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ABSTRACT In this paper, we report the synthesis of a carboxyl-functionalized polypyrrole derivative, a poly(pyrrole-N-propanoic
acid) (PPPA) film, by electrochemical polymerization, and the investigation of its basic properties via traditional characterization
techniques such as confocal-Raman, FTIR, SEM, AFM, UV-vis, fluorescence microscopy, and contact-angle measurements. The
experimental data show that the as-prepared PPPA film exhibits a hydrophilic nanoporous structure, abundant -COOH functional
groups in the polymer backbone, and high fluorescent emission under laser excitation. On the basis of these unique properties, further
experiments were conducted to demonstrate three potential applications of the PPPA film in chemical and biological sensors: a
permeable and permselective membrane, a membrane with specific recognition sites for biomolecule immobilization, and a fluorescent
conjugated polymer for amplification of fluorescence quenching. Specifically, the permeability and permselectivity of ion species
through the PPPA film are detected by means of rotating-disk-electrode voltammetry; the specific recognition sites on the film surface
are confirmed with protein immobilization, and the amplification of fluorescence quenching is measured by the addition of a quenching
agent with fluorescence microscopy. The results are in good agreement with our expectations.

KEYWORDS: functionalized polypyrrole film • chemical and biological sensors • permeability and permselectivity • matrix for
biomolecule immobilization • fluorescence quenching • electrochemical polymerization

1. INTRODUCTION

In the late 20th century, chemical and biological sensors
have attracted considerable interest in both theoretical
and practical aspects. A significant reason for the boomed

development of these two sensors is the remarkable progress
achieved in the field of polymeric materials and their
relevant film preparation technologies. Nowadays, almost
half of the promising chemical and biological sensors are
based on polymers, and thousands of papers are being
published each year involving the utilization of new poly-
mers. Compared with other materials, polymers exhibit
prominent advantages, including low cost, simple fabrication
techniques, flexible deposition on various kinds of sub-
strates, a wide choice of molecular structures, and the
possibility to incorporate other materials into the bulk
polymers or on its surface region for a vast variety of
functional polymers with different physical and chemical
properties (1). The role and/or effect of polymers in sensors

can be summarized as dielectrics, a conductive composite,
a probe immobilization matrix, electrolytes, sorbents, elec-
troconducting conjugated polymers, ion-exchange mem-
branes, permselective membranes, membranes with spe-
cific recognition sites, optically sensitive polymers, etc. (2).

As a typical conducting polymer, polypyrrole (PPy) is
frequently used in electrocatalytic and affinity sensors and
biosensors based on its unique electrical, optical, and ther-
mal properties (3, 4). PPy can be synthesized via electro-
chemical polymerization, making it easier to determine the
polymer structure and components in a controllable manner
for diverse purposes. In order to further enlarge the applica-
tion of PPy in sensors, much effort has been carried out in
recent years to fabricate functionalized PPy derivatives
through either modification of the pyrrole monomer’s struc-
ture or the preparation of block and graft copolymers
(5-10). The former method, namely, the synthesis of pyr-
role monomer substituents, is very appealing because of the
ease of polymerization and the wide variety of functional
groups that can be linked to pyrrole, which enables post-
functionalization of the resulting polymer. Another advan-
tage of functionalized PPy derivatives is the enhanced
fluorescent properties in comparison with PPy, indicative of
their possible application in optical sensors.

This paper presents our recent work on the fabrication
of a carboxyl-functionalized PPy derivative film, poly(pyr-
role-N-propanoic acid) (PPPA), by electrochemical polymer-
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ization. Its structure and morphology are investigated using
confocal-Raman, Fourier transform infrared (FTIR), scanning
electron microscopy (SEM), atomic force microscopy (AFM),
UV-vis, fluorescence microscopy, and contact-angle mea-
surements. Except for the regular characterization, in this
work we emphasize, in particular, three potential applica-
tions of the PPPA film in a chemical and biological sensor
permselective and osmotic membranes, membranes with
specific recognition sites, and optically sensitive polymers
(namely, fluorescent conjugated polymers). Their applica-
tion-related properties are studied using specialized meth-
ods. Specifically, the permeability and permselectivity of ion
species through the PPPA film are detected by means of
rotating-disk-electrode (RDE) voltammetry, the specific rec-
ognition sites on the film surface are confirmed via protein
immobilization, and the fluorescent sensitivity to the quench-
ing agent is measured with fluorescence microscopy. To the
authors’ knowledge, this is the first time that fluorescence
quenching of conducting polymers has been reported.

