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Abstract

Combined measurements of piezoelectric quartz crystal impedance (PQCI) and electrochemical impedance (EI) were utilized to monitor in situ
adsorption of two proteins (bovine serum albumin and fibrinogen) onto the hydrophilicity-controllable surfaces of polypyrrole (PPY) doped with
dodecyl benzene sulfonate (DBS). Three of these polymer films, PPY/DBS-I, PPY/DBS-II and PPY/DBS-III, were obtained by galvanostatic
electropolymerization of pyrrole in aqueous solutions containing 0.6, 1.2 and 2.0 mmol L™ ' sodium dodecyl benzene sulfonate (SDBS),
respectively. The PPY/DBS-II obtained from electropolymerization of pyrrole in the presence of 1.2 mmol L™ ' SDBS (the critical micelle
concentration of SDBS in aqueous solution, CMC) exhibited the greatest hydrophobicity, as suggested by contact angle measurement. And the
saturation-adsorption amounts for both proteins were found to be greatest on the surface. The kinetics and adsorption mechanisms of both proteins
adsorbed on these three surfaces were discussed. Langmuir and Freundlich models were used for explaining the adsorption behavior of proteins,

giving that Langmuir model is better for bovine serum albumin (BSA) and both model are not so available for fibrinogen.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The interaction of proteins with solid surfaces is not only a
fundamental phenomenon but also a key to several important
and novel applications in biosensors, medical devices and
biotechnology [1-3]. In biomaterial field, protein adsorption
is the first process in integration of an implanted material or
device into tissue [4,5]. For example, the adsorption of serum
proteins, such as fibronectin and fibrinogen can influence the
adhesion of macrophages or platelets, and ultimately leads to
fibrous encapsulation [6,7]. In biotechnology field, protein/
surface interactions are crucial for assembly of interfacial
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protein construction. Therefore, detailed mechanism under-
standing of protein/surface interaction would be of great
value to all of these fields, and the ability to trace specific
protein/surface interactions will benefit the nanoscale
materials and bio-nano-assembly technology [8]. There are
two primary methods to study the protein adsorption on solid
surface: fabricating selective templates [9,10] or adopting
self-assembly monolayer (SAM) [11] for protein adsorption.
Therefore, studying the bonding of proteins with these
templates or SAM may increase our knowledge of protein
biophysics in general.

Many techniques, including fluorescence [1], FT-IR [12],
UV-VIS [13], scanning electron microscope (SEM) [1,14],
radiolabelling [1], surface plasma resonance (SPR) [15],
piezoelectric quartz crystal (PQC) sensor [16] and electro-
chemical impedance spectroscopy (EIS) [17,18], have been
used to investigate surface adsorption of biological substances
or other species. Among them, SPR, PQC and EIS are able to
investigate surface adsorption both in situ and ex situ.
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Piezoelectric quartz crystal impedance (PQCI) method can
provide multidimensional piezoelectric information and
characterize the PQC resonance completely [19-24]. The
Sauerbrey equation describing a frequency—mass relationship
for loading or removal of a rigid and thin film [19] is given as
follows:
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where Afy is the measured frequency shift (Hz), fo, is the parent
frequency of QCM (9 X 10° Hz), Am is the adsorption amount
(ng), pq is the density of quartz (2.65 g cm ), Uq is the shear
modulus of quartz (2.947X 100 dyn mfz), and A is the
effective area of the electrode (0.29 cm?). Replacing Joer PQs
uqg and A in Eq. (1) with the above actual values for 9 MHz
PQC yields Eq. (2):

Afy = (2.140.1)Am )

In addition, it is known that Eq. (1) can be used for the
solution system under specific conditions where the influence
of the visco-elasticity of the polymer is negligible [19,25]. A
net liquid-loading effect for a PQC with one side contacting
solution can be characterized by the following equation
[21,22]:
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where 0AfG1/o1, Afor, AR and ALy are changes in Afg; (the
half peak width of the conductance curve), fy;. (the resonant
frequency, and fy; = 1/[27t(L|C1)1/2]), R, and L, due to the
variations of solution density and viscosity, respectively. fo is
the resonant frequency in air, L, is the motional inductance for
the PQC in air, and Ges (2.957X10'°Nm™?) is the lossy
piezoelectrically stiffened quartz elastic constant. According to
this equation, the characteristic slope value of Afy/AR;y for a
net density/viscosity effect on the 9 MHz PQC resonance is
~—10Hz Q™" Obviously, for an investigated system, the
larger the absolute value of Afy/AR;, the weaker the viscous
effect and the stronger the mass effect.

Electrochemical impedance (EI) is a powerful method for
investigating electrode process and determining surface
adsorption kinetics as well as mass-transport parameters,
through adopting smaller electrochemical perturbations [26].
The electrochemical complex impedance (Z) can be rep-
resented as a sum of a real (Z.) and an imaginary (Z,)
component (Z=Z..+jZ;,) that originate generally from the
resistance and capacitance of electrolytic cell, respectively.

