changes in
the homogeneity of surfaces exposed to protein solutions
with different concentrations were monitored. It is possi-
ble to see the temporal development of the adsorption.
The difference of the advancing and receding contact an-
gles (hysteresis) is attributed to the homogeneity of the
surface (see below).

The mechanical behavior of a surface film can be char-
acterized via the resonant behavior of a QCM. The atten-
uation of the resonator’s amplitude is correlated with the
layer’s viscosity. The frequency change is attributed to
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variations in the mass and elasticity of the adsorbate. Usu-
ally these effects are accessible only in combination. By
applying certain model assumptions it is possible to sepa-
rate the mass increase and the viscoelastic contribution
(see below). Accordingly it is possible to monitor the sur-
face coverage and the mechanical properties of the devel-
oping surface film dynamically and in situ.

Additionally it is shown in this work that the two phys-
ically different techniques offer results that are compatible
with and complementary to each other: A mass increase
on the surface is accompanied by homogenization of the
surface.

Theoretical background
Principle of dynamic contact-angle analysis (DCA)

Contact angles give insight to the equilibrium of inter-
facial tensions. The interfacial tensions are the revers-
ible work needed to change a surface under isothermal
and isobaric conditions (dW,.,=Fds=ydA resulting in

_ (W _ (3G
Y= ( 3A )T,p = (M)T,p)' )

It can be represented as work per unit area or force per
unit length.

According to the Young equation the relation between
the solid/vapor (Y,,), the solid/liquid (), the liquid/vapor
(7,v) interfacial tensions, and the contact angle 0 of e.g. a
droplet is given by:

Ysv — Vs1 = Y1y COS 0 (D

The contact angle can also be determined indirectly by the
Wilhelmy plate method [4], in which the specimen is
dipped into a solution and the weight is measured for im-
mersion and emersion. The microbalance measures a
combination of the weight of the sample (mg), the interfa-
cial- and the buoyancy forces Fyoyancy:

F = mg + Lylv cos — Fhuoyancy (2)

where L is the perimeter of the plate. Temporal resolution
is achieved by running experiments with multiple cycles.
With that changes in surface or solution composition can
be monitored. This method can monitor changes on the
timescale of minutes, as a typical time needed for one cy-
cle. The formation of a biofilm from a protein solution
takes place on the same timescale. On shorter time scales
time-resolved static contact angles can be used to monitor
surface changes [5]. The changes in this investigation are
due to the adsorption of proteins on the surface forming a
biofilm. Proteins may undergo conformational changes
that allow hydrophobic residues to contact a hydrophobic
surface (6>90°) exposing hydrophilic residues towards
the solution. This results in a stronger bond between the
protein and the surface [6, 7] and can lead to a more uni-
form and more hydrophilic surface chemistry.
Thermodynamically the advancing and receding con-
tact angles should be equal. In real systems they often dif-
fer [8]. The origin of this difference can be attributed to

surface inhomogeneities, as the intrinsic contact angle is
only defined for flat, smooth, nonreactive surfaces [9].
The real contact angle can be described by different pro-
portions of the surface (f; and f,) that have different in-
trinsic contact angles (6, and 0,) resulting from chemical
or topographical inhomogeneities according to Cassie [10,
11]: cos0,.,=f; cosO,+f, cosO,.

The difference between the advancing 0,4, and reced-
ing 0, contact angles is described as hysteresis: AO=
0,4v—0,cc- This hysteresis is determined by factors includ-
ing the distribution of the different portions of the surface
that act as barriers. It is a measure for the homogeneity of
the surface. The more homogeneous a surface is, the
smaller is the hysteresis. In measurements of advancing
and receding contact angles the advancing contact angle is
more sensitive to the change in high contact angle regions
if most of the surface exhibits low contact angles. The op-
posite is true for the receding contact angle [10, 11]. The
change in hysteresis can occur when the surface structure
is reorganized and changes occur through, e.g., adsorption
processes.

Principle of the quartz-crystal microbalance (QCM)
technique

Piezoelectric crystals are excited to ultrasonic vibrations
by applying alternating voltages on opposite crystal faces.
Depending on substrate material, geometry, and crystal
orientation different acoustic modes can be selected rang-
ing from bulk, surface and plate modes to compressional
and shear waves [12].

