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a b s t r a c t

In this paper we investigate the nano-characterization of polypyrrole (Ppy) thin film electro-synthesized
on highly oriented pyrolitic graphite (HOPG) with and without horseradish peroxidase enzyme (HRP)
using Atomic force microscopy (AFM) performed in contact mode and fluid cell with electrolyte
vailable online 6 January 2009
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lectrochemical atomic force microscopy
onducting polymer
orseradish peroxidase

and potential control (ECAFM). In situ electro-synthesis of thin polypyrrole film was made by cyclic
volt–amperommetry achieving structured Ppy nanoparticles with two types of particle sizes and the
same ellipsoidal shape. Furthermore, the electro-immobilization of HRP, onto this film, was made at a
fixed potential, achieving different morphology characterized by highly rough, non-homogeneous struc-
ture, and partial maintaining of the ellipsoidal particle in specific sites. The effect of polarization time on
morphological parameters was studied and two mechanisms of electro-immobilization of HRP with Ppy

e pro
lectro-immobilization conducting polymers wer

. Introduction

Since the birth of the first biosensor, thanks to the revolution-
ry work of Clark and Lyons, biosensor applications have seen
n almost exponential increase in pharmaceutical, biotechnology,
ood, and other diverse areas such as green chemistry and bioen-
rgy. Consequently, several groups have dedicated their efforts
o achieve biosensors able to embrace the actual analytical chal-
enges. One of the interesting lines of these efforts is the research of
ew materials or immobilization matrices and procedures capa-
le to improve the stability, the biocatalytic sensitivity, and the
electivity of the biomolecules used in the desired biosensors. A
ood electrical conductivity, biocompatibility with biomolecule,
ccessibility, and chemical and physical inertias against the con-
acting solution can constitute basic criteria for the choice of

aterials for biomolecules immobilization. From a practical point
f view, simplicity, repetitivity, instrumental control, possibility
f miniaturization and automation of the fabrication procedure

an represent additional conditions for this choice. Conducting
olymers (CP) assure several of these conditions thanks to their
bvious electrical conductivity, mechanical stability and the exclu-
ive advantage of the controlled electro-synthesis which include

∗ Corresponding author.
E-mail address: elkaoutit@uca.es (M. ElKaoutit).

379-6779/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.synthmet.2008.11.008
posed.
© 2008 Elsevier B.V. All rights reserved.

the possibility of electro-immobilization of proteins as biological
recognition element for biosensor making [1–10]. However, in spite
of the undisputed advantages and interest of these polymers and
also of the included electro-immobilization strategy in biosensor
manufacturing, the mechanism of incorporation of the enzyme into
the electro-synthesized polymer was not elucidated and has been
object of various speculations [1]. Bartlett reported a mechanism
based on electrostatic interactions between the polymer in its poly-
cationic state and the negatively charged enzyme (i.e. above its
isoelectric point) [3]. This mechanism has been extended up to the
consideration of the negatively charged enzyme as a dopant species
and also simulates the mechanism of electro-immobilization of
proteins as that of the simple electro-synthesis of polymers [10].
The second mechanism is based on the “physical” entrapment of the
protein in the electro-polymerized film, and explains the success of
the method consisting in the deposition of the enzyme into a CP film
followed by polarization of the electrode in a monomer solution [5].
Atomic force microscopy (AFM) probe may constitute an elegant
opportunity to study the mechanism of electro-immobilization
depending on the work conditions and procedure strategy. In this
context, we present here preliminary results of electrochemical

atomic force microscopy (ECAFM) study of the electro-synthesis of
the Ppy and the electro-immobilization of the enzyme HRP with this
conducting polymer onto highly oriented pyrolytic graphite (HOPG)
surface. The choice of the HOPG as the surface, the Ppy as the CP, and
the HRP as the protein can be justified by the high-crystalline order

http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
mailto:elkaoutit@uca.es
dx.doi.org/10.1016/j.synthmet.2008.11.008
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f the first, the most commonly usage of the second and because
f the abundance and importance in the biosensor field of the
hird.