Owing to the complexity of protein adsorption, more
information acquired in real-time is obviously helpful for
intensive understanding of the biological phenomena. A
combination of PQC and electrochemical impedance spectrum
(EIS), namely, EQCIS, is expected to provide sufficient
information of interfacial characteristics, including electrode
mass, local density/viscosity near the electrode and the
interfacial capacitance, etc.

Surface modification plays a key role in the development of
biosensors. Organic polymers, in particular conductive
polymers, have recently attracted much attention for use as
supports for immobilization of proteins [27-29]. Vladyslav
Kholodovych et al. presented simi-empirical models for
predicting cellular response to the surface of biodegradable
polymer [30] and predicting fibrinogen adsorption to polymeric
surfaces in silico [31], which were important for rational design
of polymeric materials in biomedical application. And
Katarzyna Kita-Tokarczyk et al. presented a review of recent
literature concerning amphiphilic block copolymer vesicles
[32], which have recently emerged as a special class of
materials. Therefore, the study of protein adsorption on
polymer surface is also important for conducting biosensor.
Recently, Zhang et al. [33] had reported the adsorption of BSA
and fibrinogen onto different anion doped polyaniline-modified
electrodes and found that the adsorption behavior of protein on
polymer surface was affected by its hydrophilic/ hydrophobic
and electriferous property of the polymer.

Among the investigated systems, polypyrrole (PPY) has
proved to be an important conductive polymer because of its
unique properties: (1) it has many advantages including
environmental stability, good redox properties and high
electrical conductivities [34—36], and the pyrrole monomer is
easily oxidized in aqueous solutions and compatible with many
biological elements; (2) PPY can be easily obtained via
chemical or electrochemical methods and doped with variable
anions in the films [37-39]. Sodium dodecyl benzene sulfonate
(SDBS) is an anion surfactant with long carbon chain, which
can be doped into PPY film and hence affects the hydrophilic
property of the surface; (3) as a kind of amphiphilic substance,
protein exhibits a tendency to adsorb onto both hydrophilic and
hydrophobic surfaces and a considerable protein adsorption
may change the electroactivity of the electrode. Consequently,
studying the effect of the hydrophilicity of PPY/DBS modified
surfaces on protein adsorption may be helpful for developing
polymer—electrode-based electrochemical detection/sensors
in vitro or in vivo.

In this paper, the hydrophilicity-controllable surfaces of
polypyrrole doped with dodecyl benzene sulfonate were
prepared for the first time. The hydrophilicity of the surfaces
can be controlled by doping different amount of DBS. BSA and
fibrinogen as model proteins were used and the adsorption
processes of them were investigated by EQCIS system.
According to the EQCIS measurement, the adsorption kinetics,
the adsorption models and adsorption mechanisms of both
proteins were investigated.

2. Experimental section
2.1. Instrumentation and chemicals

The EQCIS system used in this paper was described by
Xie et al. [22], which allowed fast and simultaneous
measurements of the PQC electroacoustic admittance via a
HP4395A impedance analyzer and the electrochemical
impedance via a CHI660A electrochemical workstation
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(CH Instrument Co., USA). A suitable isolation-capacitance
(C;=810pF) was used to minimize the instrumentation
interference on EIS measurements with CHI660A from
simultaneous measurements of the PQCI with HP4395A
[22]. Synchronous G and B measurements controlled by a
user-written Visual Basic (VB) 5.0 program were conducted
under conditions of 201 points, a frequency span of 40 kHz
covering the PQC resonant frequency. Real-time acquisitions
of equivalent circuit parameters at a time interval of about 1 s
were also achieved with the VB 5.0 program through fitting
each group of G and B data to a modified BVD model [22]
based on a Gauss—Newton non-linear least-square fitting
algorithm and a selection of R;, Cy, f; and 1/C; as estimation
parameters. AT-cut 9 MHz piezoelectric quartz crystals
(12.5 mm in diameter) were used experimentally. A glassy
three-electrode electrolytic cell of 50 mL volume was used in
this experiment. The gold electrode with a diameter of
6.5 mm on one side of the PQC contacted the solution and
served as working electrode (WE), while the Ag electrode on
the other side of the PQC was located in the air. The
reference electrode was a saturated calomel electrode (SCE)
and a carbon rode electrode was used as a counter electrode.
All the potentials reported in this paper are relative to this
reference electrode. Contact angles of water droplets at the
given polymer-surface were measured using a JJC-II contact-
angle measurement instrument (Changchun Fifth Optical
Instruments Factory, China). Scanning electron microscope
(SEM) photographs were taken on a Hitachi S-570 SEM.
Fourier transform infrared (FT-IR) spectra were collected on
a Nicolet Nexus 670 FT-IR instrument (Nicolet Instrument
Co., Madison, WI) with transmission mode. Experimental
operations are depicted as follows. A piece of transparent
minigrid electrode of stainless steel in 1.8 X2.4 cm? size was
coated with a thin-layer gold through sputtering from a gold
target of 99.99% purity for 40 min under the pressure of
7 mmHg and 2 mA current (Zhongkekeyi SBC-12 ion coater,
Beijing). The details of minigrid specification are as follows,
diameter of metal wire=25 pum, size of metal wires-enclosed
rectangular hole=30X30 um, and both holes and wires are
uniformly distributed, as examined by an optical microscope
(Olympus CH30, Japan). The prepared Au minigrid electrode
was used as WE during polymerization, which was partially
immersed in the polymerization solution. After polymer-
ization, the obtained polymer-modified Au minigrid electrode
was thoroughly washed and dried, and then subjected to FT-
IR measurements in the transmission mode. All FT-IR
spectra were acquired with a wave number resolution of
4cm™~ ' and an average factor of 100. The parts of bare Au
minigrid that was not immersed in the polymerization bath
were used as the Ref. [40].

