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Protein adsorption materials based
on conducting polymers: polypyrrole modified
with w-(N-pyrrolyl)-octylthiol

Zhihong Zhang,* Yan Liang, Ping Liang, Chao Li and Shaoming Fang*

Abstract

In order to fabricate a new polymer matrix for application in biochips and to understand the mechanism of adsorption of
proteins on conducting polymers, we prepared polypyrrole (PPy) functionalized with w-(N-pyrrolyl)-octylthiol moieties. The
chemical structure of the polymer could be controlled by varying the concentration of pyrrole added as the monomer. Initially,
w-(N-pyrrolyl)-octylthiol was self-assembled into a monolayer on a gold surface. Thereafter, a layer of uniform and smooth
PPy was obtained by the chemical copolymerization of pyrrole and the w-(N-pyrrolyl)-octylthiol. Bovine serum albumin (BSA)
adsorption on the polymer was investigated using surface plasmon resonance spectroscopy and cyclic voltammograms. The
chemical structure and monomer components of the as-prepared films were characterized using Fourier transform infrared
spectroscopy and X-ray photoelectron spectroscopy. Water contact angle measurements were used to assess the surface
wettability of the films throughout the preparative procedure. The kinetics of BSA adsorption onto the polymer could be
controlled by varying the copolymer thickness and the pH value of the buffer solutions used. Moreover, the electroactivity
was changed upon BSA binding. The results suggest that the new conducting polymer may potentially be applied as a more
sensitive and reliable matrix in protein sensors.
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INTRODUCTION

Recently, many kinds of organic surfaces, such as self-assem-
bled monolayers (SAMs),"? plasma-modified polymerization
surfaces,>~’ polymer brushes obtained by atom-transfer radi-
cal polymerization®® and conducting polymers (CPs),'°~'* have
been fabricated for protein adsorption with a view to developing
new biomaterials, biological assays and biosensors. In particular,
CPs have attracted considerable attention for such applications
due to their good overall properties. Mainly due to its stabil-
ity, conductivity and biocompatibility, polypyrrole (PPy) has been
the most extensively investigated and widely used material for
biosensors.’>~18 Although CPs can be directly deposited on elec-
trodes by electrochemical polymerization'®~2' or on substrates by
in situ polymerization,?2~2* the two layers are not bonded together
chemically. Stresses at the interface, such as those caused by vol-
ume changes induced during doping/undoping of the polymer,

complete retention of their biological activity while permitting
good accessibility for the target molecules.

The method of forming SAMs of alkylthiols on gold surfaces has
been widely explored for use in applications requiring adhesion
promotion. Hence, there have been many efforts to improve the
adhesion of PPy to substrates. N-[3-(Trimethoxysilyl)propyllpyrrole
has been synthesized as a surface-modification agent to improve
the adhesion of PPy films on n-type silicon through its covalent
anchoring on the surface3* It has also been shown that
photopatterning of such SAMs can be used to selectively deposit
CPs.3> Two layers were chosen to be chemically bound together
by using a molecule containing both a sulfhydryl and a pyrrole
group as a link between the polymeric phase and the supporting
substrate.3® Also, the electrochemical properties of a monolayer
alone were investigated in detail in order to understand the
effects of the monomer monolayer on the morphology of a bulk-
deposited polymer following modification of PPy film properties

can cause the layers to separate, which is the main cause of device
failure in actuators.?>2° PPy films can also be formulated using the
method of plasma polymerization.’ 3" Thin and dense polymer
layers of a desired chemical functionality may be deposited on
virtually any surface without the use of solvents in a fast and cost-
effective manner by plasma polymerization. When immersed in
buffer solution, however, the solution behavior of plasma-formed
polymers is not fully understood. Sometimes, they are not stable
in aqueous solutions.3%33

Consequently, it is most important to form a stable, sensi-
tive substrate allowing immobilization of highly concentrated
biomolecules such as DNA, enzymes, antibodies or antigens with

using w-(N-pyrrolyl)-alkanethiol/gold surfaces.3” The chemistry
associated with a series of w-(N-pyrrolyl)-alkanethiol monolayers
on gold and their effects on the nucleation and growth of
PPy films have been studied. It was found that the PPy films
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Figure 1. Schematic representation of (a) the preparation of w-(N-pyrrolyl)-octylthiol SAM on a gold surface, (b) the chemical copolymerization of pyrrole
with octylthiol-modified pyrrole and (c) the adsorption of BSA on the PPy surfaces.

