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Abstract: In this work, the initial growth process of a polypyrrole/oligonucleotide (PPy/ODN)
nanocomposite electrochemically synthesized on an indium tin oxide (ITO)-coated glass sur-
face was investigated by means of chronoamperometric measurements combined with optical
microscopy and atomic force microscopy (AFM). It was found that the growth of PPy/ODN
onto ITO was a three-stage process including incubation, rapid nucleation and growth, and
constant nucleation and growth. The presence of ODN molecules significantly shortened the
first stage. Further analysis showed that the nucleation and growth mechanism of PPy/ODN
was progressive nucleation and 3D growth, which then changed to instantaneous nucleation
and 3D growth before nucleus overlapping. In the third stage, the nucleation and growth
mechanism of PPy/ODN was a combination of progressive nucleation and 3D growth and
instantaneous nucleation and 3D growth.
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1 INTRODUCTION

DNA is a unique biomolecule that serves not only
as genetic information storage in living species but
also as an emerging important building block
for assembly of nanoscale materials [1]. The hybrid
of DNA molecules with conducting polypyrrole
has been explored as an attractive ‘bottom-up’
route to forming nanostructures, such as nano-
wires [2], nanoropes [3], and nanocapsules [4].
Furthermore, polypyrrole/oligonucleotide (PPy/
ODN) composite films of various thicknesses have
also been attracting attention as favourable inter-
faces for biosensor applications [5–7]. In the latter,
PPy/ODN normally may be easily formed via elec-
tropolymerization on various conducting substrates,
and species of ODNs may be directly incorporated
into the PPy matrix as dopants during polymer
synthesis when they are included in the poly-

merization solution as a sole counterion [8, 9] or in
the presence of another electrolyte [10, 11]. For the
signal transduction of an electrochemical DNA bio-
sensor, the composition at the two interfaces (elec-
trode side and solution side) of PPy/ODN is crucial.
While research has been carried out to understand
the interactions occurring on the solution side and
even within the network of a PPy/ODN composite
[8–11], to the best of the authors’ knowledge less
attention has been paid to the interface on the
electrode side of PPy/ODN. Indeed, the kinetics of
polypyrrole electrodeposition could be influenced
by different substrates [12–15], which might result
in different interface compositions. In this respect,
there is reason to suppose that the influence of the
interface composition on the formation of some
nanostructures based on PPy/ODN is great. There-
fore, in the present work, the initial electrodeposi-
tion kinetics of PPy/ODN was investigated by means
of chronoamperometry, atomic force microscopy
(AFM), and optical microscopy to substantiate the
above hypothesis.
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2 EXPERIMENTAL METHODS

All chemicals were of analytical grade and used as
received (if not otherwise stated). Pyrrole monomer
was obtained from Sinopharm Chemical Reagent Co.
Ltd (Shanghai, China) and distilled before use. The
following oligonucleotides were purchased from
Shenggong Bioengineering Ltd (Shanghai, China):
primer P1 (30-mer 50-GTC TCT ACC TGA TTA CTA
TTG CAT CTT CCG-30), primer P2 (15-mer 50-CTC
TAC CTG ATT ACT ATT GC-30), and primer P3
(10-mer 50-GCA ATA GTA ATC AGG-30). Other
reagents were commercially available and were all of
analytical reagent grade. All of the solutions were
prepared in ultrapure water with the Millipore system
(18.2MW).

The electropolymerization of a PPy/ODN compo-
site was carried out by the potentiostatic method in a
custom-made electrochemical cell (internal volume
100mL) with indium tin oxide (ITO)-coated glass
(which had a nominal surface resistivity of 95W/sq)
as a working electrode (area 0.49 cm2), a platinum
wire coil as an auxiliary electrode, and an Ag/AgCl
wire as a reference electrode. The electro-
polymerization experiments were performed in a
CHI-800 electrochemical workstation (Shanghai
Chenhua Ltd, Shanghai, China). The electrolytes used
for the experiments were 0.05M pyrrole in 0.1 M NaCl
solution in the presence of 1 · 10� 5

M P1, P2, and P3
ODNs respectively. Inverted fluorescence micro-
scopy (Leica DMI4000B) and AFM (CSPM 5000;
Ben Yuan Ltd, Beijing, China) were used to observe
the nucleation and growth mechanism of PPy/DNA
on the ITO surface. For contrast, the electro-
polymerization of polypyrrole was also conducted
without ODN.