Pyrrole, BSA (molecular weight, M, 67,000) and
fibrinogen (M, 340,000) were purchased from Sigma. And
pyrrole was distilled prior to use. Phosphate buffer solution
(PBS, pH=7.0) was made up of NaH,PO, and K,HPO,. The
stock protein solution was prepared by adding the protein into
0.1 mol L™' PBS and stored at 4 °C before use. NaAc—HAc
buffer solution (pH=5.1) was prepared by mixing

0.1molL™" HAc and 0.2molL~" NaAc together. All
other chemicals were analytical grade or better. Doubly
distilled water and freshly prepared solutions were used
throughout. All experiments were carried out at room
temperature.

2.2. Procedures

2.2.1. Preparation of PPY/DBS-modified electrode

To remove surface oxides or possible surface contami-
nation, the gold plate electrode and the PQC electrode were
first treated with nitric acid, and then cyclic scanned between 0
and 1.5 V versus SCE in 0.2 mol L™ ' HCIO, aqueous solution
till reproducible cyclic voltammograms were obtained [41].
PPY/DBS films were prepared by galvanostatic electropoly-
merization of pyrrole at constant current of 12 or 10 pA in
10 mmol L™ pyrrole aqueous solution containing different
concentrations of SDBS. When the frequency of the PQC
electrode decreased by about 5200 Hz in solution, the
polymerization was manually stopped. To obtain stable films
for protein adsorption and eliminate the effect of different
open-circuit relaxation time, the electrodes were placed in the
solution for 2 min after polymerization [42].

2.2.2. Characterization of the PPY/DBS-modified electrode

The hydrophilic/hydrophobic properties of electropolymer-
ized PPY/DBS films were first characterized by contact angle
experiment. Contact angles of water droplets at the electro-
deposited polymer surfaces were measured after the PPY/DBS
films were obtained. Then, the surfaces of the polymer-
modified electrode were observed with scanning electron
microscope (SEM). According to the results of the contact
angles and SEM photographs, three representative polymer
films, PPY/DBS-I, PPY/DBS-II and PPY/DBS-III obtained
from electropolymerization in 10 mmol L' pyrrole solutions
in the presence of 0.6, 1.2 and 2.0 mmol L~! SDBS,
respectively, were chosen for further research.

2.2.3. Adsorption of protein onto PPY/DBS-modified
electrode surfaces

BSA and fibrinogen adsorbed onto the newly prepared
and representative PPY/DBS modified PQC electrodes
(PPY/DBS-1, PPY/DBS-II and PPY/DBS-III) were conducted
in 0.1 mol L™ ' PBS (pH=7.0) in the absence of electroactive
species under magnetic stirring. The stock protein solution
was firstly added into PBS when stable frequency of the PQC
electrode was obtained and then added at every 250 s (for
BSA) or 300s (for fibrinogen) till there was no obvious
change in the frequency. PQCI and EIS were conducted
simultaneously during the process. The saturated adsorption
concentrations of both proteins on the three surfaces could be
calculated. For studying the protein adsorption kinetics and
adsorption models, the maximum saturated adsorption
concentrations of both proteins were used.
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3. Results and discussion
3.1. Preparation and characterization of PPY/DBS films