formed on the w-(N-pyrrolyl)-alkanethiol/gold surfaces were very
adherent and extremely smooth when compared to PPy films
formed on unmodified gold surfaces. The difference in polymer
morphology could be attributed to enhanced nucleation.3® Simon
etal. concluded that the strong polymer adhesion observed
for w-(N-pyrrolyl)-alkanethiol/gold surfaces could only be due
to coupling of the surface-confined pyrrole cation with pyrrole
radical cations in solution, resulting in a covalently bound polymer
film.3* On the basis of these studies concerning SAMs containing
pyrrole groups, it would appear that such CP films have attractive
prospects for application as biomaterials. However, few papers on
the immobilization or adsorption of biomolecules on such SAM
films have been published.

The primary driving force of the interaction between protein
molecules and PPy surfaces seems to be hydrophobic. Electro-
static contributions also play an important role, particularly for
more hydrophilic surfaces. Furthermore, surface geometry and
morphology are also likely to play a role. A further contribution
to protein adsorption comes from van der Waals forces, although
normally these are much smaller in magnitude. Therefore, the
inherent properties of PPy films and proteins play an important
role in the process of adsorption. Also, the properties of the buffer
solutions used, e.g. their pH value, affect the adsorption behav-
ior. All of these factors may contribute to determining the actual
interaction of proteins with PPy.

In the work reported here, w-(N-pyrrolyl)-octylthiol was syn-
thesized using the method of Willicut and McCarley.3® After
self-assembly of a monolayer of w-(N-pyrrolyl)-octylthiol on a
gold film, a uniform and smooth PPy film of thickness < 50 nm was
prepared by polymerization, the film being suitable for surface
plasmon resonance (SPR) measurements.

EXPERIMENTAL

The whole experimental process is shown in Fig.1. Three
steps, namely the synthesis of w-(N-pyrrolyl)-octylthiol, the in situ
polymerization of PPy and the adsorption of bovine serum albumin
(BSA) on PPy films, were conducted. BSA of molecular weight of
67000 g mol~"! was purchased from Shanghai Biolife Science &
Technology Co. Ltd, China. Pyrrole, KOH and dibromoalkanes
were purchased from Aladdin, China. CSN;H4 was obtained from
the factory of Sitong Tianjin, China. FeCls, diethyl ether, ethyl
acetate, anhydrous magnesium sulfate and other chemicals were
of analytical grade or better, and were used without further
purification. The buffer used was 0.01 mol L~! phosphate-buffered
saline (PBS; pH = 7.4), and protein solutions were prepared by
dilution with PBS. All solutions were prepared with deionized
(DI) water from a Millipore Milli-Q water purification system.

Table 1. Preparation of PBS of various pH

pH 4.9 5.6 6.6 74 8.0
A (mL) 0.1 0.5 4.0 8.0 9.5
B (mL) 9.9 9.5 6.0 20 0.5

Protein solutions were stored at 4°C prior to use. Thin gold
films (47-50 nm) for SPR measurements, prepared by thermal
evaporation, were purchased from the Institute of Electronics,
Chinese Academy of Sciences. Clean gold substrates were dipped
into a freshly prepared H,S04/H,0; piranha solution (7:3 v/v)
for 3 min and then rinsed with DI water from the Milli-Q system.
[Caution: these solutions are highly oxidizing and should be
handled with extreme care.] Buffer solutions of various pH values
were prepared from solutions A and B in the ratios shown in
Table 1. An EC-PH510 pH meter (Singapore) was used to measure
the pH of buffer solutions.

Monolayer and PPy film formation

Gold substrates were rinsed with pure ethanol and then incubated
in 1 mmol L~ solutions of w-(N-pyrrolyl)-octylthiol in absolute
ethanol for at least 24 h. After self-assembly of the w-(N-pyrrolyl)-
octylthiol (Fig. 1(a)), the samples were rinsed with copious amounts
of ethanol and allowed to dry in nitrogen. The PPy film was
polymerized in a methanolic solution of 1.5 x 1073 mol L~ pyrrole
and 1.5mol L' FeCl; and then rinsed with a large volume of
methanol and dried by exposure to the atmosphere (Fig. 1(b)).
The thickness of the PPy film could be controlled by adjusting the
polymerization time, which was varied from 1 to 4 min.

