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Study of adsorption and viscoelastic properties of proteins with a qu
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Abstract

The adsorption kinetics of protein A, BSA, IgG, and fibronectin has been investigated using a homemade quartz crystal micr
Information about the energy losses appearing in the system is measured by the maximal oscillation amplitude and the dissipa
Only the maximal oscillation amplitude allows us to distinguish the different contributions of liquid and mass to the total frequency s
adsorption of proteins has been performed on Ti and Au surfaces at different concentrations. The amount of irreversible adsorbed
and IgG increases with increasing bulk concentrations. On Au more proteins adsorb, but their biological activity is reduced in co
to Ti. Protein A forms a first monolayer in a few seconds, which shows practically no energy losses, and following this a second m
is formed. The adsorption rate for the second monolayer is much smaller and energy losses are present. Fibronectin is form
viscoelastic system, whose mechanical properties are affected by immersion in different buffer solutions.
 2003 Elsevier Science (USA). All rights reserved.

Keywords:Protein A; BSA; IgG; Fibronectin; Adsorption; QCM; Amplitude; Dissipation factor; Viscoelasticity
ue-
ena
uch
tica
the
pe-

s on
ood

, the
nts
ed
ters
nts,
om-

are
the

tein
[2],

can
ible
ible
ion.
ller
eins

tudy
PS)
s
4],
rnal
ec-
py
d-
r-
the
ax-

e

er-

and
1. Introduction

The interactions occurring between proteins from aq
ous solutions and solid surfaces are basic phenom
which are important in many different research areas, s
as implants, biosensors, cell cultures, and pharmaceu
technologies [1]. Nevertheless, different properties of
adsorbed proteins are required for each application. S
cific arrangement and conformation of adsorbed protein
biochips are, for example, essential in order to ensure g
biofunctionality of the sensor surface and, subsequently
best precision of the medical diagnostic. Different impla
will also require different adhesion qualities of adsorb
proteins. Poor protein adhesion is demanded for cathe
and contact lenses, which is in contrast to bone impla
where strong adhesion is necessary in order to built a c
pact implant–bone interface.

The main phenomena leading to protein adsorption
electrostatic interactions, steric interactions, changes in
state of protein hydration, and rearrangement in the pro
structure [1]. It has been shown that the surface charge
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,

l

the topography [3,4], and the surface chemistry [2,5]
influence protein adsorption. For most proteins revers
and irreversible adsorption can occur. Moreover, irrevers
adsorption is sometimes linked with protein denaturat
When a mixture of proteins is present in solution, the sma
one will adsorb faster and can then be replaced by prot
showing higher surface affinities (Vroman effect).

Several experimental methods have been used to s
protein adsorption. X-ray photoelectron spectroscopy (X
[6–8] and atomic force microscopy (AFM) [8,9] allow u
to get static information. In contrast, ellipsometry [10–1
surface plasmon resonance (SPR) [15–17], total inte
reflection fluorescence (TIRF) [18], optical wave light sp
troscopy (OWLS) [19,20], and quartz crystal microsco
(QCM) [21–23] can follow the kinetics of the protein a
sorption. A feature of the QCM is that it can obtain info
mation not only on the amount of adsorption but also on
viscoelastic properties of the adlayer by measuring the m
imal amplitude (A0) of the quartz oscillation [24] and th
dissipation factor (D). However, the measurement ofD does
not allow us to separate the contribution of the liquid prop
ties from that of the adsorbed mass, becauseD contains the
frequency shiftf , which depends on the adsorbed mass
on the viscoelasticity of the liquid.
eserved.

http://www.elsevier.com/locate/jcis


292 C. Galli Marxer et al. / Journal of Colloid and Interface Science 261 (2003) 291–298

ent
s si-

is
and
Ti.
very
t of

dy:
A,

nd
sma

s
of
and
n
min
ide-
or

tric
or
ter

, so
5

s
g
7].
on
in

ul-
8].