Three electropolymerization techniques, potentiostatic,
galvanostatic and potential sweep had been used to prepare
PPY film. In this work, galvanostatic electropolymerization
was chosen for preparation of the PPY/DBS-modified
electrode because it is easier for utilizing this method to
describe the film quantitatively and investigating the macro-
scopic film growth [42]. In order to avoid overoxidation of
pyrrole, the current was fixed at 12 pA or lower during the film
growth. Thus under this experimental condition, the potential
can be controlled slightly lower than 0.8 V and pyrrole can be
prevented from overoxidation. At the oxidative potential,
pyrrole radical cations were easily generated and then coupled
to form oligmers. The oligmers eventually deposited together
with the doped anions on the gold electrode. Fig. 1 shows the
piezoelectric quartz crystal impedance response during the
preparation of PPY/DBS-I, PPY/DBS-II and PPY/DBS-III.
According to our previous research, the effect of the thickness
of the films could be neglected [33] and therefore arbitrary
thickness can be used to investigate protein adsorption
behavior on the polymer-modified surface. In this work, the
thickness was controlled by the frequency shift of PQC (each
film was manually controlled to be 5200 Hz). Fig. 1 shows that
both the frequencies and the resistances decreased in all of
these three electropolymerization proceedings. The Afo/AR; L
values of all the films are larger than 100, which suggested that
the films were rigid and compact. Therefore, the net density/
viscosity effect was weaker and could be neglected [25] and
then the Sauerbrey equation (Eq. (1)) can be used to calculate
the mass of the deposited films. Moreover, the difference
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in Afy/AR|; values might result in difference in morphology
owing to the difference in compactness of them and the
absolute value of Afy /AR, of PPY/DBS-II (187) is larger,
which indicates that it is more compact than the other two
(147,144). And the scanning electron microscope (SEM)
photographs of these three films are shown in Fig. 2 and it
can give some information of the relationship between the
mechanical properties and microstructures [14]. It can be
observed that the PPY/DBS-II film was more compact and
homogeneous than the other two. And the PPY/DBS-III
(Fig. 2(c)) is much looser which might be affected by the
micelle of SDBS in the polymerization process.

For further determining the structure of the polymer and
finding whether DBS doped into the films, the FT-IR spectra
was collected, as shown in Fig. 3. The band of 1548 cm ™ is
attributed to the combination stretch vibration of C-C and
C=C, the band of 1458 cm ™' is attributed to the C-N bond
stretch vibration, and the band of 1294 cm ™ ! s ascribed to the
deform vibration of C—H and N-H. The 787, 670 cm ™~ ! bands
can be ascribed to out plane bound vibration of C-H [43].
While the bands of 1174 and 1048 cm ™! are attributed to the
S=0 stretch vibration of the character absorption of DBS [44].
Therefore, the PPY/DBS was formed under the adopted
experimental conditions in this work. There are positively
radicals in PPY of oxidation state and they would form
complex with DBS, which is negatively charged. And the
mechanism of the complex formation is shown in Scheme 1.
When the concentration of DBS is lower than the critical
micelle concentration (CMC), the positive radical of PPY can
combine DBS easily. While with the concentration beyond
CMC, the PPY positive radical can be found bonding to
individual micelles, and it is more difficult to form complex
[33]. Therefore, doping DBS into PPY film is difficult due
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Fig. 1. Polymerization of pyrrole in 10 mmol L™ " pyrrole aqueous solution contained different concentrations of SDBS. (a) 0.6 mmol/L SDBS, (b) 1.2 mmol/L

SDBS, (c) 2.0 mmol/L SDBS.
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Fig. 2. The SEM photographs of PPY/SDBS films. (a) PPY/DBS-I, (b) PPY/DBS-II, (c) and PPY/DBS-III.

to the micellization of SDBS in solution, leading to fewer
amounts of DBS doped into the film.

To estimate the amount of DBS in the polymer films, the
interaction of brilliant cresyl blue (BCB) with DBS [45] on the
electrode surfaces was monitored. Fig. 4 shows the frequency
shift response of PQC resonance with time after adding BCB
solution to HAc—NaAc buffer solution while stirring at a
constant rate. From Fig. 4, we can see that the frequency shift
was gentle when BCB was added into the buffer solution in the
case of de-doped PPY film-modified electrode (the dedoped
PPY film was obtained by expelling the Cl1O;, ions from PPY
/C10} film electrodeposited from 10 mmol L™ " pyrrole in the
presence of 0.2mol L~' HCIO, solution) or bare gold
electrode were used. The large frequency shift shown in
Fig. 4 was resulted from BCB bounding to DBS on the
electrode in the experiment due to the formation of DBS-BCB
complex [45]. The binding molar ratio of BCB with DBS was
1:1; the amount of DBS on electrode is equally to the amount of
the bound BCB. Therefore, the amount of DBS in PPY/DBS-I,
PPY/DBS-II and PPY/DBS-III can be estimated according
to the frequency change of PQC resonance. The dedoped

2000 1800 1600 1400 1200 1000 800 600
Wavenumbers (cm™1)

Fig. 3. The FT-IR spectra of PPY/DBS film in the transmission mode.

| DBS”

R H NN
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Scheme 1. The formation process of PPY/DBS.

PPY-modified electrode was chosen as a reference, and
therefore, the frequency response caused by the net solution
density and viscosity change or BCB adsorption on the PPY
film was subtracted from the frequency shift in the
corresponding experiments. The Af caused by BCB binding
on PPY/DBS-I, PPY/DBS-II and PPY/DBS-III were 65.0, 83.5
and 48.3 Hz and consequently, the values of DBS in three films
were 9.7X107'", 1.23X107'" and 7.2X 107" mol,
respectively.