Preparation of PBS solutions

Solution A was composed of 9.465 g of Na,HPO4-12H,0 dissolved
in 1000 mL of DI water. Solution B was composed of 9.07 g of
KH, PO, dissolved in 1000 mL of DI water. Solutions A and B were
stored at 4°C in brown bottles. They were mixed together in
various proportions to produce PBS of various pH values (Table 1).

Spectral analyses
Fourier transform infrared (FTIR) spectra of pure PPy films were
recorded from samples in KBr pellets with a Nicolet 5700 FTIR
spectrometer (Thermo Electron Corporation). The spectra were
recorded from 4000 to 400 cm™', with a resolution of 4 cm~! for
32 scans.

X-ray photoelectron spectroscopy (XPS) measurements were
made with a Kratos AXIS HSi spectrometer using a monochrom-
atized Al-K X-ray source (1486.71 eV photons) with a pass energy

wileyonlinelibrary.com/journal/pi

(© 2011 Society of Chemical Industry

Polym Int 2011; 60: 703-710



Protein adsorption on modified polypyrrole

@)
SCli

WWW.S0Ci.org

of 40 eV. Samples were mounted on the sample studs with the
aid of double-sided adhesive tape. XPS signals were obtained at
a photoelectron take-off angle of 90° (with respect to the sample
surface). The X-ray source was run at a power of 150 W (15 kV and
10 mA). The pressure in the analysis chamber was maintained at
or below 1078 torr (1.3 x 107° Pa) during each measurement. All
binding energies were referenced to the C 1s hydrocarbon peak
at 284.6 eV. Surface elemental stoichiometries were determined
from XPS area ratios, after correcting using the experimentally
determined sensitivity factors. Peaks in the elemental core-level
spectra were fitted using commercial XPS analysis software. The
number of peaks chosen for each fit was the minimum number
required to obtain random residuals. A linear function was used to
model the background, with the corresponding coefficients being
fitted simultaneously with the peaks.

SPR measurements

A glass slide covered with gold film suitable for the SPR apparatus
(SPR 2005, Electronic Institute of the Chinese Academy of Sciences)
was pressed onto the base of a half-cylindrical lens (n = 1.61) using
anindex-matching oil. Linearly p-polarized light with awavelength
of 670 nm from a diode laser was directed through a prism onto the
gold film in the Kretshmann configuration.3® The intensity of the
reflected light was measured asafunction of theangle ofincidence,
0, using a photodiode with a chopper/lock-in amplifier technique.
For SPR detection, the as-prepared gold/glass substrates were
mounted against a Teflon cuvette of volume 1 mL using a Kalrez
O-ring, which provided a liquid-tight seal. The baseline of the SPR
binding curve was obtained after injecting buffer, i.e.0.01 mol L™’
PBS (pH = 7.4),into the cuvette. In particular, in order to investigate
the influence of pH, buffer solutions of pH = 4.9, 5.6, 7.4 and 8.0
were used. After obtaining a stable baseline, protein solution was
added in place of the buffer solution. After measuring the binding
curve, the solution was changed back to the buffer once more. All
experiments were conducted at room temperature.

The de Feijter formula3? expressed as

de(nf — Npyffer)
F= dn/dc M
was used to quantify the adsorbed weight I' (mg m~2) from the
film thickness (df, expressed in nm), the refractive index of the film
(nf) and the refractive index of the buffer (npyfrer). A dn/dc value
of 0.18 mL g~ was used for the calculations. The SPR instrument
expresses the shiftin 0 as resonance units (RU). The RU contains a
calibration constant that converts shifts in 6 to adsorbed amount
(ug m~2). It has been found that 1 RU corresponds to 1 ug m~2
for protein molecules.***" The refractive index for BSA used here
was 1.45.%2 The refractive index of buffer solution was in the range
1.33-1.34. Hence, df can be calculated using

d (nm) ~ 1.5T (2)

which is deduced from Eqn (1) if the weight of adsorbed protein is
estimated.