in
so-
n

n of
ad

y is
only
r

hich
alent
ue
s. In
ion,

r-
ere
and
x at
t
ex-
is
can

fre-
wo
ide
tal
dur-
with
ent
t of

r at

-

cy
ass.

ence

tact
the
rder
ein
ity

Ti
the
the
ere
ich
re

the
and
In this paper we analyze the adsorption of two differ
protein systems with a homemade QCM, which measure
multaneously the frequency shiftf , the maximal oscillation
amplitudeA0, and the dissipation factorD. First, a stan-
dard protein system in immunology (protein A, BSA, IgG)
studied, and particularly the protein adsorption kinetics
the biological activity of adsorbed protein A on Au and
The second protein studied, fibronectin, constitutes a
viscoelastic solution. Its adsorption, as well as the effec
immersion in different buffers, is studied.

2. Materials and methods

2.1. Proteins and buffers

Four different proteins have been used for this stu
three standard proteins for immunology tests (protein
BSA, and IgG) and fibronectin, which forms filaments a
is found in connective tissue, on cell surfaces, and in pla
and other body fluids.

Protein A (soluble extracellular fromStaphylococcu
aureus, Fluka, Buchs, Switzerland) is globular protein
44.2 kDa. It has an average diameter of 3 nm [25]
its isoelectrical point ispI = 5.1 [26]. The concentratio
ranged between 16 and 1600 nM. Bovine serum albu
(BSA) (Fluka, Buchs, Switzerland) was used as a s
blocking protein because it does not bind to protein A
IgG. The molecular weight is 66.43 kDa and the isoelec
point ispI = 4.9. The concentration of BSA was 300 µM f
all experiments. We diluted the BSA in nanodeionized wa
(nanofiltration), which was stocked under air conditions
that due to CO2 absorption, the water pH was between
and 6, near thepI of protein A and BSA. The IgG antibodie
(Fluka, Buchs, Switzerland) have aY shape measurin
13.7 nm in width at their extreme and 10.4 nm in height [2
Their weight is 150 kDa and they can bind specifically
protein A by their Fc domain. They were also diluted
nanodeionized water, at a concentration of 5 µM.

Fibronectin (Sigma, Buchs, Switzerland) is a large m
tidomain glycoprotein, which is almost 130 nm long [2
Studies of the hydrodynamic properties of fibronectin
solution suggest a flexible conformation [29]. The stock
lution was 1.1 mg/ml in 0.05 M Tris buffered saline solutio
at pH 7.5, and it was diluted in nanodeionized water.

Hepes–NaOH buffer was prepared at a concentratio
10 mM with pH 7.4. The citrate–phosphate solution h
pH 7.4 and a concentration of 50 mM.

2.2. The quartz crystal microbalance (QCM)

The quartz crystal microbalance used for this stud
a homemade microbalance, which can measure not
the series resonant frequencyf and the dissipation facto
D, but also the maximal oscillation amplitudeA0 of the
quartz each 300 ms [24]. The maximal amplitudeA0 allows
us to determine pure energy losses of the system, w
are represented by the motional resistance in the equiv
circuit. It is then possible to distinguish frequency shifts d
to adsorbed mass and to changes in the liquid propertie
contrast, the dissipation factor also contains this informat
but is combined with the frequency.

A 10-MHz AT-cut quartz (Internal Crystal Manufactu
ing Co., Inc., OK, USA) was used, and all experiments w
driven at the fundamental frequency. The quartz crystal
the solutions were placed in a temperature control bo
25± 0.1 ◦C, so that the temperature (T ) remained constan
during the whole experiment and during the solution
changes. Keeping theT of the whole system constant
extremely important, because changes of temperature
modify the liquid properties, and therefore influence the
quency,A0, andD. The quartz is entrapped between t
plexiglas pieces sealed with VITON O-rings. Only one s
of the crystal is in contact with liquid. This experimen
setup ensures that no evaporation of liquid is possible
ing the experiments. Moreover, the electrode in contact
the liquid completely covers the quartz in order to prev
any influence of the conductivity and dielectric constan
the liquid [30].