In order to study the hydrophilic/hydrophobic properties of
the films prepared at different concentrations of SDBS, the
contact angles of water droplets at electrodeposited polymer
surfaces were measured as shown in Table 1. The results
indicated that the concentration of SDBS in the polymerization
solution affected the contact angle significantly. The contact
angles of water droplets increased with the increasing of SDBS
concentration in the polymerization bath till the maximum
contact angle was obtained as the CMC of SDBS. This
phenomenon could be interpreted as follows: when SDBS
concentration was lower than the CMC, the SDBS doped into

0 -
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N
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<
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Fig. 4. The frequency responses of the (a) PPY/DBS-I, (b) PPY/DBS-II, (c)
PPY/DBS-III modified electrode and (d) bare gold electrode, (e) de-doped PPY
modified electrode, when adding brilliant cresyl blue in pH=5.1 HAc-NaAc
buffer solution under magnetic stirring. The final concentration of brilliant
cresyl blue is 0.25 mM.
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Table 1

The contact angles of the PPY/DBS films modified gold plate electrodes
prepared in 10 mmol L™ ! pyrrole aqueous solution in the presence of different
concentrations of SDBS

Cspes (mmol L™ 1) Contact angle (°)

0.45 67
0.60 76
0.90 75
1.10 79
1.20 85
1.60 77
2.00 65

Polymerization time was 2000 s and the water drops used in contact angle
measurement was 20 pL.

PPY increased with its concentration increasing. While its
concentration beyond the CMC, the micelle of SDBS was
formed [46] and SDBS doping into PPY became more difficult.
This would result in incorporation of different amount of DBS,
which might affect the free energy of the PPY films by
changing the hydrophobic/hydrophilic properties of PPY films,
hence led to the difference in contact angle. For studying the
relationship between the hydrophobic property of the surface
and the adsorption amount of the protein, 0.6 mmol L™
(<CMC), 1.2 mmol L~ ! (=CMC), and 2.0 mmol L™ ' SDBS
(>CMC) were chosen as electrolyte to prepare PPY/DBS
electrodes for protein adsorption, the contact angles of these
three resultant electrode surfaces were 76, 85 and 65°,
respectively. Thus, we can conclude that the surface of PPY/
DBS-II modified electrode is of the strongest hydrophobicity.

3.2. Effect of different SDBS concentration doped PPY
on protein adsorption

To obtain the adsorption pattern of BSA and fibrinogen onto
the obtained electrode surfaces, the saturated adsorption
concentrations of both proteins on these polymer surfaces
were probed at first. Fixed volume of stock protein solution was
added into 0.1 mol L™ ' PBS (pH=7.0) at fixed time intervals
until a stable frequency response was obtained. Fig. 5 shows
the relationship between frequency shift and the concentration
of BSA or fibrinogen. The resonance frequency of PQC
decreased rapidly at the initial stage and then its decreasing
speed became slower in all the cases. And the final
concentrations of proteins corresponding to the stable
resonance frequency reached were the saturated adsorption
concentrations on the tested surface, giving the values of 9.9 X
107°,2.0X107% 8X 10" °mol L' for BSA and 2.5X10~°,
3.8X 1076, 1.6X 10" % mol L™ ! for fibrinogen on PPY/DBS-I,
PPY/DBS-II and PPY/DBS-III surfaces, respectively. It can
also be seen that the saturated adsorption concentrations were
the largest on the PPY/DBS-II surface for both proteins. Fig. 5
also exhibited the change in resonance frequency of PQC
related to the adsorption of the two proteins on PPY/DBS-II
film was the largest which implied that the amount of adsorbed
proteins on the film was greatest. It is well known that proteins
can be adsorbed onto a solid surface by electrostatic
interaction, hydrophobic interaction and formation of chemical
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Fig. 5. The frequency responses to the concentrations of (a) BSA and (b)
fibrinogen on PPY/DBS-I (circles), PPY/DBS-II (rectangles) and PPY/DBS-III
(triangles) films by constantly adding stock protein solution in PBS (pH="7.0)
at 250 or 300 s intervals under magnetic stirring.

bonds. The isoelectric points of BSA and fibrinogen are 4.8 and
5.3, respectively. They are both negatively charged in PBS
(pH=7.0) and the polymer-modified surfaces were somewhat
negatively charged due to the doped anions in the polymer. So
the electrostatic interaction between the protein molecule and
the polymer films could be ignored. And the formation of
chemical bond between protein molecules and the tested
surfaces would be impossible under this condition as well. We
have mentioned above that PPY/DBS-II surface is of the
strongest hydrophobicity among the three tested surfaces.
Therefore, we supposed that the adsorption mainly originated
from the hydrophobic interaction between the hydrophobic
moiety of the protein molecules and the hydrophobic surface.