3 RESULTS AND DISCUSSION

3.1 Electropolymerization of PPy/ODN

Figure 1 presents the chronoamperometric curves of
polypyrrole electrodeposited on an ITO electrode
surface in the presence of 1 · 10�5

M P1 ODN (in
0.05M pyrrole/0.1 M NaCl solution) at different
potentials within a period of 200 s. At these different
polymerization potentials, the chronoamperometric
curves in Fig. 1(a) show their respective current
maximum Imax. The value of Imax is 750mA at 0.65 V,
and therefore little PPy/ODN composite is being
formed. At 0.7 V, the current increases with time and
reaches an Imax value of 2980mA at 130 s. At the
applied potentials of 0.8 and 0.9 V, Imax values of 4537
and 6327mA can be reached respectively. When the
applied potential increases to 1.0 V, there is a peak
current of 8900mA at times ranging from 35 to 40 s.
Comparing these curves in Fig. 1, the Imax value
increases with the polymerization potentials. This
might be due to the fact that the number of nuclei
increases as the number of active sites for poly-
merization increases when the potentials are raised
from lower to higher values [16]. Moreover, the time
it takes for the current to reach Imax, Tmax, decreases
with increase in the potentials. This behaviour can be
attributed to the more rapid spread and collapse of
polypyrrole nuclei at higher potentials [16].

Figure 1(a) shows that the nucleation and growth
current curves of polypyrrole in the presence of
30-mer ODN can be divided into three stages quali-
tatively at the applied potentials of 0.7, 0.8, and 0.9 V.
This observation is similar to the result obtained by
Wang et al. [15]. It can be seen that the initial current
has a slight increase for a short time (stage 1, incu-
bation), followed by a rapid increase until it reaches a

(a) (b)

Fig. 1 Chronoamperometric curves of polypyrrole electropolymerization with 30-mer ODN on an ITO
electrode surface at different potentials: (a) 0.65 V; (b) 0.7 V; (c) 0.8 V; (d) 0.9 V; (e) 1.0 V
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maximum (stage 2, rapid nucleation and growth),
and then plateauing out (stage 3, constant nucleation
and growth). The first stage is the incubation period,
which is characteristic of pyrrole oxidation and oli-
gomer formation [16]. When an oligomeric high-
density region is formed, the oligomers precipitate
upon the electrode surface, thereby resulting in
deposition [17]. It can be seen from Fig. 1(b) that
the incubation period decreases as the electro-
polymerization potential increases, which is due to
the more severe oxidation of polypyrrole at a higher
potential [14]. In general, the incubation process is
rapid, e.g. the incubation period of PPy/ODN is
about 10 s at 0.7 V and decreases to about 3 s at 0.9 V.
When the applied potential increases to 1.0 V, the
process of incubation is too short to be seen.

Figure 2(a) shows chronoamperometric curves of
PPy electropolymerization on an ITO electrode sur-
face at 0.8 V during a 200 s period in the presence of
three different lengths of ODN and without ODN. It is
important to note that the presence of ODN had a
significant effect on the nucleation and growth cur-
rent curves of polypyrrole. Figure 2 (b) shows that the
incubation period of polypyrrole electrodeposition in
the presence of P1 ODN is about 5 s, while it is pro-
longed to 30 s without ODN, so it can be presumed
that the presence of ODN could greatly shorten the
incubation period of polypyrrole electropolymeriza-
tion. A possible reason for this is that the negatively
charged ODN molecule in the polymerization solu-
tion was more likely to be electrostatically adsorbed
on the positively charged ITO electrode surface as
nuclei to initiate a polymerization reaction than the
oxidized Py monomer or oligomer with positive
charge. Therefore, the mixture of ODN and Py had a

shorter incubation period than Py alone. From
Fig. 2(b), although there were no distinct differences
in incubation period when three different-length
ODNs were applied, their different effects remained,
e.g. in the presence of 30-mer P1 ODN the incubation
time of polypyrrole was about 5 s, which was lightly
longer than the 2 s incubation time in the presence of
15-mer P3 ODN. The reason for this might be the
stronger affinity of the ODN of shorter length to the
electrode, but the precise reason is the subject of
intensive research. For a longer polymerization time,
a constant current intensity could be observed for
PPy/ODN, in contrast to that of pure PPy. This is a
further indication that the nucleation and growth
mechanism of PPy/ODN is a constant process at this
stage. Furthermore, it can be presumed that the
negatively charged ODN could be doped in the PPy
during polymerization at a constant rate. Moreover, it
is also noted that the peak current density of pure
PPy is greater than that of PPy/ODN, which can be
attributed to the active area of the ITO electrode
being reduced by the initial absorption of ODN on
the ITO surface.