The resolution of our QCM isf ± 2 Hz, D ± 0.5E–6,
andA0 ± 50 (a.u.) when operated in nanodeionized wate
25◦C. This corresponds to mass changes of m± 9 ng/cm2

according to the Sauerbrey equation,


m = −C
f,

where 
m is the adsorbed mass,
f the measured fre
quency shift, andC the quartz sensitivity, which isC =
4.5 ng/cm2 Hz for our quartz. A decrease of the frequen
shift therefore corresponds to an increase of adsorbed m
Nevertheless, changes in liquid properties can also influ
the frequency [31].

Before each measurement, stabilization off , D, andA0
signals was achieved with nanodeionized water in con
with one side of the crystal. After protein adsorption,
quartz surface was rinsed with nanodeionized water in o
to determine the total frequency shift induced by prot
adsorption without involving changes in the liquid dens
and viscosity.

3. Results

3.1. Protein A–BSA–IgG

Protein A adsorption was performed on Au and
surfaces with different concentrations in order to study
protein A adsorption kinetics, as well as to measure
biological activity of adsorbed protein A. The surfaces w
then blocked with BSA at a defined concentration, wh
was followed by antibody adsorption. All proteins we
diluted in nanodeionized water in order to minimize
presence of salt ions, which also adsorb on the surface
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Fig. 1. Frequency shift of adsorbed proteins on Au and Ti surfaces
different protein A concentrations. (A) Protein A and BSA. The error b
for the BSA are as large as for protein A. (B) IgG.

therefore bring confusion in the interpretation of kinetics
protein adsorption.

3.1.1. Adsorbed proteins as a function of protein A
concentration

Figure 1A shows the measured frequency shift for
ferent protein A concentrations comprised between 16
1600 nM. The adsorption times varied between 1 and 2 h in
order to obtain stabilization of the frequency, indicating t
the system had reached an equilibrium; thereafter the su
was rinsed. On Au as on Ti, the amount of adsorbed pro
A increases with increasing concentration, but this amo
is always higher on Au. For very small concentrations s
as 16 nM, no significant difference is present between b
surfaces and the frequency shift
f is equal to−20 Hz. At
higher concentrations the frequency shift on Au ranged
tween−80 and−110 Hz, which is almost twice as large
on Ti, where
f is about−55 Hz. Therefore the adsorptio
affinity of protein A is larger on Au. This effect is especia
visible for large protein concentrations.

As it is normally expected, the amount of BSA adsorb
is inversely proportional to that of the protein A (Fig. 1A
This phenomenon is a consequence of the side-bloc
effect of BSA adsorption. With increasing protein A co
centration the surface coverage becomes greater, ther
preventing BSA adsorption. Nevertheless, more BSA
sorbs on Au than on Ti, similarly to protein A. At very lo
protein A concentrations, similar frequency shifts are m
sured on Au and Ti for BSA adsorption (
f = −80 Hz)
e

Fig. 2.
D vs 
f for protein A adsorbed on Au and Ti at a concentrati
of 1600 nM.

and this value remains rather constant on Au. In contr
the frequency shift on Ti diminishes with increasing p
tein A concentration, down to half of the initial value (
f =
−40 Hz). The adhesion of BSA is favored on Au, simila
to protein A. Therefore the density of adsorbed protein
larger on Au than on Ti.

The adsorption of the IgG antibodies, which only spec
cally bind to adsorbed protein A, follows the same behav
as the protein A adsorption (Fig. 1B). With increasing p
tein A concentration the frequency shift of IgG decrea
and is always larger on Au surfaces. Nevertheless, the di
ences of frequency shifts on Au and Ti are smaller for I
than for protein A and BSA and shows a maximal differen
of 32%. Similarly to protein A and BSA, no significant di
ferences of frequency shifts appear at very low protein
concentrations. At concentrations higher than 160 nM
saturation effect appears on Ti (
f = −350 Hz), which is
not present for Au surfaces, where the frequency shift
creases and reaches−550 Hz for protein A concentration
of 1600 nM.