2. EXPERIMENTAL SECTION
2.1. Reagents and Materials. Pyrrole, a benzyltrimethy-

lammonium hydroxide solution (40%), acrylonitrile, potassium
hydroxide, hydrochloride acid, ethyl acetate, magnesium sul-
fate, methylene chloride, hexane, N-hydroxysulfosuccinimide
sodium salt (NHS), phosphate-buffered saline (PBS), and 1,1′-
dimethyl-4,4′-bipyridinium dichloride hydrate (paraquat dichlo-
ride) were purchased from Sigma-Aldrich, Inc. (Madison, WI).
Chrompure mouse IgG and biotin-SP-conjugated affinipure
sheep anti-mouse IgG F(ab′)2 were obtained from Jackson
ImmunoResearch Laboratories (West Grove, PA). 1-Ethyl-3-[3-
(dimethylamino)propyl]carbodiimide hydrochloride (EDC) was
purchased from Pierce (Rockford, IL).

2.2. Synthesis and Characterization of PPPA Monomer.
The synthesis of PPPA monomer, pyrrole-N-propanoic acid, is
described in our previous work (11). Briefly, 3.8 mL of distilled
pyrrole and 0.3 mL of benzyltrimethylammonium hydroxide
were fully mixed, and then 2.9 mL of acrylonitrile was added
slowly to avoid a temperature above 40 °C. After overnight
stirring, the resulting mixture was hydrolyzed by the addition
of 50 mL of potassium hydroxide (10 mol/L) and refluxed for
12 h. The solution was cooled down, and HCl was gradually
added to acidify the solution to pH 3. The aqueous layer was
extracted with ethyl acetate four times, each time with 30 mL
of solvent. The combined organic layer was washed with 75 mL
of brine and then dried with anhydrous magnesium sulfate.
After solvent evaporation, the crude product was crystallized
by methylene chloride and hexane. About 5 g of pure PPA
monomer was obtained (65% yield). Other synthetic routes
based on different reactants to prepare the PPPA monomer
were also reported in the literature (12, 13).

The as-prepared product was identified by 1H NMR and FTIR.
1H NMR (CDCl3, δ): 2.83 (t, J ) 7.2 Hz, 2H), 4.20 (t, J ) 7.2 Hz,
2H), 6.14 (t, J ) 2.1 Hz, 2H), 6.67 (t, J ) 7.2 Hz, 2H), 9.00 (s,
broad peak, 1H). FTIR (KBr, cm-1): 2938 (C-H, pyrrole), 1728
(-COOH, propanoic acid), 1504, 1433, and 1281 (pyrrole ring-
stretching vibration), 1209, 1087, 935, and 727 (C-H, C-N in-
plane and out-of-plane deformation vibrations).

2.3. Instrumentation. The electropolymerization and other
electrochemical measurements were performed with an Auto-
lab potentiostat/galvanostat apparatus (Eco Chemie BV, Utrecht,
The Netherlands). The permeability of the PPPA film was
investigated by rotating-disk-electrode (RDE) voltammetry (Pine
Instrument, Grove City, PA). Field-emission scanning electron
microscopy (SEM) was employed to examine the morphology