It is important to study the nucleation and growth
mechanism of polypyrrole during electrodeposition.
The mechanism of nucleation for conducting poly-
mer growth includes instantaneous and progressive
nucleation, and the direction of nucleation includes
two-dimensional (2D) and three-dimensional (3D)
growth, which is proved by using the theoretic model
of metal growth [18]. The nucleation and growth
mechanism of PPy could be ascertained by compar-
ing the chronoamperometric curves of PPy with the
theoretical curves of metallic nucleation and growth
[19]. A comparative evaluation of experimental data

Fig. 2 Chronoamperometric curves of polypyrrole electropolymerization in the presence of different-
length ODNs on an ITO electrode surface at 0.8 V: (a) pure PPy; (b) P1 ODN; (c) P2 ODN;
(d) P3 ODN
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with theoretical curves of progressive/instantaneous
nucleation and 2D growth and progressive/instanta-
neous nucleation and 3D growth is shown in Fig. 3. It
is clear that, after nucleus overlapping, the nuclea-
tion and growth of PPy/ODN presents a combined
mode of progressive and instantaneous nucleation
and 3D growth. However, for pure PPy, the third
stage is possibly a combination of instantaneous
nucleation and 2D growth and progressive nuclea-
tion and 3D growth. Before nucleus overlapping, the
experimental data for PPy/ODN and PPy deviate
considerably from the theoretical curves, so the
nucleation and growth mechanism of PPy/ODN
cannot be ascertained from this model. However,
Fig. 3 indicates the shorter time to reach Imax for the
PPy/ODN composite than for PPy, which also shows
that PPy/ODN has a faster nucleation and growth
rate in the first two stages. The reason for this might
be that the negatively charged ODN deposited on the
electrode surface accelerated the diffusion rate of
PPy oligomer towards the electrode interface by
electrostatic absorption. On the other hand, the
negatively charged ODN and Ppy could be doped
directly onto the PPy/ODN composite formed and
then become nuclei to initiate a new polymerization,
which means that PPy/ODN has a parallel nucleation

Fig. 3 Dimensionless plots of I–T curves (b and d) shown
in Fig. 2 for a PPy/ODN nanocomposite (e) and
pure PPy (f) compared with the theoretical models
for nucleation and growth: (a) progressive nuclea-
tion and 2D growth; (b) instantaneous nucleation
and 2D growth; (c) progressive nucleation and
3D growth; (d) instantaneous nucleation and 3D
growth

Fig. 4 Ex situ AFM images of PPy/ODN prepared at 0.9 V in the presence of P1 ODN for (a) 2 s, (b) 5 s,
(c) 20 s, and (d) 60 s
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of ODN and Py, while only Py could serve as a
nucleus for pure PPy polymerization. This result is
similar to that obtained for a polypyrrole/Au nano-
composite [19].

3.2 AFM characterization of the PPy/ODN
composite

To verify the nucleation and growth mechanism of
PPy, AFM has proved to be an effective surface ana-
lytical tool [20, 21]. Here, AFM was used to confirm
the nucleation and growth mechanism of PPy/ODN
before nucleus overlapping. Figure 4 presents ex situ
AFM micrographs of a PPy/ODN film produced at
0.9 V for different electrodeposition times in the pre-
sence of P1 ODN. At the early stage of electro-
depositon (a period of 60 s), there is no difference in
the AFM micrographs for the three different-length
ODNs and different polymerization potentials (0.7,
0.8, and 0.9). After 2 s, some small spots of PPy/ODN
appeared on the AFM micrographs (Fig. 4(a)), ran-
domly distributed, with sizes between 5 and 10nm

and maximum heights of 53 nm. However, this is not
the case for pure PPy film growth (data not shown).
This result indicates that the nucleation of PPy/ODN
is faster than that of PPy alone at the incubation
stage, which corresponds to the situation presented
by the chronoamperometric curves (Fig. 2). Further-
more, Fig. 4(b) indicates that there is a marked
increase in the number of PPy/ODN particles after a
5 s electrodeposition time, and their maximum
height increases to 107 nm, but their size is the same
as in Fig. 4 (a). With a 20–60 s electrodeposition time,
the PPy/ODN particles change from Y- or T-shaped
units (Fig. 4(c)) and link up with neighbouring PPy/
ODN particles to form wrinkles (Fig. 4 (d)). At the
same time, the diameters and maximum heights of
the PPy/ODN particles increase to 420nm and
2765nm respectively. However, the number of PPy/
ODN particles is almost constant.