In addition, the roughness of the polymer surfaces might
affect the protein adsorption. Ree(Ree = (Afyer — Afary ) Afary)s
which defined as the porosity of the prepared films, was used as
the measurement for the roughness of the polymer surface and
obtained by measuring the wet frequency shift (Afye = foro —
Sou1) and the dry frequency shift (Afyy = fo,2 —fog1) after
pyrrole polymerization [47]. Before pyrrole polymerization,
the stable frequency of the 9 MHz crystals in air was recorded
as fog1, and the stable frequency of the 9 MHz crystals
immersed in the polymerization solution was recorded as
foL1. After the polymerization, the stable frequency was
recorded as for . The electrode was then rinsed with sufficient
distilled water and dried via a stream of clean air. The stable
frequency in air was recorded as fyg. The results showed that
R.. were almost equal in all the cases, which were 13.2+2,
14.0£2 and 12.54+3% (n=3, n is the experiment numbers),
respectively. And the resistance responses in the polymer-
ization processes are similar as showed in Fig. 1, which also
suggested that the roughness of the films are similar. Therefore,
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Fig. 6. The ultimately frequency change for (a) BSA or (b) fibrinogen
adsorption on PPY doped with various concentration of SDBS.

the effect of the roughness on protein adsorption could be
ignored as well.

To confirm the results of contact angle and the concentration of
the saturated adsorption, the dependence of frequency shift on the
concentration of SDBS in polymerization solution was studied.
The maximum frequency shift of the protein adsorption onto
different PPY/DBS modified surfaces at the saturated concen-
tration is shown in Fig. 6. The plot indicates that the frequency
shiftis the largest on the electrode modified with the film prepared
in the polymerization bath in the presence of 1.2 mmol L ™!
SDBS, which consistent with the measurement results of contact
angle and the measured saturated adsorption concentration. So we
could conclude that 1.2 mmol L ™' SDBS (CMC of SDBS) doped
PPY/DBS-II film modified electrode adsorbed more protein due
to its more hydrophobic property.

3.3. The adsorption model of both proteins

As two model proteins, BSA and fibrinogen are usually used
for studying the protein adsorption behavior on solid surface.

Table 2
Fitted parameters for the Langmuir and Freundlich isotherms of two proteins

Langmuir equation and Freundlich equation, which relate to
different adsorption energy distribution patterns on the surface
of the adsorbent [48,49], are used to describe the adsorption
isotherms of proteins. These two equations have been used for
investigating the adsorption thermodynamics of tannin adsorp-
tion on polymeric adsorbents [50]. The linear form of the
Langmuir equation [48] can be expressed as:

1 1 1

I, T, T.KC

“4)

where I, is the adsorbed amount, I, is the saturated adsorbed
amount, C is the protein concentration, and K is the adsorption
constant. Combining Eqs. (1) and (4), the following equation is
obtained:

1 1 1
- = +
AfO AfO,max AfO,maxI(C
where Afy is the frequency shift in Hz, Afj max 1s the frequency

shift in Hz for saturated adsorption of the protein. While the
Freundlich equation can be expressed as follows [49]:

®)

Am = K;C'" (6)

where n and K; are constants (n> 1), and C is the concentration
of BSA or fibrinogen in the solution. Combining Eqs. (1) and
(6), the following equation is obtained:

AfO — K/CI/n (7)

where K'= —2foK¢/(pq ,U,Q)” A. For a given AT-cut quartz
crystal and protein, they are all constants except Afy and C. Its
logarithmic form is:

log Afy = 1/nlog AC + log K’ ®)

The results obtained from fitting the experimental data in
Fig. 5 to Egs. (5) and (8) are summarized in Table 2. For all the
cases of BSA adsorption, fitting the experimental data to Eq.
(5), the linear regression correlation coefficients obtained are
greater than 0.993, while fitting the experimental data to Eq.
(8), the linear regression correlation coefficients obtained are
less than 0.985. Therefore, the results indicated that the
Langmuir adsorption model is more suitable to describe the
adsorption behavior of BSA, and the adsorption behavior

PPY (Cspgs)
(mmol L™ 1)

Langmuir equation

Freundlich equation

Aﬁ),max k 7'2 k/ 1/n r2

BSA

0.6 —102 2.96x 10" 0.9975 2344 0.26 0.9570
12 —133 2.23%x10' 0.9965 1450 0.21 0.9836
2.0 —84 6.35x 10" 0.9994 444 0.13 0.9586
Fibrinogen

0.6 —508 - 0.8206 3.94%10° 0.50 0.9550
12 —1019 - 0.8866 6.92x10° 0.69 0.9816
2.0 —473 - 0.8820 4.94%10° 051 0.9586

Afo.max 1s the maximum frequency shift for protein adsorption; C is the equilibrium concentration of protein in solution; k and k’ are adsorption equilibrium constants;

1/n is arbitrary constant; 7* is correlation coefficient from linear regression.
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of BSA can be described with a monolayer adsorption model.
While for fibrinogen, the Langmuir and Freundlich adsorption
models are not well suitable because the linear regression
coefficients in all cases are less than 0.982. So the adsorption
behavior of fibrinogen might not be monolayer adsorption and
cannot be described by monolayer adsorption model. Since
fibrinogen molecule has a rather open structure and/or higher
affinity to the hydrophobic surface, it will induce less viscous
losses per adsorbed particle than the proteins that are rather
rigid and/or have lower affinity to the surface. Thus,
conformational change during the adsorption process may
result in a change of the relation between f; and C. The
adsorption of fibrinogen onto PPY films may have two different
processes. Initially, a more rigid layer was formed, and then a
looser layer came subsequently. A likely interpretation is that
the newly incoming proteins attached in a different way
resulted in a less rigid structure of the surface adsorption layer.
And further discussion will be given below.