The most commonly used device is the so called quartz-
crystal microbalance (QCM). It consists of a thin single-
crystalline 0-Si0,-disc with an electrode pair on the upper
and lower side for electrically contacting the crystal and
for generating an acoustic shear wave in the bulk quartz
material. Frequency and amplitude of the shear wave de-
pend on the mechanical properties of the quartz crystal
and its surface. Loading one electrode with a wave guid-
ing medium results in frequency and amplitude changes.
For a pure thin mass-layer rigidly coupled to the electrode
Sauerbrey [13] derived a linear relation between mass
change and frequency shift. A pure Newtonian liquid
leads to a frequency shift dependent on liquid viscosity
and density according to Kanazawa’s equation [14]. Addi-
tionally, energy loss occurs resulting in a decrease of the
resonator’s quality factor and amplitude [15].

A more detailed description of the electromechanical
behavior of a loaded QCM [16, 17, 18, 19] shows that the
mechanical properties are represented in the electrical
quartz impedance and admittance. The exact expression
of the loaded quartz impedance as demonstrated in Ref.
[20] is quite complicated. Near resonance approximations
can be applied relating simple lumped electrical elements
with measurable quantities like frequency shift Av and
resonance resistance shift AR.

The admittance Y=G+i-B of the loaded QCM corre-
sponds to a Lorentzian type spectrum. Real and imaginary



parts named conductance G and susceptance B can be

written as
-1

Uz — U2 2
G(U) =Gnax - |1+ <Q7max> (3)
V - Vmax
U2 — V2
B(l)) =2 - Col) — (Qﬁmdx> . G(l)) (4)

The maximum G,,,, of G meets the mechanical resonance
frequency v, of the compound oscillator comprised of
unperturbed quartz and surface load on the electrode. Q is
the quality factor of the loaded QCM, C, is the geometric
capacitance of the quartz and v is the frequency of the al-
ternating excitation voltage.

A possible mechanical model of a protein adsorbate on
a surface in liquid is a combination of a viscoelastic thin
layer and a semiinfinite viscous medium. Additional im-
portant effects containing multiple layer formation and
slippage of neighboring layers are treated in Ref. [21]. For
monolayer formation assumed primarily relevant for this
work one can refer to the thin-layer approximation of a
single viscoelastic layer derived in Ref. [22]. The result-
ing frequency shift Av;_; of the resonator is expressed as:

Avp_y = AVpass + AVyiscoetastic

5
=—M - (AR,_y)'? =V AR, _y ©)

where AVL—M=Vlayer+medium_Vmedium and ARL—M=R1ayer+medium_
Rqium are the frequency and resistance differences be-
tween the liquid loaded quartz plus layer and the liquid
loaded quartz without layer. The first term in Eq. (5) cor-
responds to the adsorbate mass and the second term to the
adsorbate viscoelasticity. The two parameters M and V
contain properties of the quartz crystal and the viscoelas-
tic layer:

271/3
M=cC,- [PLML]

l
Ky

(6)

where C; and C, are two quartz constants of no further
importance. Note that M depends on the density p; and
the viscoelastic properties of the layer represented in a
complex shear module p; = pu; +i - p} with elastic part
w7, and viscous part u; while V depends only on the vis-
coelastic properties of the adsorbate.

Measuring multiple frequency and resistance pairs of
the QCM during protein adsorption in liquid enables one
to separate the mass from the viscoelasticity of the ad-
sorbed layer without further experiments by fitting the
measured values with the model Eq. (5) and recalculating
the mass term Avygs; = —M - (AR, _y)"? and the vis-
coelastic term AvVy;seoerastic = —V - AR separately. An
absolute determination of layer mass Amqyer = A - prdp,
and viscoelastic loss factor 7.y, = u} /i) requires the
knowledge of the electrical and mechanical parameters of
the individual quartz crystal, which can be obtained by
calibration measurements. As this is not in the scope of
the present work, these considerations are not elaborated
here.

M/
V=C- =%
Wy
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Experimental
Materials

Gold wire (purity 99.99%) with a diameter of 1 mm was obtained
from Degussa AG, Germany. It was used as coating material for
QCM and as substrate for DCA.

AT-cut circular shaped blank quartz crystals with a fundamen-
tal resonance frequency of 10 MHz and a diameter of 8.5 mm were
obtained from RSG Electronic Components GmbH, Germany.