3.1.2. Viscoelastic properties of adsorbed layers
Viscoelastic properties of adlayers can be obtained

measuring the energy losses in the system during pro
adsorption. The maximal oscillation amplitudeA0 can
give such information more precisely than the dissipa
factor D, which also contains the information of adsorb
mass due to the presence of the frequency shift [24].

The protein A solutions, as well as the IgG solutio
have viscosities similar to that of water (µ = 1 mPa s at
25◦C), so that the frequency changes cannot be attribute
changes in liquid properties. Therefore, the dissipation
tor D andA0 reflect only changes of the adlayer properti
Figure 2 shows that the dissipation factor versus the
quency shift for protein A adsorption can be globally fitt
with two slopes. The dissipated energy generally increa
with increasing adsorbed mass because, first, protein
soft materials, and second,
f decreases. The timescale
adsorption is represented in Fig. 2 by the gray grada
scale. The frequency shift is larger on Au for a given tim
so that protein A adsorbs more rapidly on Au. After 2 m
(arrow in Fig. 2) the adsorption rate becomes much slo
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Fig. 3.
A0 vs 
f for protein A adsorbed on Au and Ti at a concentrat
of 1600 nM.

The slope is always smaller on Au than on Ti. It has b
shown [8] that protein A adsorption occurs in two phas
The first one is very rapid and corresponds to the forma
of the first monolayer of proteins, which is followed by t
formation of the second layer. The first adsorption occ
within minutes, in contrast to the formation of the seco
layer, which takes several hours. Moreover, the thicknes
the first protein layer is 1 nm on Si, and the formation of
second protein layer increases the total thickness to 3.5
Therefore, each slope in Fig. 2 corresponds to the for
tion of a protein layer. Since more proteins are presen
Au surfaces, the distance between each protein is sm
and less water molecules are trapped. On the Au surfac
proteins are more squeezed than on the Ti surface and
energy is dissipated during the formation of the first and
second protein layers. A thicker adlayer dissipates more
ergy, and so does a layer with similar thickness but wit
higher viscosity [32], or with higher viscosity–elasticity r
tios [33]. Nevertheless, no additional dissipation arises
Au during the formation of the second protein layer. In fa
a small decrease occurs, corresponding to rigidificatio
the adlayer. The difference inD between the two surface
corresponds therefore principally to the formation on Ti o
more viscous layer or a thicker layer with similar viscos
and elasticity.

By the rinsing of the surface, poorly bound prote
desorb and the frequency increases and reaches the va
the end of the first slope. The proteins of the second pro
layer are therefore washed out, because their interac
with the electrode surface are weaker in comparison
proteins belonging to the first protein layer.

Figure 3 shows the behavior of the maximal oscillat
amplitude
A0 as a function of the frequency shift for th
same measurement given in Fig. 2. During the first 2 mi
protein A adsorption, the frequency decreases with no
nificant changes of the maximal amplitude, correspond
to mass adsorption with no energy losses. During the
mation of the second protein layer the maximal amplit
decreases rapidly on both surfaces. Nevertheless, the
energy losses remain smaller on Au, which reinforces
idea that the adsorbed protein A is more stressed, in a
dance with the higher density measured. Figure 4 show
.

r
e
s

at

e

-

Fig. 4.
A0 vs 
f for adsorption and rinsing of protein A (1600 nM) an
BSA (300 µM) on Au. The water–ethanol curve illustrates the change
maximal amplitude and frequency shift when liquid properties are mod
with no mass adsorption.
fm represents the frequency shift due only
adsorbed mass, and
fl the contribution in frequency shift due only
changes in liquid properties.

maximal amplitude versus the frequency shift of kinetics
protein A adsorption and rinsing on Au. The start of ea
curve is positioned at(0;0). During the rinsing of protein A
a small increase in frequency occurs with a small decr
of maximal amplitude, due to desorption of the poorly
sorbed proteins, modifying the arrangement of the pro
layer and inducing small changes in the viscosity–elast
of the remaining protein layer. The adlayer is thereafter
dense.