change of gold electrodes before and after modification of the
PPPA film. The photos were taken on a JEOL JSM-6700F (Tokyo,
Japan) at an accelerating voltage of 5 kV and a working distance
of 8 mm. Attenuated total reflection Fourier transform infrared
(FTIR) spectra of an electropolymerized PPPA film were re-
corded with a Nicolet 5700 FTIR spectrometer (Thermo Electron
Corp., Waltham, MA). Atomic force microscopy (AFM) was
carried out to characterize the structure of the PPPA film and
protein immobilization (Veeco Metrology Group, Santa Barbara,
CA). Confocal-Raman microscopy (CRM200, WITec, Ulm, Ger-
many) was used to observe the local fluorescent properties of
the PPPA film with a spatial resolution of 0.2 µm. Fluorescence
quenching of the polymer film in the presence of a quenching
agent was detected on a fluorescence microscope (Olympus
IX71). Detailed settings of RDE voltammetry and confocal-
Raman microscopy are listed in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of the

PPPA Film. In our experiment, electropolymerization of
the PPPA film was conducted by cyclic voltammetry (CV) on
a gold electrode in a 0.3 mol/L PPA monomer solution.
Figure 1 shows the first 20 scans in the potential range of
-0.3 to +0.75 V vs saturated calomel electrode (SCE).
Similar to the formation of the PPy film, there was an
obvious current increase at the first oxidative scan (curve a)
after the potential reached ∼0.2 V, which indicates elec-
trooxidation of the pyrrole ring in the PPA monomer, in
other words, deposition of the PPPA film on the gold surface.
However, compared with PPy polymerization, where the
anodic current in successive scans always remained the
same or even larger than that in the first scan, the anodic
current of PPPA polymerization decreased gradually with an
increase of the CV cycles (curves b and c). To figure out this
issue, the electrochemical behavior of the generated PPPA
film in PBS was investigated and the data are given in Figure
1B (inset) (for comparison, the electrochemical behavior of
the PPy film is shown in Figure S1 in the Supporting
Information). Although the doping and undoping processes
of PPPA could still be seen via a pair of redox peaks at 0.0

FIGURE 1. Electropolymerization via CV on a gold surface in 0.15
mol/L PPA monomer solutions with the potential range of -0.3 to
+0.75 V vs SCE and a scanning rate of 50 mV/s: (a) first cycle; (b)
fifth cycle; (c) 20th cycle. (Inset) CV curve of the electropolymerized
PPPA film in 0.1 mol/L PBS.
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and -0.2 V, the peak current was much lower relative to
that of PPy, implying a poor conductivity of the PPPA film
in contrast to that of PPy. As a result, further deposition of
the PPPA film on a gold surface became more difficult with
the growth of CV scans (corresponding to a decrease of the
anodic current), and the whole polymerization turned out
to be a self-control process.

On the basis of the above statement, it is conceivable that
the low electrical conductivity of the PPPA film may affect
the polymer chain length during the electropolymerization
process; i.e., the chain length of the PPPA polymer (or
molecular weight) varies with the growth of the film. The
closer the PPPA molecule is to the electrode surface, the
higher the chain length. Our opinion was proven by measur-
ing the fluorescence emission (photoluminescence) of the
PPPA film. As is well-known, the fluorescence spectrum of
a conjugated polymer including the emission wavelength
and intensity is strongly dependent on the polymer chain
length (14-18). With the assistance of confocal technology,
we are able to detect fluorescence spectra in different depths
of the PPPA film and, therefore, identify the dependence of
the polymer chain length on the film thickness (19, 20).
Figure 2 shows the results of confocal fluorescence measure-
ment. Except for the outermost and innnermost emission
curves, where the laser light might be focused in the air and
silicon substrate, all of the other curves exhibited a broad
fluorescence emission peak. Comparably, the PPy film
synthesized under the same experimental conditions showed
almost no fluorescence emission. The main reason for the
difference between the PPPA and PPy films is that the