Bovine serum albumin (BSA, fraction V powder, approx. 99%)
was obtained from Sigma—Aldrich Chemie GmbH, Germany. So-
dium dodecyl sulfate (SDS, >99.0%) was bought from Merck
KGaA, Germany. The water for the solutions was deionized to a
resistance of 18 MQ and purified to a total organic content below
10 ppb using a Millipore Q-Synthesis system (Millipore GmbH,
Germany).

Phosphate-buffered solutions (0.1 mol L) were prepared from
K,HPO, and KH,PO, >99%, obtained from Fluka Chemie AG,
Switzerland

Aqueous and phosphate-buffered protein solutions were pre-
pared from a stock solution of 10 g L~ BSA by dilution.

Dynamic contact angle measurements

The dynamic contact angle measurements were performed with the
Dynamic Contact Angle Meter and Tensiometer DCAT11 (Data-
physics, Germany) based on the Wilhelmy plate method. Data
were evaluated with the software SCAT11 supplied by the manu-
facturer.

The gold substrate was fastened with a clip at the microbal-
ance. The vessel containing the solution was moved towards the
substrate and the measurement started upon the first contact. This
point is defined as immersion depth 0. From there the sample was
advanced further with a dipping velocity of 0.2 mm s~! down to an
immersion depth of 10 mm and retracted to O mm thereafter. Ten
cycles were recorded for each protein concentration. The total time
of one adsorption experiment was accordingly 8 min. Aqueous and
phosphate-buffered protein solutions were investigated. The val-
ues for calculation of the hysteresis were taken at the immersion
depth of 8 mm as at this point an equilibrium is established. The
recorded weight was converted into force per wetted length via
correction by the perimeter of the substrate and the difference of
the values for advancing and receding curves calculated for hys-
teresis analysis. With this value it is possible to compare measure-
ments more easily.

Quartz-crystal microbalance measurements
Preparation of the quartz crystals

Quartz crystals were coated with a 5 nm adhesive titanium layer
followed by 80—100 nm gold in a high-vacuum evaporation system
(Labovac Drewa opt 400, Dresdner Vakuumtechnik, Germany)
providing a large working electrode (diameter 7 mm) centered on
the liquid side crystal face and a small electrode (diameter 5 mm)
centered on the air side crystal face. The obtained gold surfaces
were polycrystalline with an average roughness of 2-5 nm as
checked by scanning force microscopy. The gold coated and elec-
trically contacted quartz crystals were annealed in an oven at
120°C for 60 min. Prior to their use in adsorption measurements
they were rinsed with Milli-Q-water and dried in N, to remove
dust particles.

Flow-through setup
The quartz crystals were mounted in a fluid cell. The fluid cell

(measurement volume 40-50 pL) was designed to expose only the
larger working electrode to the fluid, to allow for a continuous
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flow of liquid across the quartz surface, to avoid air bubbles in the
measurement chamber and to assure a proper electrical contact
with the measuring instruments. Liquid flow through the measure-
ment cell was maintained by a peristaltic pump (model Reglo Ana-
log, Ismatec Laboratoriumstechnik GmbH, Germany) at flow rates
of about 100 uL min~!. Flow inside the liquid chamber was di-
rected against gravity to avoid pressure spikes on the vibrating
crystal and to drive out air bubbles. The electrodes were contacted
from the liquid free backside by spring contacts which were inte-
grated in a click-on adapter supporting a cable connection to the
measuring instrument.

Admittance spectroscopy

In this work, real and imaginary parts of the quartz admittance
were measured because they allow an easy separation of the inter-
esting mechanical branch from the geometrical and stray capaci-
tances of the quartz holder and the electrical contacts.

Instrumentation. For a.c.-measurements a network analyzer (model
Advantest R3753AH, delivered by Rhode & Schwarz GmbH, Ger-
many) was used. The admittance was investigated in transmission by
connecting the output source and signal input of the analyzer to the
quartz working and backside electrodes, respectively. The home
made measuring bridge consisted of a shielding aluminium box con-
taining the quartz fluid cell. The instrument outside the box was
linked to the quartz via isolated BNC-connectors (fixed in the wall of
the box) and a cable adaptor with two pins contacting the electrodes.