For studying the protein adsorption model, EQCIS was used
to monitor the adsorption processes of both proteins. The
results of Afy and AC and other parameters of PQC resonance
are shown in Figs. 7 and 8. Adding proteins in all cases led to
abrupt decrease in the PQC frequency, showing that the
adsorption of BSA and fibrinogen onto the surfaces took place.
The change of R and Afg,,, are also shown in Figs. 7 and 8,
respectively. R; and Afg,,» increased when the stock protein
solution was added into the buffer solution, but then the change
became slower with time. Changes in R; and Afg,/, reflected
the viscosity change of the solution or the film deposited on the
electrode. But the absolute value of Afy/AR;; was much larger
than 10.14 Hz Q™ ', suggested that the mass effect predomi-
nated in the protein adsorption process and the effect of
viscosity could be neglected. Therefore, Afy could be taken
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Fig. 7. The adsorption of BSA on the three obtained modified electrodes in
0.1molL™' PBS (pH=7.0) under magnetic stirring (a) PPY/DBS-I, (b)
PPY/DBS-II, (c) PPY/DBS-III. The final concentration of BSA was
20 p.lmolLfl. EIS measurements: 3000 Hz and 10 mV rms, open circuit
potential.

as an approximate measure of the mass of protein adsorbed on
the tested surfaces via the Sauerbrey equation and the curve of
Afy versus time reflected the adsorption kinetics of the protein.
The larger Afy, the more protein molecules adsorbed onto the
electrode surface.

In addition, the interfacial capacitance, C, could reflect the
protein adsorption behavior on the interface. The C; data given
here were obtained from the EIS based on serial R,—C;
equivalent circuit in the absence of electrical active species
[51]. And it also reveals the adsorption kinetics of the protein
because protein adsorption onto the surface can cause change in
interfacial capacitance through hindering or permitting the polar
water in or near the electrode [37]. It is well known that the
hydrophobic surface would somewhat hamper the accumulation
of polar water molecule which has large permittivity near the
electrode surface. The reason would be that the chance of water
molecules or electrolyte ions entering into the electrical double-
layer decreased when protein adsorbed onto the surface and led to
an observable decrease in interfacial capacitance. The AC; in
Figs.7 and 8 suggest that the adsorption of protein can change the
interface capacitance notably.

It was found that the time-dependent response of Afy and
AC; during protein adsorption process could be well simulated
by the following experiential equation [17]:

Yoy=ay+a le(_’/m + aze(_m” )

where Y, can be either frequency response or interface
capacity response, do, a1, az, t; and ¢, are estimated parameters
and ¢ is the adsorption time. The parameter aq is the total
frequency or interfacial capacitance shift when the adsorption
time is long enough. These two exponentials suggest that two
different kinetic steps are incorporated into the process of
protein adsorption on the electrode surface. These two steps are
the adsorption of protein molecules and the rearrangement
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Fig. 8. The adsorption of fibrinogen on the three composite modified electrodes in
0.1molL™' PBS (pH=7.0) under magnetic stirring (a) PPY/DBS-I, (b)
PPY/DBS-II, and (c) PPY/DBS-III. The final concentration of fibrinogen is
4 ymol L™ . EIS measurements: 3000 Hz and 10 mV rms, open circuit potential.
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Table 3

Parameters obtained by fitting the responses of Afy and AC; given in Figs. 7 and 8 to Eq. (10)

PPY/DBS ap a, a» t t qr

(Cspas)

(mmol L™ 1)

BSA adsorption

0.6 Afy (Hz) —90.0 6251.5 104.2 20.2 93.0 3.89%x10™*
AC, (UF) —1.05 6.2 0.5 30.7 143.3 2.98x107*

1.2 A fy /Hz —120.3 182846.9 183749.3 14.1 14.2 9.24x10™*
AC (UF) —0.67 —19.8 33.5 48.7 44.2 1.03x1073

2.0 A fy (Hz) —72.8 4613.8 8832783.1 23.4 9.5 49810~
AC, (UF) —1.1 387.7 1.7 14.9 91.1 2.16X1073

Fibrinogen adsorption

0.6 A fo (Hz) —461.9 62138.3 211.2 38.7 1664.5 3.75%1073
AC (UF) —1.86 909.0 0.2 339 548.9 1.1x1073

1.2 A fo (Hz) —563.3 590.1 23.8 569.6 0.01 9.10Xx10~*
AC; (UF) —1.78 236157.3 5594.4 16.9 17.6 57%1073

2.0 A fo (Hz) 352.0 291.5 180.9 307.2 309.3 7.2X1074
AC (UF) —1.98 910.8 0.18 339 582.9 3.87X1073

ap, ay, ap, t and t, are estimated parameters and ay is the total frequency or interfacial capacitance shift at infinite long time.