introduction of side chains to the PPy structure produces
new local conformations, alters the π-π electron delocal-
ization, and thus leads to fluorescence emission in the visible
region (16, 17, 21). Another interesting phenomenon ob-
served in Figure 2 is the dramatic change of the fluorescence
emission wavelength and intensity along the depth of the
PPPA film. Red-shifted emission occurred when the focal
point of the laser went from the outside of the PPPA film
down to the electrode surface. In principle, “red” spectra are
much more common for the polymers with longer chain
lengths because longer chains can induce more easily the
chain-chain contacts, as well as random chemical defects,
and thus increase the numbers of low-energy exciton trap
sites, resulting in red-shifted emission (22, 23). Hence, it is
reasonable to speculate that the polymer chain length of the
PPPA film is the highest in the electrode/polymer interface
and gradually decreases with growth of the polymer film
because of the poor electrical conductivity of the PPPA film.
Once the chain length cannot be shortened any more for
the solid PPPA film, i.e., the PPA monomer cannot be
efficiently polymerized, the polymerization reaction is
quenched automatically. In addition to red-shifted emission,
the chain length of the conjugated polymer also plays a
significant role in the efficiency of fluorescence emission
(Table 1). Here the emission intensity maximum appeared
at a wavelength of 564.2 nm (yellow) when the focal point
was set at 4 µm deep from the top of the PPPA film. Higher
or lower focal depths, namely, shorter or longer chain
lengths, would weaken the fluorescence emission. Similar
results were also reported on poly(p-phenylene) films by
Vitukhnovsky et al. (18).

The fluorescence emission property of the PPPA film was
further confirmed via fluorescence microscopy measure-
ment. Because the absorption maximum of the PPPA film
in UV-vis spectra occurred at 530 nm (see Figure S2 in the
Supporting Information), a mercury vapor lamp with a FITC
filter (∼480 nm) was used as the excitation light source.
Figure 3 shows the fluorescence image of the PPPA film
synthesized on a transparent indium-tin oxide (ITO) elec-
trode. No fluorescence emission was observed on bare ITO
glass, as illustrated in Figure 3a. Meanwhile, the morphology
of the electropolymerized PPPA film could be seen clearly
in Figure 3b,c, indicating the strong fluorescence properties
of this polymer.

The presence of carboxyl groups in the PPPA film was
confirmed by FTIR spectroscopy, with the profile shown in
Figure S3 in the Supporting Information. The absorbance
peaks at 2938, 1504, 1433, and 1281 cm-1 in curve a (PPA
monomer) could be ascribed to the C-H and C-C stretching
vibration in the pyrrole ring, and the peaks at 1209, 1087,
935, and 727 cm-1 could be assigned to C-H and C-N in-

FIGURE 2. Confocal fluorescence spectra of the PPPA film with a
thickness of 8 µm. Focal points: (a) 0 µm from the top of the polymer
film, (b) 1 µm, (c) 2 µm, (d) 3 µm, (e) 4 µm, (f) 5 µm, (g) 6 µm, (h) 7
µm, and (i) 8 µm. (Inset) Fluorescence mapping in the depth profile
of the PPPA film. The measurements were performed using a 100×
oil immersion objective. The excitation wavelength was 488 nm.

Table 1. Dependence of Fluorescence Emission on the Depth of the PPPA Film
depth of the focal point from the top of PPPA film/µm

fluorescence emission 0 1 2 3 4 5 6 7 8

emission maximum/ nm 540.6 544.7 546.2 548.4 564.2 592.2 623.2 643.4 661.0
relative intensity 1 5.5 12.0 41.5 75.5 54.5 24.0 10.5 1.5
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plane and out-of-plane deformation vibrations. The distinct
peak at 1728 cm-1 resulted from CdO vibration adsorption,
verifying the existence of -COOH groups in the PPA mono-
mer. After electropolymerization, the FTIR spectra of the
PPPA film did not show much difference except that the
peaks in the range of 1500-700 cm-1 were not so well-
defined in comparison to those of the PPA monomer, mainly
because of interactions or steric effects between compact
pyrrole rings. However, the characteristic peak of -COOH
at 1728 cm-1 was not weakened like other peaks. This
demonstrates that the -COOH groups were not involved in
the electropolymerization process and still available for
postmodification.