Contact angle measurements

Contact angles were determined with a contact angle instrument
(SL200B, Solon Tech Co. Ltd, Shanghai, China) atroom temperature
and 100% relative humidity for water and ambient humidity for
all other probe liquids. Under these conditions, the contact angles

were stable for 3 minutes. The advancing water contact angle,
0 (air) H,0, was obtained by forming a 2 uL drop of water at
the end of a polytetrafluoroethylene-coated blunt-ended needle
attached to a 50 uL syringe fitted with a repeater, lowering the
needle until the drop touched the surface, and raising the needle.
As the drop was detached from the needle tip, it advanced over
the surface. Each determination was performed by averaging the
results obtained for at least five droplets.

RESULTS AND DISCUSSION
Characterization of chemical structure using FTIR and XPS
analyses
FTIR spectra of w-(N-pyrrolyl)-octylthiol on a gold film and PPy
are shown in Fig. 2. Figure 2(a) shows the FTIR spectrum obtained
after the self-assembly of w-(N-pyrrolyl)-octylthiol on a gold film.
Since the monolayer of w-(N-pyrrolyl)-octylthiol is thin, the FTIR
signal intensity is rather weak. Nevertheless, some peaks can
be identified. The peak at 1263 cm~' may be attributed to the
=N-group of the w-(N-pyrrolyl)-octylthiol, supporting its self-
assembly on the gold film. Figure 2(b) shows the FTIR spectrum
of a PPy film prepared by polymerization for 5 min. The broad
peak at 3440 cm~' may be ascribed to the unsaturated V(N=H)sing
vibration of the pyrrole ring. The peaks at 2930 and 2860 cm™'
may be assigned to the saturated v,(CH,) and vs(CH,), respectively.
The peak at 1500 cm™' may be attributed to a characteristic in-
plane C=C stretching vibration of the pyrrole ring, while that
at 1090 cm™' may be ascribed to-C-N-of the alkanes. The
symmetric out-of-plane C-H deformation w(C-H),ing appears
near 720 cm~'.

The C1s,N 1sand S 2p core-level XPS spectra of a SAM film and
a PPy film prepared for 5 min are shown in Fig. 3. The C 1s spectra
of both SAM and PPy can be divided into a component peak at
284.2 eV, attributable to the C-C/CH, groups, a higher binding
energy peak (285.4eV) due to C-O/C-N groups and a lower
intensity peak at 287.8 eV due to the HN-C=0 groups. As regards
the N 1s spectra, in comparison with the PPy film, only weaker
N 1s signals of the SAM can be detected. The N 1s spectra can
be fitted with four peaks, i.e. a main component peak at 399.3 eV
attributable to the C-N/NH, groups, a higher binding energy peak
(400.5 eV) due to the O=C-N-C=0 moiety, a higher binding
energy tail at 401.5eV attributable to the positively charged
nitrogen (-N*-) and a lower binding energy peak (397.5 eV) due
to the =N-groups. In the case of the SAM film, a substantial S 2p
signal is measured, confirming that the w-(N-pyrrolyl)-octylthiol
had been self-assembled on the gold surface. In contrast, after
pyrrole monomer is polymerized on the SAM surface, a thick PPy
layer is formed. Since the detection limit of XPS is only about
8-10nm, an S 2p signal is no longer detected. Since the oxidation
potential of PPy is lower than that of pyrrole monomer, the polymer
could be simultaneously oxidized with pyrrole monomer in the
course of the polymerization.** PPy is usually in its oxidized state
and bears charges in the polymer matrix, i.e. some of the nitrogen
atoms in PPy are positively charged. These positive charges in
the polymer are amenable to some applications involving the
adsorption of biomolecules due to electrostatic interactions.