Calibration. The measurement bridge was calibrated in the desired
frequency range by a three point-procedure: The open-condition
was approximated by leaving the bridge unconnected, the short-
condition by connecting a copper wire and the load-condition by
connecting a 50-Q resistor. The network analyzer corrected the
measured data by internal routines using the three calibration
points. The quality of calibration was checked by measuring the
frequency of the admittance maximum of an encapsulated refer-
ence quartz with a given resonance frequency of 10.000 MHz
(housing HC49/U, RS Components, Germany). The measured fre-
quency deviated by less than 0.04% from the reference.

Measurement procedure. The electrical admittance of the quartz
was measured continuously in a small frequency band around the
fundamental resonance. Center frequency and bandwidth were ad-
justed dynamically to the real part of the resonance curve: The
measurement band was always centered at the conductance maxi-
mum with a frequency span set to three conductance bandwidths.
Each admittance spectrum consisting of the conductance G and the
susceptance B was taken with a measurement filter of 100 Hz in
about 3 s at 301 equidistant frequency spots.

The admittance measurements were controlled by a PC (90 MHz
Pentium) running on Windows 95 (Microsoft GmbH Deutschland,
Germany). For data acquisition software based on the graphical
user interface HP Vee 4.0 (Agilent Technologies Deutschland,
Germany) was developed. This program automatically and contin-
uously detected the frequency and bandwidth of the quartz vibra-
tion and adjusted the measurement as described above. Baseline
corrected real and imaginary parts G and B of the admittance were
fitted with the Lorentzian spectrum as formulated in Egs. (3) and
(4) which gives the resonance admittance G,,,,, the resonance fre-
quency V.. the quality factor Q of the quartz vibration, and the
geometrical capacitance C. A relative fitting error was calculated
by comparing the measured raw data with the fitted admittance
data and was always below 0.1%. The continuously extracted pa-
rameters V... Guae Q, and C, were stored digitally with the
elapsed time measurement since the start for further data analysis.

Adsorption studies

To monitor protein adsorption on gold, the flow cell containing a
gold-coated quartz crystal was continuously and slowly flushed

with water (fluid inlet connected with a water reservoir, fluid out-
let connected with a peristaltic pump). Water was replaced by
freshly prepared BSA-solutions of different concentrations, fol-
lowed again by pure water to completely remove the protein solu-
tion and to desorb weakly bound molecules from the surface. Prior
to the next protein solution the gold surface was regenerated with
0.1 mol L-! SDS solution and water. In a set of adsorption experi-
ments protein solutions where analyzed in order of increasing pro-
tein content.

Results and discussion
Dynamic contact angle measurements

With the dynamic contact angle measurements a reduction
in hysteresis was observed for all experiments. This change
can be attributed to the formation of a protein layer. Con-
trol measurements in pure water with phosphate-buffered
solution show no reduction in hysteresis after the initial
change from the dry to the wetted surface. In Fig. 1 a typ-
ical curve is shown. Indicated is the development of the
advancing angle with constant receding angle leading to a
reduction in hysteresis, and the immersion depth at which
the data analysis was done.

All changes appear in the advancing contact angle with
the receding staying at a constant level (Fig.1). The ad-
vancing angles change to more hydrophilic behavior. This
change indicates a hydrophilization of the surface due to
the protein adsorption.

The reduction in hysteresis and hydrophilization shows
that by adsorption of the protein the small amount of hy-
drophobic parts of the surface is being reduced and an
overall hydrophilization and homogenization occurs upon
adsorption. Proteins are able to undergo conformational
changes and hence to adsorb on hydrophobic as well as on
hydrophilic surfaces. In the above case this leads to an en-
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0 2 4 6 8 10

immersion depth [mm]

Fig.1 Typical measurement of an adsorption with the minimiza-
tion of hysteresis. For clarity cycles 1, 2, and 10 only are shown.
Evaluation of the data was done at 8 mm immersion depth
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Fig.2 Temporal changes in hysteresis over the 10 cycles of ad-
sorption

ergetically favorable system with hydrophilic residues ex-
posed towards the solution.

The hysteresis approaches a steady state during the 10
cycles indicating saturation and an equilibrium between
the proteins in the solution and those in the surface layer
(Fig.2).