In our work, the morphology of the PPPA film was
observed using SEM and AFM. The SEM image (Figure S4 in
the Supporting Information) displayed the cauliflower-like
shape of the PPPA film, while AFM images exhibited its finer
surface structure, as illustrated in Figure 4. The clean gold
surface showed well-aligned gold atom clusters clearly, and
its surface roughness was less than 2.2 nm. In contrast, the

PPPA film showed a porous structure with an aperture size
of 0.2-0.5 µm, and the surface roughness increased to 11.1
nm. Correspondingly, the contact angle also changed from
72.2° for the bare gold surface to 27.0° for the PPPA-coated
surface, indicative of the high hydrophilicity of the PPPA
film.

3.2. Possible Applications of the PPPA Film
in Sensors. The PPPA film, as a functional material, shows
some unique properties for chemical and biological sensor
applications. For example, the nanoporous structure and
hydrophilic behavior imply its function as permeable and
permselective membranes; the abundant-COOH functional
groups located in the polymer backbone make it an ideal
matrix for biomolecule immobilization; the nature of the
PPPA film as a fluorescent polyanionic material qualifies its
use in optical sensors. Detailed discussions on the three
points are presented in the following subsections individually.

3.2.1. Permeable and Permselective Mem-
branes. The most common role of the polymer film in
sensors is to act as a variable resistance to the passage of
permeating species, with the property characterized by
permeability and permselectivity. Permeability is a measure
of the rate at which a given species permeates a polymeric
barrier, while permselectivity is a measure of the rates of
two or more species relative to one another (1). Various
techniques have evolved for measuring these two param-
eters. In our study, the permeability and permselectivity of
the PPPA film was investigated by RDE voltammetry using
Fe(CN)6

3-/Fe(CN)6
4- as probes (24-27). As documented by

Gough and Leypoldt (28) (see the Supporting Information for
a further explanation), the steady-state limiting current of
Fe(CN)6

3- and Fe(CN)6
4- ions on a PPPA-coated electrode

can be expressed as

where ilim is the steady-state limiting current, A is the
electrode area, Ds is the diffusion coefficient for the substrate
in solution, C° is the concentration in the bulk of the solution,
ν is the kinematics viscosity of the solution, Dm is the
diffusion coefficient of the substrate in the polymer, K is the
equilibrium partition coefficient, ω is the rotation rate of
RDE, and δ is the thickness of the polymer film. From eq 1,
it is obvious that a plot of 1/ilim versus 1/ω1/2 (Koutecky-Levich
plot) should be a straight line with a positive intercept
δ/(nFADmKC°), whose value relies on the permeability con-
stant of the polymer film (Pm ) DmK). Figure 5 gives the RDE
voltammograms obtained at bare and PPPA-coated gold
electrodes in a 5 mmol/L Fe(CN)6

3-/Fe(CN)6
4- solution. As

expected, the experimental data of a PPPA-coated electrode
(1/ilim ∼ 1/ω1/2) showed a linear relationship with the same
slope as that for the bare electrode. The permeability
constants of Fe(CN)6

4- and Fe(CN)6
3- were calculated from

the intercept as 1.03 × 10-7 and 1.41 × 10-7 cm2/s,
respectively. Table 2 lists the permeability values of some
inorganic and polymer films claimed in the literature using

FIGURE 3. Fluorescence images of (a) a bare ITO electrode, (b) the
boundary of the PPPA film, (c) a bulk PPPA film and the bright-field
image of (d) the boundary of the PPPA film.

FIGURE 4. AFM images (2 × 2 µm) and section analysis of (a) a
control gold surface and (b) the PPPA film. The PPPA film was
prepared by CV scans for one cycle in the potential range of -0.3 to
+0.75 V vs SCE.