. Materials and methods

Horseradish peroxidase (E.C.1.11.1.7, 269 U mg−1) was purchased
rom Sigma (Steinheim, Germany), LiClO4, for the supporting elec-
rolyte, was from Fluka (Buchs, Switzerland), pyrrole monomer was
rom Sigma (Steinheim, Germany). Pure water was obtained by
assing twice-distilled water through a Milli-Q system (18 M� cm,
illipore, Bedford, MA).
Voltammetric measurements were performed with an Autolab

GSTAT20 (Ecochemie, Ultrecht, The Netherlands) potentio-
tat/galvanostat interfaced with a personal computer, using the
utoLab software GPES for waveform generation and data acqui-
ition and elaboration. In this article, electro-immobilization was
arried out generally following the standard conditions established
y Razolas et al. [11]. Also, we introduce the following modi-
cations: the electrode used was glassy carbon (GCE), cleaned
s described elsewhere [12], the scan rate was 50 mV s−1, the
onomer concentration (Ppy) was 5 × 10−5 mol L−1, and the num-

er of cycles was 5 in the potential range 0 to +1.6 V vs. Ag/AgCl,
or Ppy prelayer. For Ppy-HRP layer, three scanning cycles from 0
o +1.0 V were applied in a 0.05 M LiClO4 as supporting electrolyte
ontaining 0.3 g L−1 of the enzyme and the same quantity of Ppy as
n the prelayer step.

For scanning probe microscopy (SPM) studies, the highly ori-
nted pyrolitic graphite (HOPG) was fixed on steel discs. The in situ
CAFM measurements were performed using a Veeco Nanoscope
IIa system, operated in contact mode with commercial Veeco
xidation-sharpened silicon nitride probes. ECAFM studies were
ade in the standard electrochemical cell with a Pt counter elec-

rode and a Cu wire as reference electrode.
The prelayer was electrochemically synthesized on HOPG by in

itu ECAFM. The electrolyte consisted of 5 × 10−5 mol L−1 Ppy and
.1 mol L−1 LiClO4. The potential was scanned from 0 to +1.6 V vs.
u reference electrode. The Nanoscope cell for liquids, with a cell
olume of approximately 0.15 mL and corresponding sample sur-
ace area of 56.00 ± 0.07 mm2, was used. Thus, the thin Ppy film
as synthesized and AFM image was registered in the same solu-

ion; then, the cell was emptied and solution containing 0.3 g L−1

f the enzyme was injected in the cell, and a potential of 0.5 V vs.
u was applied for different time periods, while AFM images were
egistered after each period.

The roughness (Ra) is the arithmetic average of the absolute val-
es of the surface height deviations measured from the mean plane
ithin the scanned area. Rmax is the height difference between

he highest and lowest points on the surface relative to the mean
lane. Surface area differences (S.A.D.) are the differences between
he three-dimensional area of the image and its projected two-
imensional area. These parameters were extracted directly from
oughness analysis carried out by the Nanoscope IIIa software
Nanoscope IIIa Version 5.12, Command Reference Manual (2002)].
he mean of Ra and S.A.D. data were given by

a = 1
n

n∑
|Zj|, S.A.D. =

[ ∑
(surface area)i∑

(projected area)
− 1

]
× 100
j=1
i

The size of grains was estimated from cross section profiles of
he data along the reference line. The pair of cursors was positioned
n horizontal and vertical lines to calculate the width and length of
articles and the average was calculated from the corresponding
opulation.
Fig. 1. Voltamogramms of electro-immobilization of HRP enzyme by Ppy in a con-
ventional cell. Conditions are: 0.1 mol L−1 LiClO4, 5 × 10−5 mol L−1 monomer and
0.3 g L−1 HRP, scan rate 50 mV s−1.