The final hysteresis is a function of the concentration
and diminishes with increasing concentration. At concen-
trations of 10 g L' BSA the hysteresis approaches a
steady value close to zero resulting in the fact that higher
concentrations do not yield further information. This
could be characterized by the formation of a monolayer.
As could be shown in QCM experiments no further ad-

n = gold in buffered solution
404 —— Langmuir fit
— 30
§ Langmuir fit
E y=B*(1-(x/(A+x)))
(2]
'g 20 A=0.18 £0.04
o} B =37.83+2.05
®
>
< R”2 = 0.96962
10
L ]
~__
T
0 T T T T T T T
0 2 4 6 8 10

concentration [g/l]

Fig.3 Dependency of the hysteresis on the BSA concentration in
buffered solution
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sorption is taking place. This behavior towards the con-
centration ¢ can be modeled by a Langmuir fit:

f(c):B[l— ¢ }
A+c

with B as constant for the initial value and A = 1/K 4,
resulting in a Langmuir constant K,,, of 5.5 L g~! (Fig.3).

The hysteresis changes occurring in aqueous solution
are different to those in phosphate-buffered solution. In
aqueous solution the hysteresis is generally higher than in
the buffered solution. The influence of the phosphate
buffer homogenizes the surface. This influence is further
enhanced by the adsorption of proteins to yield at higher
concentrations a homogeneous surface. The hysteresis in
phosphate-buffered solutions reaches this homogeneity
close to 5 g L-! whereas the protein adsorption in aqueous
solution approaches a steady value close to zero hystere-
sisat 10 g L1,
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Fig.4 (a) Real part (conductance) and (b) imaginary part (suscep-
tance) of the electrical admittance measured with a quartz crystal
gold coated in-house. Baseline correction and resonance curve ex-
traction are plotted as well. For clarity, only each tenth measured
data point is displayed
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Table 1 Resonance parameters of a commercially available refer-
ence quartz (10.000 MHz) and a quartz crystal coated with gold in-
house

Vmax (HZ) Gmax Q CO
(mS) (pF)
Reference quartz 9,996,938.98 147.62 111,283.68 2.032
Gold-coated quartz  9,901,554.55 18.84 13,074.45 5.082

Quartz-crystal microbalance measurements
Quartz characteristics

The admittance of a gold coated quartz crystal in air is
shown in Fig.4.

The extracted resonance parameters are compared in
Table 1 to those of an encapsulated reference quartz
which was used to calibrate the network analyzer.

The frequency shift of the gold coated quartz corre-
sponds to a coating mass [13] of 85443 pg assuming a
fundamental frequency of 10£0.05 MHz as specified by
the manufacturer and taking mechanical quartz properties
from the literature [23]. This implies a gold layer with a
thickness of 112+57 nm which is in the expected range.

The quality factor of the gold-coated quartz is far be-
low the quality factor of the reference quartz which points
out additional internal friction within the quartz bulk or
the coating layer, and to perturbations from the surround-
ing medium possibly based on:

1. slight deviations from the theoretical AT-cut and
clamping effects generating a non-pure shear motion
and leading to energy loss by compressional wave ra-
diation;

2. friction at domain boundaries within the polycrys-
talline coating layer; and

3. temperature effects and air humidity under non-ideal
ambient conditions inducing additional dissipative stress
on the electrode surface.

Nevertheless, the in-house coated quartzes could well be
used in adsorption experiments.

Protein adsorption onto gold

During adsorption of BSA onto gold, frequency and resis-
tance of the resonator are changing characteristically
(Fig. 5a).

The adsorption process is accompanied by a decrease
of the resonance frequency and an increase in resonance
resistance. Once the protein solution reaches the measure-
ment cell, the adsorption is completed within about 2 min.
As was seen in desorption experiments with pure water
(data not shown), BSA adsorbs irreversibly on gold which
might be due to the formation of covalent sulfur—gold
linkages explaining the high affinity to the gold surface.
Regeneration with 0.1 mol L-! SDS-solution for about
5 min could remove the adsorbate layer in most cases
(mean baseline shift of —2.83 Hz and 0.14 Q in N=12 sub-
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Fig.5 (a) Time dependence of resonance parameter shifts during
injection of BSA solution (0.5 g L") into the liquid cell (kinetic
measurement). (b) Concentration dependence of resonance param-
eters near saturation (15 min after injection)

sequent adsorption and regeneration steps). Saturation of
frequency and resistance during protein flow-through
could be achieved after 15 min in all experiments. Plot-
ting the saturation values in dependence of the BSA-con-
centration yields a monotonically increasing surface load-
ing characteristic (Fig. 5b).

This data set is further processed as explained in the
next section.