1
ilim

) 1

0.62nFADs
2/3Cν-1/6ω1/2

+ δ
nFAKCDm

(1)
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permeating species with sizes similar to that of Fe(CN)6
3-/

Fe(CN)64-. It can be found that the permeability of the PPPA
film is 1 order or even 2 orders higher than those reported
for other films, resulting from the high hydrophilicity and
rich nanopores formed in the PPPA film. Note that the
permeability of the PPPA film can be adjusted by controlling
its porosity during the fabrication process; for instance, the
nanopores obtained from the galvanostatic method were
always larger than those from CV. Besides, the difference
of the permeability constant between Fe(CN)6

4- and
Fe(CN)63- implies the permselectivity of the PPPA film to the
two ions. This can be ascribed to the electrostatic repulsion
between the PPPA film (negative charge) and Fe(CN)6

4-/
Fe(CN)6

3-, which imposes a stronger repulsive force to
Fe(CN)6

4- than Fe(CN)6
3-. On the contrary, the permeation

of cations can be accelerated by the electrostatic affinity
(data not shown here). As a consequence, the PPPA film may
exhibit a strong selectivity to cations over anions. In addition
to electrostatic interactions, the presence of -COOH groups
also allows postmodification to introduce ionophores so that
the permselectivity of the PPPA film could be further en-
hanced. These features provide the possible utilization of the

PPPA film as an ion-separation membrane in an ion-selective
electrode/sensor to improve their selectivity to a certain ion
type or as a diffusion membrane in amperometric electro-
chemical sensors (35, 36).

3.2.2. Matrix for Biomolecule Immobilization.
The search for suitable methods to immobilize probe bio-
molecules like proteins, DNAs, and cells is a key subject in
biosensor construction (37-40). In spite of much effort in
this field, stable and reproducible immobilization of biomol-
ecules with complete retention of their recognition proper-
ties still remains a crucial problem for the commercialization
of biosensors. One promising solution is to use biocompat-
ible polymers as a matrix for biomolecule immobilization.
Several physical and chemical techniques have been devel-
oped to immobilize biomolecules onto a polymer surface,
i.e., physical adsorption onto a polymer surface (41), cova-
lent binding between biomolecules and polymers (42),
entrapment of a biomolecule into a “cage” or polymer gel
(43), and so on. For covalent binding, carboxyl-functional-
ized polymers like PPPA are especially favorable because of
their capability forming an amide bond with amino groups
in peptides and proteins. Moreover, electropolymerization
of the PPPA film enables addressable deposition of the
polymer film and, therefore, provides precise control of
biomolecule immobilization on surfaces with high spatial
resolution. In our study, anti-mouse IgG (protein) was em-
ployed to investigate the possibility of the PPPA film as a
polymer matrix for biomolecule immobilization. The results
were characterized using AFM because of its ability to
maintain the bioactivity of biomolecules during the mea-
surement. Figure 6a shows the AFM images of the PPPA film
after anti-mouse IgG immobilization. Compared with the
bare PPPA film (Figure 4b), the morphology of the protein-
modified PPPA film changed dramatically. The porous struc-
ture vanished, and the surface was packed with a number
of small particles, which could be assigned to anti-mouse
IgG. The abundant amount of immobilized anti-mouse IgG
implies the high quantity and good accessibility of specific
recognition sites on the treated PPPA film surface. Normally,
the covalent binding method often suffers from the low
bioactivity of attached probe biomolecules, leading to poor
interaction between the probe and analyte and thus a
decrease in the sensing performance (44). Here the bioac-
tivity of immobilized anti-mouse IgG was detected by mouse
IgG via antibody/antigen interactions. As can be seen from
Figure 6b, particles with bigger size appeared after incuba-
tion with mouse IgG and the surface roughness increased
from 8 to 15 nm accordingly. The average particle size in
Figure 6b was measured as ∼14 nm, in accordance with the
size of mouse IgG. The large magnitude and round shape of
mouse IgG reveals that the incubated mouse IgG preserves
its nature quite well and thus proves the high bioactivity of
the immobilized antibody, anti-mouse IgG. It should be
mentioned that biomolecules can also be entrapped in the
PPPA film during the electrogeneration process and their
bioactivity is retained to a large extent (data not shown here).
The amount of specific recognition sites on the PPPA film is
adjustable by codeposition of other conducting polymers

FIGURE 5. RDE voltammograms of a PPPA-coated gold electrode (d
) 5 mm) in a PBS solution (pH ) 7.4) containing 5 mM Fe(CN)6