3. Results and discussion

3.1. Cyclic voltammperometry of electro-immobilization

In the early cited paper [11] the effect of the number of cycles
applied to electro-immobilized HRP enzyme with Ppy conduct-
ing polymer on the response of peroxide biosensor was studied
and the authors concluded that the optimum response of the
resulted biosensor was obtained for a layer elaborated by two
cycles. On the other hand, other theoretical studies concluded that
the thinnest layer includes the highest biochemical activity of the
enzyme [13,14]. To investigate this fact, and get an experimental
fundament for our contribution, conventional method was firstly
used to investigate the electrochemical immobilization process.
Cyclic voltammperomograms of the electro-immobilization pro-
cess were registered and the result is presented in Fig. 1. It can
be seen that, contrary to the reduction current, the oxidation cur-
rent was increased by increasing the cycle number. For example, at
a potential of 0.4 V this positive current has values of 25.6, 19.0, and
2.3 �A for 3, 2, and 1 cycle, respectively. This result can validate the
mechanism of electro-immobilization based on the simulation of
the enzyme as a dopant anion [10].

So, in the oxidation scan, the Ppy film was charged positively,
and the enhancement of the current proved the incorporation
of the enzyme nor in this step neither in the reduction phase.
Consequently, and because of several operation limitations, the
condition of the in situ ECAFM investigation of the enzyme electro-
immobilization was carried out at a fixed potential equal to
0.5 V that is also useful to investigate the validity of this mecha-
nism.

3.2. In situ AFM electro-synthesized Ppy nanoparticles thin film

Electrochemical AFM technique can constitute a powerful tool
to study thin conducting polymer films. Usually, the morphologi-
cal study of these materials was achieved by the usual techniques,
such as SEM, TEM or AFM, but using samples early synthesized in a
classical electrochemical cell, followed by manually removing and
placing them into other surface for analysis. This procedure is lim-
ited by the film thickness and it is difficultly adaptable to study thin
layers.
ECAFM was used to investigate the morphology of thin layer
Ppy films, electro-synthesized on HOPG surface by the above
described procedure and the result is presented in Fig. 2A. It can
be seen that the formed film is very ordered, and the electro-
polymerization is initiated as individual particles with ellipsoidal
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ig. 2. ECAFM image of thin layer Ppy electro-synthesized on HOPG surface (A) a
lectrode with a scan rate of 100 mV s−1; other chemical conditions as in Fig. 1.

hape and nucleation site from all HOPG surface. From section
nalysis, which is described in Fig. 2B, the dimension of these
articles have been calculated, and the result can be described
s two types of particles. The first has a width of 46.7 nm with
relative standard deviation (R.S.D.) of 42.8% and a length of

85.9 nm with R.S.D. of 17.8% (n = 115). The second having a width
f 84.5 nm with R.S.D. 36.2% and a length of 295.5 nm with R.S.D.
5.1% (n = 54).

In addition, the same image was analyzed to calculate rough-
ess parameters and surface area differences as described in
ection 2, and the results are summarized in Table 1. It is inter-
sting to note that the two particle types showed are very small,
ore than those observed for Ppy nanowires electro-polymerized
ithin poly(methyl methacrylate) nanochannels on an indium
in oxide substrate [15], and that Ppy or Ppy-silicate biologically
16] or chemically [17] synthesized. This can be explained by the
ighest orientation of HOPG substrate and the operational condi-
ions.

able 1
oughness parameters of Ppy prelayer, Ppy-HRP electro-synthesized with 60 s as
olarization time and that with 315 s [*pt: polarization time, for parameters mean-

ng, see Section 2].

ample Ra (nm) Rmax (�m) S.A.D. (%)

py prelayer 23.0 0.303 23.3
py-HRP (pt* = 60.5 s) 232.7 2.322 33.3
py-HRP (pt = 315.5 s) 204.7 1.532 27.0
analysis section (B). The potential was scanned from 0 to +1.6 V vs. Cu reference