The BSA adsorption follows the rinsing of protein A
order to block the surface for future antibody adsorpt
The frequency and the maximal amplitude response o
BSA adsorption will depend on the state of the preadso
protein A layer and will therefore only be qualitative
described in this paper. BSA solutions show slight visco
changes compared to water, so that part of the frequ
shift, dissipation factor, and maximal amplitude is due
this change in the liquid properties. In Fig. 4 the wat
ethanol curve corresponds to modifications ofA0 andf due
only to the change of liquid density and viscosity, witho
any mass adsorption [24]. During the first 90 s of B
adsorption, it can be seen that the maximal amplitude
the frequency decrease and that the curve follows the wa
ethanol result. Therefore the real protein adsorption
fm

occurs slowly, because the main contribution in
f is due
to changes in liquid properties
fl . After this the maxima
amplitude remains constant; i.e., no further change in liq
properties occurs and the BSA adsorption induces a dec
of 
fm with no modification of the dissipated energy. It
consistent with the fact that BSA does not bind to protein
so that BSA are not forming a second protein layer, wh
would induce a maximal amplitude decrease as a result
greater thickness of the adlayer. During the rinsing of B
the maximal amplitude and the frequency increase due t
inverse changes of solution properties and also due to
decreasing viscosity–elasticity ratio of the blocked pro
layer.

Antibodies of protein A have then been adsorbed on
blocked protein layer. Figure 5 shows a typical curve for I
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Fig. 5.
A0 vs
f for IgG adsorbed on the preadsorbed protein A and B
on Ti. The concentration was 5 µM.

Fig. 6. The biological activity is estimated for all protein concentratio
with the ratio of frequency shifts of protein A and IgG adsorption a
rinsing.

adsorption, where the axis scales are different than on Fi
Similarly to protein A, IgG solution shows no viscosi
changes against water, and the adsorption kinetics rese
the protein A result. Initially the frequency decreases w
a slight maximal amplitude decrease, corresponding to
binding of IgG with protein A. In the second phase t
maximal amplitude shows a strong decrease with a s
frequency decrease, so that great energy losses appea
are three times larger than protein A and show an Y sh
Therefore, they can easily bring added losses to the sy
by trapping more water molecules than protein A, increas
the viscosity–elasticity ratio and the adlayer thickne
Moreover, only theFc domain binds with protein A, so tha
the extremities of the IgG are free to move in the solut
leading to additional energy dissipation. With the rins
of IgG the maximal amplitude remains constant and o
the frequency decreases. Desorption occurs and the sy
shows constant energy losses, i.e., constant mecha
properties.

3.1.3. Biological activity of adsorbed protein A
In order to determine the biological activity of adsorb

protein A on Ti and on Au, we calculate the ratio of t
frequency shifts of irreversibly adsorbed antibodies o
irreversibly adsorbed protein A. Although more protein
and IgG adsorb on Au, the ratio shown in Fig. 6 is hig
on Ti for all protein A concentrations. On Ti the biologic
activity of adsorbed protein A is therefore better conser
than on Au. A saturation effect occurs on Ti as well as
.

e

G

l

Fig. 7. 
A0 vs 
f for adsorption of fibronectin on Au and Ti at
concentration of 0.55 mg/ml. The fibronectin solutions are forming visco
elastic systems, so that
fm represents the frequency shift due to t
adsorbed mass and
fl represents the contribution of the solution. T
arrows indicate the point at which the surfaces were rinsed.