Surface wettability

Contact angles on gold, SAM and PPy films polymerized for
different times, i.e. 1, 2, 3 and 4 min, are shown in Fig. 4. After
cleaning with ethanol, the gold surface bears many hydroxyl
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Figure 2. FTIR spectra of (a) w-(N-pyrrolyl)-octylthiol and (b) PPy film polymerized for 5 min. All samples were on gold surfaces.

groups. Therefore, its contact angle is less than that on the
self-assembled w-(N-pyrrolyl)-octylthiol film. When w-(N-pyrrolyl)-
octylthiol self-assembly (SAM) is complete, the pyrrole groups
exhibit hydrophobicity and extend from the gold surface toform a
compact monolayer. Consequently, water molecules are repelled
by the pyrrole groups, and the surface shows a higher contact
angle.** On increasing the time of in situ polymerization from 1
to 4 min, the contact angle at the polymer surface increases from
78.6° to 87.2°. The monolayer of w-(N-pyrrolyl)-octylthiol provides
covalently bound organic nucleation sites on the surface for the
deposition and growth of organic PPy chains. Hence, a complete
molecular network is ultimately produced, resulting in a lowering
of surface free energy. As a consequence, the contact angles
of PPy films prepared for a longer time are higher. This would
suggest that hydrophobic interactions play an important role in
BSA adsorption. However, it is known that the driving force for
adsorption of ‘soft’ proteins,*>* such as BSA, is related to structural
rearrangements in the molecules that enable them to overcome
the unfavorable conditions offered by an electrostatically repelling
surface. To reveal the true adsorption mechanism, it is necessary
to investigate the real-time adsorption of BSA onto the PPy films
in buffer solutions of varying pH.

Scanning of incident angle by SPR

The scan curves of incident angles on gold, SAM and PPy films,
and BSA adsorbed on PPy are shown in Fig. 5. After self-assembly
of the w-(N-pyrrolyl)-octylthiol on the gold film, the deep angle
of the SPR curve increases by about 0.3°, which is obtained using
the fitting software. This suggests that the optical thickness of
the layered media, i.e. gold and SAM on the glass substrates,
is greater than before. Additionally, the shape of the SPR curve

becomes broader, which could be due to the imaginary part of
the refractive index of the w-(N-pyrrolyl)-octylthiol monolayer.#’
When the polymerization is complete, the SPR angle shifts to an
even higher value, suggesting that the optical thickness of the
PPy film increases with time. Moreover, the shape of the SPR
curve becomes much broader, which could result from the surface
morphology of the PPy film becoming rougher with increasing
polymerization time.*

In order to ensure reliable results in measurements of BSA
adsorption on the PPy film, the film thickness was controlled
such that it did not exceed 50 nm. This is exemplified by curves
(c) and (d) of Fig. 5, which represent PPy films before and after full
swelling. When the PPy film is immersed into a PBS solution, the
backbone of the polymer will swell and the unpolymerized pyrrole
monomer will be washed away. Once these two events reach a
balance, the PPy film is in a stable state, as shown in curve (d).
After introducing 1 vol% BSA solution into the system, curve (e) is
the scan curve of BSA adsorption on the PPy film. A higher deep
angle is again obtained, indicating that another layer is produced
when the BSA is adsorbed. To fully understand the behavior of
BSA adsorption on PPy films, a kinetic scan of SPR was obtained,
as described below.*

BSA adsorption

In order to understand the importance of adsorption kinetics
for PPy films, insitu SPR measurements were conducted for
BSA adsorption on the films. BSA is a globular protein with a
molecular weight of 67000 g mol~! and a pl (isoelectric point)
of 4.7. Since its amino acid sequence and physical properties are
well characterized, BSA has been widely used as a model protein.
Generally, there are two extreme orientations for the adsorption
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Figure 3. XPS spectra of (a) w-(N-pyrrolyl)-octylthiol and (b) PPy film polymerized for 5 min on gold surface.
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Figure 4. Contact angles of w-(N-pyrrolyl)-octylthiol and PPy films. (P1, P2,
P3 and P4 refer to PPy surfaces prepared with polymerization times of 1, 2,
3 and 4 min, respectively).

of BSA molecules onto a surface, i.e. side-on and end-on. Normally,
it is adsorbed in a mixture of these orientations.