Viscoelastic correction of frequency shifts

To separate viscoelastic effects from the pure mass in-
crease on the resonator’s surface the relationship between
frequency shift and resistance can be examined as de-
scribed in Sec. 2.2. The fit of the model function to the
Av-AR data of a series of kinetic BSA adsorption mea-
surements is exemplarily demonstrated for three concen-
trations in Fig. 6.

It should be noted that BSA solutions with concentra-
tions below 5.0 g L-! do not induce resistance changes
larger than 4 Q in the given experimental data. In this
low-load regime all data including the protein solutions
with the highest contents can be explained very well with
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Table 2 Viscoelastic model parameters obtained for adsorption
onto gold from different BSA-solutions. The viscoelastic and mass
contribution to frequency shift are tabulated as well

0
10 e BSA-conc. 0.2 g/l
] A BSA-conc. 2.0 g/l
204 s BSA-conc. 10.0 g/l
= |
I, -30
&= | =]
B -40
g 1 )
& -50 -
3
o 4
g 60 - @
] low load regime | high load regime @
-70 %
-80 -
T T T T T v T
0 2 4 6 8 10

resistance shift [Q]

Fig.6 Modelling the protein layer as a viscoelastic load with dis-
crete lumped elements for viscoelasticity and mass. For clarity,
only three concentrations are displayed

the suggested viscoelastic model. In the high-load regime
a significant deviation occurs indicating additional contri-
bution to quartz stiffness or inertia resulting in lower fre-
quencies as proposed by the model at the same value of
the resonance resistance. The excess frequency shifts ob-
tained for BSA-concentrations of 5.0 g L-! and 10.0 g L!
are proportional to the resonance resistance with different
slopes (-4.19 Hz Q! and -2.85 Hz Q~!, respectively). This
excludes a mass effect from a theoretical point of view
(Egs. 5 and 6). On the other hand, a pure viscous effect
would not vary the slope of the Av-AR curve upon
changes in nature or concentration of the liquid. It is fea-
sible to assume that in higher concentrated macromolecu-
lar solutions the liquid medium itself shows viscoelastic
behavior, at least in a boundary layer attached to the ad-
sorbate on the surface. Another possible explanation is a
change in the viscoelasticity of the protein layer during
adsorption leading to a kink in the Av—AR relationship.
The assumption of viscoelasticity variations due to con-
formational changes near a surface is often applied to ex-
plain the resonant behavior of a biomacromolecule-loaded
QCM [24, 25] including molecule swelling or shrinking
because of absent or present charge screening in low or
high ionic-strength electrolytes, respectively, and water
migration into the porous biofilm structure. For the exper-
imental data in this work, an unique attribution to one of
the mentioned mechanisms cannot be given at the mo-
ment.

The model parameters M and V, and the separated sat-
uration frequency shifts due to mass and viscoelasticity
according to Egs. (5) and (6) are summarized in Table 2.
The mass term is calculated by subtracting the viscoelas-
tic contribution to frequency (Av,;,) from the experimen-
tal frequency shift, Av,ass,corr = AVexp — AVyige.

Analogously to the surface hydrophilization and ho-
mogenization measured by DCA, the mass increase on
the surface measured by QCM can be described by a
Langmuir isotherm (experimental Langmuir constant of

BSA conc. M \'% AVyise AV 55 corr
(gL™M (Hz/Q'3)  (Hz Q) (Hz) (Hz)
0.05 28.03 2.70 -0.55 -22.01
0.10 39.25 2.31 -0.09 -28.37
0.20 41.28 0.00 0.00 —38.83
0.50 30.35 1.60 -3.50 —47.79
1.00 13.64 2.60 —4.72 —46.59
2.00 15.77 3.34 -11.00 —43.17
5.00 5.35 3.83 -27.95 -56.06
10.00 3.56 4.82 -52.87 —48.24
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Fig.7 Separation of mass and viscoelastic effect during adsorp-
tion of BSA