Au for protein A concentrations higher than 160 nM. T
amount of adsorbed protein A and BSA is larger on
than on Ti at these concentrations. Therefore, the den
of adsorbed proteins is larger on Au, which may indu
denaturation, which is readily observed. For the sma
concentration (16 nM), the ratio is identical on Au and
Therefore, the biological activity of adsorbed proteins c
be influenced first by the density of the adsorbed prote
and second by the strength of the interactions between
surface and the proteins. If the density of adsorbed prot
is too high or the interactions are too strong with the surfa
the denaturation can be induced and this will decrease
biological activity of the adlayer. Moreover, the ratio
protein and antibody size can also influence the biolog
activity. IgG is three times larger than protein A; therefo
if the density of biologically active adsorbed protein A
too high it does not allow the binding of all proteins wi
antibodies.

3.2. Fibronectin

3.2.1. Fibronectin adsorption
Fibronectin is a filamentous protein, which forms a ve

viscoelastic system in solution (rheological data not show
Therefore, it is essential to be able to distinguish if
frequency shift is due to an adsorption of mass or du
property changes of the solution and of the adlayer. W
the properties of the solution change without any mass
sorption, the maximal amplitude decreases linearly with
frequency, similarly to the curve produced by exchang
water with ethanol (see Fig. 7) [24]. This measuremen
in agreement with different models [34–37]. In the case
viscoelastic adsorption, such as for fibronectin, the sys
becomes much more complex due to a greater number o
rameters (density, elasticity, and viscosity of the solution
of the fibronectin layer) changing during the protein adso
tion and influencing
f , 
A0, and
D. Figure 7 shows the
maximal oscillation amplitude as a function of the frequen
shift during the adsorption of fibronectin on Au and Ti a
concentration of 0.55 mg/ml. It can be seen that the liqui
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fl is smaller on Au during the first 10 min o
fibronectin adsorption. After 30 min the maximal amplitu
decreases dramatically on Au as on Ti with a small decr
in frequency. The adsorbed fibronectin cannot be consid
as being rigid [29], so that the adlayer can dissipate en
during and after the adsorption due to viscoelastic cha
in the adlayer. Moreover, after 30 min the solution pr
erties can be considered to be constant and can no lo
dominate the frequency shift. Therefore, we can assume
the dramatic decrease of maximal amplitude correspon
an increase of losses through the fibronectin layer wi
small increase of adsorbed mass. The quantification of
added amount of mass is rather difficult to determine
cause it has been shown that the frequency sensitivity o
quartz increases with the deposition of softer films [38].
the present time it is not yet known if rigidification of th
adlayer occurs, and if then this would induce the decre
of the quartz sensitivity. Nevertheless, it is certain that
height of the fibronectin layer and/or the viscosity–elasti
ratio increases after 30 min of adsorption. Moreover, th
bronectin adsorption is much higher on Ti and it dissipa
slightly more energy than on Au.

On Au as on Ti the adsorbed fibronectin has been rin
with nanodeionized water at the point indicated by
arrows in Fig. 7. On each surface the maximal amplitude
the frequency increase with similar slopes as during the
minutes of protein adsorption. With the exchange of solu
the contribution
fl of the liquid disappears, becau
the liquid properties are the same as before the pro
adsorption. Simultaneously, some fibronectin filaments
washed out because
fm increases during the rinsing. Afte
the complete exchange of solution the maximal amplit
and frequency shift are smaller on Au than on Ti. Theref
a smaller amount of Fibronectin remains on Au before
after rinsing at this protein concentration. On Au the adla
also dissipates more energy than on Ti, so that the adlay
thicker and/or presents a higher viscosity–elasticity ratio
the present time it is impossible to separate the contribut
of both phenomena.