BSA adsorption behavior of SAM and PPy films

Once the PPy films reached equilibrium in the PBS buffer, the
proteins were incubated in the SPR flow cell and the optical
properties of the interface were monitored using SPR over time
periods of at least 1h. The kinetic curves of BSA adsorption
behavior on SAM and PPy films prepared for 2, 3 and 4 min are
shown in Fig. 6. For all samples studied, protein physisorption
reaches equilibrium within a few minutes of injecting the protein
into the cell. The systems were allowed to stabilize over a period of
1 h, but show no further significant changes. After this stabilization

1.4x10%

1.2x10%

1.0x10% ]
1 (e) Au+SAM+PPy+BSA

RU

8.0x10° - (d) Au+SAM+PPy swell
(c) Au+SAM+PPy

6.0x108 7 (b) Au+SAM
i (@) Au film
4.0x10° ]
60 61 62 63 64 65

Incident angle / °

Figure 5. SPR responses of (a) bare gold film, (b) w-(N-pyrrolyl)-octylthiol,
(c) PPy film, (d) PPy film which are stable in PBS solution and (e) after BSA
adsorption on the PPy film.

period, the samples were rinsed with excess PBS, which invariably
leads to some loss of unbound protein from the surface of each
PPy film.

The different adsorption behaviors on PPy films of thicknesses of
21, 35 and 48 nm were studied using polymerization times of 2, 3
and 4 min, respectively. According to the relationship between the
reflectivity units of SPR and the adsorbed amounts or thickness
of BSA, i.e. Eqns (1) and (2), after being rinsed with PBS buffer,
the simulated adsorbed amounts and thickness of BSA onto all
surfaces are summarized in Table 2. Compared with the SAM, a
larger amount of BSA adsorbed on the polymer film is observed
after 2 min of polymerization, as shown in Fig. 6. However, the
amount of BSA adsorbed on PPy films decreases quickly after 3
and 4 min of polymerization.
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Figure 6. SPR binding curves of BSA on w-(N-pyrrolyl)-octylthiol SAM and PPy films with various polymerization times.

Table 2. After being rinsed with PBS, the amounts adsorbed and
thickness of adsorbed BSA on the surfaces of SAM and PPy films for
various polymerization times

Surface for Amount of BSA Thickness of
BSA adsorption adsorbed (g m~2) adsorbed BSA (nm)
SAM 0.83 1.25

PPy (2 min) 1.53 2.29

PPy (3 min) 0.53 0.82

PPy (4 min) 0.32 0.48

The structure of BSA has been previously characterized using
X-ray crystallography, showing it to be a globular protein with
dimensions of approximately 8 nm by 4 nm. BSA of approximately
2 nm in thickness was adsorbed onto the SAM film initially. This
suggests BSA molecules are adsorbed in side-on orientation and
cannot cover the full surface (Fig. 7(a)). However, once the reaction
between the pyrrole groups of the SAM and the added pyrrole
monomer commences, the first propagation of the polymerization
is focused only at certain points on the surface. After 2 min of
polymerization, the PPy is inhomogeneously distributed on the
surface such that the SAM surface cannot be fully covered. PPy
molecules have enough space in which to stretch, as shown
in Fig. 7(b). BSA molecules not only adsorb on the polymerized
surface, but also on the surface of the SAM. This results in more
protein molecules being anchored on the surface. Before being
rinsed with a large quantity of PBS, approximately 2.5 mgm—2
BSA, i.e. 3.5nm of BSA, is adsorbed onto the PPy film with a
polymerization time of 2 min, while after being rinsed with PBS,
some BSA molecules that adsorb physically on the surface are
removed and only 1.53 mgm~2 BSA, i.e. 2.29 nm of BSA, is left,
as shown in Fig. 6. In all cases, it is evident that BSA still keeps its
side-on conformation upon binding onto PPy films because the
adsorbed thicknesses of BSA on all surfaces are less than 4 nm, i.e.
the least value of monolayer of binding BSA.