From Figs 4(a) and (b) it can be seen that the size of
the PPy/ODN particles increases with electrodeposi-
tion time. Meanwhile, it should be noted that the

Fig. 5 Optical micrographs of polypyrrole film electropolymerized on an ITO electrode surface at 0.9 V
for 200 s in 0.1 M NaCl electrolyte solution with 0.05M pyrrole and 1· 10� 5

M (a) P1 ODN, (b) P2
ODN, and (c) P3 ODN, and (d) without ODN
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height of the surface in the AFM images also increa-
ses. Therefore, it can be deduced that the nucleation
and growth mechanism of PPy/ODN is mainly pro-
gressive nucleation and 3D growth before 5 s. This
might be due to the incessant deposition of nega-
tively charged ODN on the electrode surface as new
nuclei for initializing new electropolyperization dur-
ing the first 5 s of deposition. In contrast, in the
20–60 s period, instantaneous nucleation and 3D
growth are most prevalent in Figs 3(c) and (d). The
reason for such a difference might be that in the
former case the negatively charged ODNs are the first
species to arrive at the naked ITO surface and act as
new nuclei, while in the latter case a number of dis-
crete spots of PPy/ODN have already been formed
before the ODNs and Py are adsorbed on the ITO
surface, and the ODN and Py are preferentially
deposited on the surface of the preformed PPy/ODN
rather than on the ITO electrode surface. As a result,
these preformed spots of PPy/ODN will gradually
increase in size but remain constant in number, and
they will then link up with neighbours, finally leading
to the formation of wrinkles, as seen in Fig. 4(d).

However, for a longer deposition time, successive
AFM image data acquisition was unsuccessful
because the height changes occurring during the
deposition proved to be too large to handle by the
instrument cantilever and fell outside the range of the
z-piezotransducer [22]. Figure 5 presents optical
micrographs of a PPy/ODN film electropolymerized
on an ITO electrode surface at 0.9 V for 200 s. It is
clear that many wrinkles have formed in the poly-
pyrrole film, which is similar to the results of poly-
pyrrole electrochemical deposition using sodium
p-toluenesulfonate as dopant in a methanol solution
with ITO as the working electrode [22]. It has been
proved that wrinkle formation in polypyrrole is not
an artefact of the handling process of films but is
associated with growth on ITO substrates [22, 23].
It is important to note that the size of the wrinkles
in PPy/ODN after 200 s electrodeposition (Figs 5(a)
to (c)) was greater than that for PPy alone (Fig. 5(d)),
and a shorter ODN length resulted in a smaller
wrinkle size. Therefore, ODN, as a chain-like,
negatively charged molecule, could be used as a
template to guide the synthesis of PPy/ODN com-
posites at least during the initial electropolymeriza-
tion process.

4 CONCLUSION

In summary, the initial electrochemical growth of a
PPy/ODN nanocomposite on an ITO-coated glass
surface has been investigated. It was found that ODN
with a negative charge can be deposited onto the ITO

electrode and preformed PPy/ODN surface to serve
as nuclei for a new polypyrrole electrodeposition
process. The nucleation and growth mechanism of
PPy/ODN was found to be progressive nucleation
and 3D growth in the first 5 s, which then changed to
instantaneous nucleation and 3D growth before
nucleus overlapping. However, the nucleation and
growth mechanism of PPy/ODN was found to be a
combination of progressive nucleation and 3D
growth and instantaneous nucleation and 3D growth
after nucleus overlapping. Additionally, optical
microscopy and AFM images show a clearmorphology
of wrinkles in the PPy/ODN film. As a chain-like,
negatively charged molecule, ODN could serve as a
template to guide the electropolymerization of PPy.
These results may provide fundamental insights into
the nucleation and growth mechanism of polypyrrole
in the presence of chain-like biomolecules, which
might be further applied in areas such as genoelec-
tronic devices, bioactive interfaces, or probing DNA
charge transfer.
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