3-/
Fe(CN)6

4-. The rotating speeds are 500, 1000, 1500, 2000, and 2500
rpm/min, respectively. Scan rate: 0.2 mV/s. Solid line: bare gold
electrode. Dashed line: PPPA-coated gold electrode. (Inset a) Recip-
rocal of the steady-state limiting anodic current versus the reciprocal
of the square root of the rotation rate (Koutecky-Levich plot) at a
bare gold electrode (solid line) and a PPPA-coated electrode (dashed
line). (Inset b) Koutecky-Levich plot of the cathodic current at a
bare gold electrode (solid line) and a PPPA-coated electrode (dashed
line). Thickness of the film: 24 nm.

Table 2. Permeability Values of Some Inorganic
and Organic Films

materials
permeating

species

permeability
constant/
cm2 s-1 ref

poly(triaminophenanthroline iron) Fe(CN)6
4-/0.9 nm 2.6 × 10-9 28

mesoporous silica film Ru(bpy)3
2+/1.1 nm 2.0 × 10-8 29

poly(vinyl diquat) Ru(bpy)3
2+/1.1 nm 1.3 × 10-9 30

poly(trivinylbipyridinylruthenium) ferrocene/1.0 nm 1.2 × 10-8 31

poly(cobalt porphyrin) ferrocene/1.0 nm 8.2 × 10-8 32

poly(o-aminophenol) Fe(CN)6
4-/0.9 nm 3.9 × 10-9 33

polypyrrole Fe(CN)6
3-/0.9 nm 1.3 × 10-9 34
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without functionalized groups in a certain ratio (45). This
experiment shows vividly that the PPPA film can be used in
biosensors as an ideal matrix for biomolecule immobilization.

3.2.3. Fluorescent Conjugated Polymer. The use
of fluorescent conjugated polymers in chemical and biologi-
cal sensors was first discovered by Zhou and Swager (46),
who found that the transfer of excitation energy along the
backbone of conjugated polymers to the chromophore
reporter would result in amplification of the fluorescence
signals. A number of water-soluble polymers such as poly-
(p-phenylenevinylene)s, poly(thiophene)s, poly(phenylene-
ethynylene)s, polyfluorenes, etc., have been widely ex-
plored, and many kinds of chemical sensors (e.g., TNT
sensor, H2O2 sensor, etc.) and biosensors (e.g., protein
sensor, DNA sensor) have been developed so far (47-50).
Here we report that the PPPA film, as a water-insoluble

fluorescent conjugated polymer, also displays amplification
of fluorescence quenching during interaction with an electron-
deficient compound: methyl viologen (MV2+). Figure 7 com-
pares the fluorescence images of the PPPA film with and
without the presence of MV2+. Because of the light scattering
of the glass container and aqueous medium, the fluores-
cence image of the PPPA film captured in a MV2+ solution
(Figure 7a) showed a higher background relative to that of
the dry PPPA film in Figure 3b. However, it was still observ-
able that the fluorescence intensity decreased with the
presence of MV2+ (Figure 7b). According to the literature
(51, 52), three reasons may interpret this phenomenon:

Scheme 1. Chemical Synthesis Route of PPPA Monomer and Polymer

FIGURE 6. AFM images of the PPPA film surface (2 × 2µm) after
immobilization of anti-mouse IgG (a) and subsequent incubation of
mouse IgG (b). The whole procedure was described as below: 150
µL each of ∼2 mmol/L EDC and ∼5 mmol/L NHS was added after
PPA electropolymerization and reacted for 1 h at room temperature.
After washing three times with PBS, 1 µg/mL of an anti-mouse IgG
solution was added and incubated for 2 h. Then the surface was
washed again to remove unreacted anti-mouse IgG. Part a was
captured at this stage. In order to occupy the residual specific
recognition sites and reduce the nonspecific adsorption, a bovine
serum albumin blocking treatment was performed and followed by
rinsing with PBS. Thereafter, 1 µg/mL of mouse IgG was added and
incubated for 2 h. Part b was captured after washing with PBS. FIGURE 7. Comparison of the fluorescence intensities of the PPPA