With increasing polymerization time, the whole surface of
the film will be fully covered by PPy, which leads to a much
denser PPy surface. The steric influence of pyrrole becomes much
greater, resulting in less interaction between BSA and the surface.
Hence, less BSA can adsorb onto this kind of surface (Fig. 7(c)).
From the contact angle results (Fig. 4), the hydrophobicity of the
surface increases with increasing polymerization time, indicating

that more BSA molecules may be adsorbed on the PPy surface.
Compared with the effect of the steric structure of PPy films on BSA
adsorption, however, the hydrophobicity of the PPy film surface
has a weaker effect. 384430

Influence of buffer pH on BSA adsorption

In aqueous solutions, protein adsorption is mainly affected by
the properties of the polymer surface, such as the surface electric
properties, which greatly depend on the pH of the solution. To
further understand the adsorption mechanism of BSA on PPy films,
filmswith a thickness of 21 nmthathad been polymerized for2 min
were used to investigate the effect of buffer pH on BSA adsorption
(Fig. 8). A clear trend is that the amount of adsorbed BSA increases
as the pH increases from 4.9 to 7.4. The results can be attributed to
the electrostatic interaction between the BSA molecules and the
PPy film. The BSA molecule is negatively charged in buffers with
pH > 4.7, and positively charged in buffers with pH < 4.7. The
positively charged PPy film repels BSA molecules in buffers with
pH < 4.7 but attracts them in buffers with pH > 4.7. This would
suggest that the higher the buffer pH, the more BSA molecules
will be absorbed on the PPy film.>' However, in a buffer solution
at pH = 8.0, the least amount of BSA is adsorbed on a PPy film.
The reason may be that the BSA molecules undergo less structural
unfolding at pH = 8.0, resulting in the negative BSA presenting
a maximum number of positive groups, such as N-termini and
lysine residues, towards the surface.® On the other hand, an
increase in the solution pH will reduce the H™ concentration and
increase the OH™ concentration in the aqueous solution. This may
lead to deprotonation of the protonated nitrogen atoms on PPy,
thereby leading to a decrease in oxidation level.>>>* Hence, the
electrostatic interactions between BSA and PPy will be decreased,
thereby accounting for the observed reluctance of BSA molecules
to adsorb on PPy film in a buffer solution at pH = 8.0.

Electrical properties of PPy before and after BSA adsorption
Figure 9 shows the cyclic voltammograms of PPy copolymer with
a thickness of 55 nm for 5 min polymerization before and after
BSA adsorption. The cyclic voltammograms of PPy demonstrate
slight reduction and oxidation peaks. This indicates that the
polymerexhibits arelatively high electroactivity. After BSA binding,
however, the chemical content of polymer with BSA in the
composite electrodes changes, which results in the electroactivity
attenuation because of the expected blocking properties of the
BSA layer.
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(a) BSA adsorption on SAM surface (b) BSA adsorption on the thin PPy surface

(c) BSA adsorption on the thick PPy surface

Figure 7. Schematic of BSA adsorption on SAM and PPy films prepared with times of 2, 3 and 4 min.
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Figure 8. BSA adsorption on PPy films in buffer solutions of various pH.
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Figure 9. Cyclic voltammetry graphs of PPy film polymerized for 6 min (a) before and (b) after BSA adsorption. The scan rate used in (b) is 100 mV s~".

CONCLUSIONS the steric effect of PPy films, the results concerning BSA adsorption
We have demonstrated that PPy films modified with w-(N-pyrrolyl)-  on PPy films show that fewer BSA molecules are adsorbed on a
octylthiol may be prepared on gold surfaces. Trends in the thick polymer surface prepared for a longer polymerization time.
adsorption behavior of BSA on PPy films have been observed from  In buffer solutions with pH < 7.4, however, the amount of BSA
the SPR binding curves for SAM and PPy films (polymerized for 2,  adsorbed decreases with increasing pH. The leastamount of BSA is
3 and 4 min) and various pH values of the buffer solutions. Dueto  adsorbed from a buffer solution at pH = 8.0. When the pH exceeds

|
Polym Int 2011; 60: 703-710 (© 2011 Society of Chemical Industry wileyonlinelibrary.com/journal/pi
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4.7, the negatively charged BSA molecules are attracted by the
positively charged PPy films by electrostatic interaction. Both the
chemical structures or properties of the film and the properties of
the buffersolution can affect the adsorption behavior of BSA on PPy
films. In fact, the amount of BSA adsorbed to the polymer surface
could be controlled by varying the polymerization conditions
and the nature of the buffer solution. Additionally, due to the
expected blocking properties of the BSA layer, the electroactivity
of the composite electrodes before and after BSA adsorption is
attenuated. Thus, the study of BSA adsorption in this work is
deemed to be of significance for applications.
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