3.2.2. Immersion in different buffers
After the washing of the surface with nanodeionized w

ter, the fibronectin adlayer has been firstly immersed
Hepes solution. Figure 8 shows that the maximal amplit
and frequency decrease on Au and on Ti. The maximal
plitude decrease is smaller on Au during the first minu
of immersion, and decreases thereafter more dramati
than on Ti. The measured negative frequency shift wo
correspond to an adsorption of mass, which is too larg
be induced only by the adsorption of the ions present in
lution. We can then conclude that the adlayer properties
modified by the introduction of Hepes buffer. During the d
matic decrease of maximal amplitude, the adlayer thickn
and/or the viscosity–elasticity ratio increases due to the p
ence of ions in solutions, which modifies the interacti
inside the adlayer. By exchanging the Hepes solution w
r
t

Fig. 8. Immersion of the preadsorbed fibronectin layer in Hepes solu
The arrows indicate the point at which the surfaces were rinsed.

Fig. 9. Immersion of the preadsorbed fibronectin layer in citrate–phosp
solution. The arrows indicate the point at which the surfaces were rins

nanodeionized water (arrow on Fig. 8), the frequency s
and maximal amplitude increase and show slopes simil
that of the Hepes immersion. A reverse phenomenon
occurs, where ions are washed out and the adlayer rec
a new state. After the Hepes rinsing the total frequency s
is zero, so that no desorption occurs, or the adlayer is s
and desorption occurs. The maximal amplitude is sma
than before the immersion in buffer, especially on Au, so
the thickness of the adlayer and/or the viscosity–elast
ratio increases. In summary, two scenarios are possible
desorption occurred with changes of the adlayer proper
or desorption occurred with a stiffening of the adlayer.

Fibronectin behaves differently in citrate–phosphate
lution, as shown in Fig. 9. The maximal amplitude a
the frequency decrease continuously during the first min
Similarly to immersion in Hepes, the first slope of
A0 vs

f is smaller for the Au surface. Adsorption of ions aris
and the viscoelastic properties of the adlayer are modi
Nevertheless, after this the temporal dynamics differs, w
the maximal amplitude remains stable and the frequency
gins to increase. This phenomenon is more significant o
(
f = +106 Hz) than on Au (
f = +33 Hz), which cor-
responds to pure desorption because the maximal ampl
remains constant. By exchanging the buffer (arrow on Fig
with nanodeionized water the total frequency shift and m
mal amplitude become positive on Ti and Au. The freque
shift is always higher on Ti, in contrast to the maxim
amplitude, which is larger on Au. In summary, desorpt
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Fig. 10. Frequency shift of adsorbed fibronectin on Au and Ti surface
protein concentration.

occurs on both surfaces with a decrease of the adlayer t
ness and/or a decrease of the viscosity–elasticity ratio.

3.2.3. Adsorbed fibronectin as a function of concentratio
The adsorption of fibronectin after rinsing has be

determined for different concentrations of fibronectin
solutions, as shown in Fig. 10. No clear correlation c
be established between the fibronectin concentration
the measured frequency shifts, because local maxima
present on Au and Ti at different concentrations. We
peated each experiment at least twice and always mea
similar values. On Ti the frequency shifts increase w
increasing concentration and decrease thereafter at l
concentrations. On Au
f increases with increasing co
centrations but a local minimum in the adsorption is pres
at 0.5 mg/ml. Even if no differences inA0 are observed
between all concentrations, differences in viscoelastic p
erties of the adlayer can explain such phenomena.

4. Discussion

It has been shown that the adsorption affinity of p
tein A is higher on Au surfaces because larger freque
shifts are measured on Au and less energy is dissipa
Furthermore, the adsorbed proteins are more squeeze
form stiff adlayers, dissipating less energy than for th
on Ti. Nevertheless, the biological activity of adsorbed p
tein A is smaller on Au. Therefore, the spatial arrangem
of adsorbed proteins can be closely related to their bio
ical activity. Small changes of protein conformation due
adsorption can be sufficient to destroy their biological
tivity. Adsorbed proteins that keep their native conformat
have therefore rather small adsorption affinities. In turn, p
tein desorption occurs easily when the surface is rinsed
biosensor applications, this leads to the difficulty of find
the correct balance between the attachment of protein
the surface and their biofunctionality in order to perform
producible medical diagnostics.
d