of the adsorbed protein molecules on the electrode surface,
respectively. The Afy and AC responses obtained were fitted
using a non-linear fitting program embedded in Sigmaplot®
Scientific Graphing Software Version 2.0. The relative sum of
the residual squares is defined as:

N
z:(rfit_rexp)2

_ 9 _ 1
qr = -

al 2
Zrexp
1

T (10)
Zl:rexp

where 74, and 7., denote the fitted and experimentally obtained
response value of frequency or interfacial capacitance,
respectively, and N is the number of the response signal points.
The Afy and AC; of both proteins during the adsorption process
were fitted with Eq. (9) and the results are listed in Table 3 and
plotted as circles in Figs. 7 and 8. As mentioned above, ay is the
total frequency or interfacial capacitance response at t— .
Therefore, it could be inferred from Table 3 that the amounts of
proteins adsorbed onto these three surfaces were different and
needed different time to achieve their equilibriums, respect-
ively. Much greater values of Afp max and ACy(ap) are obtained
in the case of fibrinogen adsorption onto the three modified
surfaces as compared to BSA adsorption (Table 3).

From the fitted results of Afj max(ap) values, the amount of
adsorbed proteins can be calculated based on the Sauerbrey
equation (Eq. (1)), giving values of 0.46, 0.65 and 0.37 pg cm >
for BSA and 2.51, 3.06 and 1.91 ugcm ™2 for fibrinogen
adsorption onto PPY/DBS-I, PPY/DBS-II and PPY/DBS-III
surfaces, respectively. It is known that protein molecules
adsorb on solid surface by ‘side-on’ or ‘end-on’ orientation
with minor or major axes perpendicular to the surface [52].
Comparing the experimental data with the theoretical amount
for the adsorption of BSA and fibrinogen [53], we suggested
that BSA adsorption showed °‘side on’ adsorption model
accompanied with ‘end on” model on these three surfaces and
mono-layered structures were formed. As for fibrinogen
adsorbed on the three films, the ‘end on’ adsorption model

prevailed and multi-layered structures were formed. This result
can explain why the frequency constantly decreased even after
2000 s for fibrinogen adsorption while the frequency reached
platform after 800 s for BSA adsorption during their saturated
adsorption processes. Dupont-Gillain et al. obtained net-like
structure of collagen adsorbed on poly(methyl methacrylate) with
slow drying procedure [54]. And we suggested that network
pattern of fibrinogen adsorption might be formed during
fibrinogen adsorption process which caused by the properties of
the mixed PPY/DBS film modified surface and the interplay
between fibrinogen-film interaction and fibrinogen—fibrinogen
interaction due to the change of the interaction speed.

4. Conclusions

Combined measurements of piezoelectric quartz crystal
impedance (PQCI) and electrochemical impedance spectrum
(EIS) were reported to monitor in situ adsorption of two model
proteins (BSA and fibrinogen) on the hydrophilicity-control-
lable sodium dodecyl benzene sulfonate (SDBS)-doped
polypyrrole (PPY) surfaces. These hydrophilicity controllable
surfaces were easily obtained from electropolymerization of
pyrrole in the presence of different concentrations of SDBS and
three of these surfaces: PPY/DBS-I, PPY/DBS-II and
PPY/DBS-III were chosen for further study of protein
adsorption process. PPY/DBS-II obtained from electropoly-
merization of pyrrole solution containing 1.2 mmol L!
SDBS, exhibited the greatest hydrophobicity as suggested by
contact angle measurements. Using EQCIS, the kinetics and
mechanisms of both proteins adsorption were investigated
through studying the saturated adsorption behavior of both
proteins on the three tested surfaces. Comparing the frequency
and interfacial capacitance before and after the protein
adsorption, we concluded that the adsorption models of the
two proteins were different. BSA adsorbed on the three
surfaces with ‘end on’ adsorption model accompanied with
‘side on’ model and monolayer was formed. And fibrinogen
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adsorbed on the surfaces chiefly with ‘end on’ model and
formed multi-layer structures. This work reveals that the
surface hydrophilicity and/or hydrophobicity of polymer-
modified electrodes could be adjusted by doping surfactants
into the polymer film during the electropolymerization process.
The adsorption capacity of polymer-modified electrode surface
to protein and adsorption behavior of the protein is adjustable.
Therefore, surfactant doped polymer film-modified electrodes
would certainly find their extensive practical usage in
biosensor and bio-analysis in future.
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