3.3. Investigation of enzyme electro-immobilization

The morphology of the enzyme electro-immobilized in
polypyrrol film was also studied by AFM in contact mode. Sev-
eral films were electro-synthesized at 0.5 V vs. Cu varying the
polarization time parameter. Fig. 3, shows the topography of those
elaborated by 60 s (A), and 315 s (B). There are several differences
between these two images and that of nano-structured Ppy in
Fig. 2A. The most important novelty is the appearance of great
homogeneous blocks embedded in the same ellipsoidal small struc-
ture seen in Fig. 2, and attributed to Ppy nanoparticles. In addition,
in Fig. 3A, these blocks show a laminar structure which remind us
the crystalline structure of commercial HRP. It is difficult to demon-
strate this remark. Thus, the usual techniques used are FTIR or
XRD, these techniques are known by their lower sensitivity and
an adequate quantity of the immobilized enzyme is required for its
conformational or crystallographic study. We have tried to follow
this line but unfortunately, no signal attributed to the polypeptide
was registered, even using a sum of up to 10 electro-synthesized
films. However, various works have studied the morphology of
Ppy and reported that the Ppy surface has a continuous structure
with a rough and cauliflower-like shape [18–23]. Thus, we can con-
sider these blocks as crystallized HRP. Assuming this and remarking

these two images, we can conclude that these crystals are clearly
seen embedded in the polypyrrole matrix. This embedment is
improved with the increase of polymerization time. The morpho-
logical parameters of these films were calculated and the results
are summarized in Table 1. These parameters were directly calcu-
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ig. 3. ECAFM images of HRP electro-immobilized by Ppy at fixed 0.5 V vs. Cu pot
oncentration is 0.3 g L−1 and other chemical conditions are as in Figs. 1 and 2.

ated from captured images (5 �m × 5 �m) without any treatments
flatten and smoothing). Non-proportionality of the roughness
arameters with the time of the polarization can be concluded. Also,
e can note an important decrease in Rmax (and consequently in Ra)

omparing these samples. They can be attributed to a simultane-
us increase of both Ppy nanoparticles and HRP crystals and it is
n accordance with other study, in which an inverse effect of the
olarization time on the sensitivity of the Ppy-HRP or Ppy-glucose
xidase based biosensors was concluded [11,24].

Section analysis of these images (Fig. 3C) reveals two types of
articles, having similar shape to those observed in Ppy thin layer,
ut with different growing site. The first one grows from a relative
lanar surface. The second one grows from or near the block struc-
ure attributed to the crystallized enzyme. We can confirm that
hey are two nucleation sites for electro-polymerization of Ppy in
he presence of HRP; the normal one, from the electrode surface,
nd that from the crystallized enzyme. In Fig. 3, we can clearly dis-
inct between these two types of nucleation sites, Ppy-1 as a notably
gglomeration structure of nano-ellipsoidal shape, and Ppy-2 as
ndividual or few agglomerated ellipsoidal particle (see Fig. 3A and
).
From this, we can suggest two mechanisms of electro-
mmobilization. The first is purely physical and consists in the
rowth of the Ppy chains in the intimate contact of the HRP block
rystals. The second is based on the charges difference of the com-
onents; the particles, beginning their formation from the block,
, during 60 s (A), 350 s (B), and typical section analysis of these films (C). Enzyme

prove that the Ppy as well as the oxidized species of pyrrole can
be adsorbed on the enzyme periphery and start a new polymeriza-
tion chain from this enzyme site. The two proposed mechanisms,
embedment and formation of Ppy film into the crystallized enzyme
are in accordance with theoretical and experimental studies of the
effect of polarization on the biosensors response [11,13,14,24] so the
formation of Ppy barrier diffusion of the substrate from the solution
to catalytic site of the enzyme should be a result of an excess in a
polarization time.

4. Conclusion

In this article, we have initiated a new line to investigate the
highly interesting procedure of enzyme electro-immobilization.
We report topographic images of the electro-synthesis of Ppy with
and without HRP, at nanoscale and with high resolution. Initial
tentative to detail the mechanisms of electro-immobilization was
carried out. It can be concluded that the mechanism can be the
physical entrapment as well as the adsorption followed by crystal-
lization of the enzyme on and into the Ppy film. In the presence of
enzyme, the growth of CP film keeps a similar ellipsoidal shape to

that observed without the biomolecule, and can take place at the
peripheral surface of the crystallized enzyme. This result proves the
importance of the enzyme charge in the process and similar studies
varying the pH of the medium can constitute a perspective of this
work.
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