r

.
d

The measurement of energy losses allows us to c
pare the mechanical properties of the adsorbed protein la
on different surfaces. The maximal oscillation amplitu
A0 shows larger shifts for proteins having low adsorpt
affinity. Nevertheless, it remains difficult at the moment
quantify the contribution of the different phenomena, wh
lead to energy dissipation. An increase in adlayer thickn
is the first parameter, as this can increase the energy lo
due to an increase of mass-dissipating energy. Neverthe
it has been shown that a dramatic decrease of maximal
plitude occurs in the second phase of protein A adsorp
where the adsorption rate is low, so that the thickness ca
be the only important parameter. An increase of the adla
viscosity–elasticity ratio also increases the motional re
tance of the QCM [33] and therefore decreases the max
amplitude. Water molecules, which are trapped between
adsorbed proteins, vibrate with the adlayer and bring
added measured mass [39]. Depending on the arrange
of the adsorbed proteins, the presence of these entrappe
ter molecules can also influence the viscosity and elast
of the total adlayer. Furthermore, trapped water dissip
energy also due to the generation of nonlaminar motio
the liquid [40]. The measured frequency is also influen
by the mechanical properties of the liquid and of the adla
It is therefore essential to measure the energy losses i
der to detect and evaluate possible artifacts in the freque
Nevertheless, systematic studies will be required in o
to separate the different sources of energy losses that
tribute to the QCM signals. One example is the fibrone
adsorption, which shows local maxima in the total freque
shift as a function of protein concentration. The stock
lution was in a buffer, but we diluted it in nanodeioniz
water in order to get the different concentrations. Theref
ionic strength differences are present between the diffe
concentrations, which can lead to different fibronectin c
formations in solution [29] and/or influence the interactio
with the surface and modify the amount of entrapped
ter molecules and/or the mechanical behavior, as we
the height of the adsorbed layer. Under low-salt conditi
fibronectin forms clusters, in contrast to high salt concen
tions, where each molecule adsorbs independently [41]
significant differences of maximal amplitude are present
fibronectin adsorbed on Au and Ti at the different concen
tions. Further microscopy studies will have to be perform
in order to determine the thickness and the topograph
the adlayer. The ionic strength of the different buffers
duces conformation changes of the fibronectin, so that
thickness and the mechanical properties of the adlaye
modified. After immersion in Hepes solution larger ene
losses are present for adsorbed fibronectin on Au. The
frequency shift is zero on Au and Ti, which does not nec
sarily imply that no desorption occurs, because viscoela
properties of the adlayer can influence the frequency
citrate–phosphate solution small desorption is observed
fibronectin adsorbed on Ti. Similar behavior has been
served for other proteins [42] because phosphate is kn
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to stabilize the native structure, so that desorption can o
The explanation is always the same: ions from the bu
change the screening of the different amino acids of the
teins, so that the interactions inside the proteins, betw
proteins, and between proteins and the surface are mod

5. Conclusion

In summary, we have shown that the higher adsorp
affinity of proteins on Au surfaces in comparison to Ti
minishes the biological activity of the irreversible adsorb
protein A. This phenomenon is especially valid at high p
tein concentrations. Furthermore, the protein A adlay
dissipate less energy on Au. The estimation of the cha
of the adlayer properties was improved with the meas
ment of the maximal amplitude. It allowed us to determ
that immersion of a fibronectin adlayer in citrate–phosph
buffer induces desorption when adsorbed on Au and on
and this effect is larger on Ti. In Hepes buffer, desorpt
occurs with stiffening of the adlayer or no desorption ari
with an increase of the thickness or viscosity–elasticity
tio of the adlayer. Further studies are required to separat
different contributions of liquid and adlayer properties.
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