film before and after the addition of MV2+: (a) PPPA film in an
aqueous solution (pH ) 6.8) without MV2+; (b) PPPA film in an
aqueous solution (pH ) 6.8) containing 1 mmol/L MV2+; (c) PPPA
film in an alkaline solution (pH ) 10) containing 1 mmol/L MV2+.
The high fluorescence background was caused by the light scattering
of the glass container and the aqueous medium.
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photoinduced electron transfer, analyte-induced aggregation
of the conjugated polymer, and analyte-induced conforma-
tional changes. Obviously, analyte-induced aggregation and
conformational changes do not come into existence because
of the solid state of the PPPA film and thus cannot account
for our experiment results. Therefore, fluorescence quench-
ing of the PPPA film can only be explained as photoinduced
electron transfer. Because PPPA is a polyanionic polymer,
the addition of MV2+ can cause the formation of a PPPA/
MV2+ complex via electrostatic interaction and thus produce
the trapping sites for the excitation. The conjugated PPPA
polymer backbone allows efficient delocalization of the
electronic excited state (exciton) and ultrafast exciton mobil-
ity along the conjugated polymer chain. When excited,
almost all of the exciton energy can be trapped by the bound
quencher MV2+. Here the binding degree of PPPA and MV2+

plays a significant role in the quenching efficiency (53). In a
neutral medium, the electrostatic interaction between PPPA
and MV2+ was not very strong because of the low ionization
of -COOH groups in the PPPA film, leading to the relatively
low quenching efficiency (46%; Figure 7b). However, with
growth of the pH value, the ionization of -COOH groups
became higher so as to enhance the electrostatic interaction
with MV2+, by which an efficient exciton migration channel
to the quencher was established (Figure 7c). As a result, the
fluorescence intensity in the alkaline medium fell to ca. 10%
of the original value. A lower concentration of MV2+ such as
0.1 mM was also tested, and the results were quite similar
to what we reported here, implying high quenching sensitiv-
ity. It is worth noting that the nanoporous structure of the
PPPA film also favors permeation of MV2+ into the bulk of
the polymer film, and thus the PPPA/MV2+ complex can be
formed in the whole film and is not just limited to the
outermost surface. On the basis of the fluorescence super-
quenching properties of the PPPA film, a lot of chemical and
biological sensors can be constructed to detect different
analytes.

4. CONCLUSIONS
Briefly, we synthesized the PPPA film via an electrochemi-

cal method and characterized it using confocal-Raman/
fluorescence microscopy, AFM, SEM, FTIR, and contact-
angle measurements. Confocal-Raman microscopy proves
that the chain length of the PPPA polymer varies with
progress of the electropolymerization process; i.e., the high-
est chain length appears at the electrode/polymer interface
and gradually decreases with growth of the PPPA film.
Fluorescence microscopy demonstrates its strong fluores-
cence emission. AFM and SEM images identify the unique
nanoporous structure of the PPPA film. FTIR data confirm
the presence of abundant -COOH functional groups in the
polymer backbone, and contact-angle tests show the high
hydrophilicity of the polymer film. On the basis of these
unique properties, three potential applications of the PPPA
film in chemical and biological sensors are proposed and
investigated: (1) permeable and permselective membranes
(the RDE measurement shows that the permeability of the
PPPA film is about 1 order or even 2 orders higher than that

of the other polymers, and good permselectivity can be
realized for the ions with different charges); (2) matrix for
biomolecule immobilization (AFM characterization of pro-
tein immobilization on the PPPA film via covalent binding
mode demonstrates that high magnitude of biomolecules
can be attached to the polymer surface and their bioactivity
is maintained quite well); (3) fluorescent conjugated polymer
(the amplification of fluorescence quenching is achieved by
the addition of an electron-deficient compound: MV2+). The
high quenching efficiency in the alkaline medium results
from strong electrostatic interactions between PPPA poly-
mer and MV2+.
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