14.80 L g!; Fig.7). The maximum mass uptake of
the surface given by the plateau frequency shift amounts
44.7 ng which is about 15% larger than one BSA-mono-
layer of side-on oriented molecules (a complete coverage
of the active electrode area with ellipsoidal shaped BSA-
molecules of axis lengths 14x4x4 nm? yields 39.0 ng in
side-on configuration, and 173.8 ng in end-on configura-
tion). This deviation might be due to packing inhomo-
geneities within the surface layer, when molecules are
arranged with different tilt angles with respect to the sur-
face resulting in a higher packing density. Additionally,
the viscoelastic term grows linearly with the BSA concen-
tration which is due to layer stiffening when layer elastic-
ity is enlarged relative to layer viscosity (Eq. 6). Possibly
at higher protein concentrations the adsorbate layer for-
mation is completed in an earlier stage of the experiment
leading to a denser protein film compared to lower con-
centrations. In this case the protein film has enough time
and molecular contact points to surface and neighbor mol-
ecules to reorganize and optimize intra- and extra-layer
interactions.
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Fig.8 Combination of hysteresis changes measured by DCA and
the frequency shift measured by QCM. Both measurements were
performed in unbuffered aqueous solution

Correlation of DCA and QCM

The relation between final hysteresis shifts taken from a
DCA-measurement series and viscoelastically corrected
frequency shifts taken from a QCM-measurement series
in pure aqueous BSA solutions is depicted in Fig. 8.

The DCA-values are corrected with the value of a ref-
erence measurement in protein-free water.

A reasonable linear correlation (12 = 0.95) between the
two data sets is obtained.

Figure 9 shows another comparison of DCA- and QCM-
experiments. The hysteresis shifts resulting from a DCA-
adsorption study in phosphate-buffered protein solutions
with the reference measurement in pure buffer subtracted
are related to the corrected frequency shifts of the corre-
sponding QCM experiments in unbuffered protein solu-
tion.

Again, the linear dependency (12 = 0.95) is obvious.

The linear correlation in pure aqueous solution be-
tween reduction in hysteresis and frequency implies that a
change in surface homogeneity is related to a mass
change. This clearly confirms the assumption that tempo-
ral variations in wetting behavior measured with DCA
during protein adsorption are actually due to formation of
a protein layer on the surface. On the other hand, the iden-
tification of the adsorbed protein as a real surface mass
with the sophisticated QCM admittance setup can be ver-
ified by the complexity of chemical and topographical in-
formation about surface state changes which are summa-
rized in a hysteresis decrease.

The linear dependency between DCA of buffered pro-
tein solution and QCM of unbuffered protein solution
might reflect a similar hysteresis decrease with increasing
mass loading in presence of buffer salts. For a quantitative
comparison of the two regression slopes pointing to a
stronger effect in the unbuffered case one has to assume
that the surface mass coverage is not drastically depen-

= data DCA (BSA buffered) - QCM (BSA unbuffered)
o linear fit, slope = 0.82 10°NHz'm"
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Fig.9 Combination of hysteresis changes measured by DCA and
the frequency shift measured by QCM. The DCA-measurement
was performed in phosphate buffered solution, QCM was per-
formed in unbuffered aqueous solution

dent on buffer conditions. This is questionable and has to
be investigated separately.

Conclusion and outlook

In this work, dynamical contact angle and quartz-crystal
microbalance experiments were employed to characterize
the adsorption of bovine serum albumin onto gold sur-
faces in aqueous media. Both methods reveal saturation
behavior at higher concentrations, showing up in a ho-
mogenized surface in a monolayer with a defined mass.
Conformational changes of the protein at the surface are
associated with the hydrophilization of the surface, repre-
sented by decreasing surface energy with decreasing ad-
vancing contact angles. Beside the changes in wetting be-
havior an increase in layer stiffness was found from QCM
admittance measurements possibly due to restructuring
effects during adsorption.

A major scope of this study was to investigate if the
two independent measurement techniques for protein ad-
sorption led to compatible results. For BSA in water the
mass change and the chemical and topographical homog-
enization at the surface are clearly correlated. Interest-
ingly, an additional linear relationship could be obtained
by comparing hysteresis measurements in phosphate-
buffered solutions and unbuffered QCM-measurements.
The phosphate-buffered solution shows earlier homoge-
nization but a smaller overall hysteresis change. If mass
loading is assumed to be less influenced by buffer, these
results indicate different surface homogeneity at the same
mass loading in water and buffered solution.

The first results to our knowledge on combining QCM
and DCA presented here are promising, and will stimulate
further experimental work to apply this correlation for
other protein-surface systems. A systematic variation of
the medium composition, the protein species, and the sur-



face modification may lead to a more detailed understand-
ing of the interface region between a biological fluid and
a biomaterial.
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