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ABSTRACT: A novel amperometric glucose biosensor
based on self-assembling glucose oxidase (GOx) and den-
drimer-encapsulated Pt nanoparticles (Pt-DENs) on nanofi-
brous polyaniline (PANI) was described. PANI nanofibers
were synthesized via an interfacial polymerization method.
A sulfonated polyelectrolytes-poly(sodium 4-styrenesulfo-
nate) (PSS) was used to form the negative PANI/sulfo-
nated polyelectrolyte complex, which had good disperse in
aqueous solution. GOx was immobilized on the PANI/PSS
surface by alternatively assembling a cationic Pt-DENs layer
and an anionic GOx layer. The unique sandwich-like layer
structure (Pt-DENs/GOx/Pt-DENs/PANI/PSS) formed by

self-assembling provides a favorable microenvironment to
keep the bioactivity of GOx and to prevent enzyme molecule
leakage. The fabricated Pt-DENs/GOx/Pt-DENs/PANI/
PSS electrode exhibited excellent response performance to
glucose with a detection limit of 0.5 pM, wide linear range
from 10 pM to 4.5 mM, short response time within 5 s,
improved sensitivity of 39.63 pA/(mM cm?), and good sta-
bility (85% remains after 20 days). © 2008 Wiley Periodicals,
Inc. ] Appl Polym Sci 109: 1802-1807, 2008
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INTRODUCTION

Glucose biosensors play extremely important role in
the field of bioanalysis for measuring blood glucose
levels. The analytical power of electrochemical tech-
nique coupled to the specific biological recognition
process is especially promising, which enables online
and in situ monitorin% analytical results, without real
sample pretreatment.'” Since the development of the
first glucose biosensor, numerous attempts have
been made to create sensitive, selective, reliable, and
low-cost biosensors. However, the modified materials
on the electrode surface and enzyme immobilization
methods have important influence on the activity and
the stability and other performance of biosensor,”* and
so it has significant theoretical meaning and practical
value to probe new materials and immobilization
methods.
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Recently, conducting polymers have attracted
much interest for application in biosensors.” Polypyr-
role (PPY), poly-o-phenylenediamine, polyaniline
(PANI), and polyphenol are known to posses many
advantages which allow them to act as excellent ma-
terial for immobilization of biomolecules and rapid
electron transfer for the fabrication of efficient bio-
sensors. Among them, PANI is considered to be an
attractive polymer since this electronic material
exhibits two redox couples in the right potential
range to facilitate an enzyme—polymer charge trans-
fer.” PANI doped with dodecylbenzenesulfonic acid
has been reported for fabricating H,O, biosensor
after immobilized with horseradish peroxidase.” In
addition, metal nanoparticles and conductive poly-
mer composites showed good electrical conductivity,
redox properties, and some other unique proper-
ties.>” The composites of PANI and inorganic nano-
particles'®'* have been synthesized. Kuang and
coworkers have reported a glucose biosensor based
on platinum microparticles dispersed in nanofibrous
PANL" And PANI film incorporating the negatively
charged sulfonate-functionalized Au nanoparticles
are prepared by electropolymerization, which is
used as a matrix for the enhanced bioelectrocataly-
sis."® A biosensor based on carbon nanotube-doped
PANI is also already prepared.'”

On the other hand, operation of electrochemical
biosensors requires a conjugation of the biochemical
and electrochemical reactions, which make the
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immobilization of biological recognition element
becoming a focus. There are various methods for
enzymes immobilization, such as adsorption,18 Cross-
linking," electrochemical copolymerization,®® cova-
lent attachment, and entrapment in polymeric gels
or carbon paste.”’ Among them, electrostatic layer-
by-layer (LbL) adsorption is one of the simplest and
the most powerful methods for creating ordered, sta-
ble, and biocompatible multilayer films. Rivas and
coworkers prepared a glucose biosensor based on
the LbL self-assembling of GOx and chitosan deriva-
tives on a thiolated gold surface.”? A strategy for
enzyme immobilization on LbL dendrimer-gold
nanoparticle membrane has also been reported.”
Our previous work has also reported two sensitive
biosensors based on the dendrimer encapsulated Pt
nanoparticles/enzyme multilayers** and the self-
assembling glucose oxide and dendrimer-enca-
psulated Pt nanoparticles (Pt-DENs) on carbon
nanotubes.”® It allows control of the molecular archi-
tecture and suitable choice of template materials for
enzyme immobilization, as is the case of poly(amido-
amine) dendrimers (PAMAM). Pt-DENs have several
advantages from the viewpoint of biosensing applica-
tion. First, dendrimers provide multiple conjugation
sites, which can be efficiently used as the bioconjugat-
ing units for the construction of spatially ordered
enzyme nanostructure.”® Second, the encapsulated Pt
nanoparticles, the noble metal, also facilitate the elec-
tron transfer.”

In this article, PANI nanofibers were firstly syn-
thesized via an interfacial polymerization method.
Then, a novel glucose biosensor with high sensitivity
and selectivity has been synthesized based on self-
assembling GOx and Pt-DENs on nanofibrous PANI.
The resulting biosensor exhibits excellent ampero-
metric response to glucose and possesses biocompat-
ible performance with the possibility of minimizing
enzyme denaturing.

EXPERIMENTAL
Materials

Aniline was from Shanghai Chemical Reagent Com-
pany (China) and purified by distillation before use.
Glucose oxidase (GOx, EC.1.1.3.4, TYPEVII, 150 U/
mg) was purchased from Fluka, which was modified
by the periodate-oxidized GOx (I04-GOx) according
to the literature.”® Glucose and poly(sodium 4-styre-
nesulfonate) (PSS, MW ~ 70,000) were purchased
from Sigma-Aldrich. Pt-DENs were synthesized
according to the previous literature.”>* The other
chemicals were of analytical grade. Di-distilled water
was used throughout the experiment. A 0.05M phos-
phate buffer solution (pH 6.0) was used in this arti-
cle unless indicated otherwise.
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Figure 1 Schematics of the fabrication process of Pt-
DENs/GOx/Pt-DENs/PANI/PSS electrode. (a) The nega-
tively charged PANI/PSS composite, (b) the adsorption of
positively Pt-DENSs, (c) the adsorption of negatively GOX,
and (d) the adsorption of positively Pt-DENS.

Preparation

PANI nanofibers were synthesized according to the
previous method.*"** Briefly, 10 mL predistilled ani-
line was dissolved in 100 mL CCly (A.C.S. Reagent;
Aldrich Chemical) while 5 mM ammonium peroxy-
disulfate (98%; Aldrich Chemical) was dissolved in
water with HCI. When transferred to a 200 mL beaker,
an interface formed between the two immiscible solu-
tions. Green PANI soon formed at the interface, then
slowly migrated into the water layer, and entire water
phase was finally filled with dark emeraldine green
PANI polymerized. The byproducts were removed
from the aqueous phase using dialysis.

As-prepared PANI nanofibers (0.5 g) were second-
doped with 50 mL PSS (3 mg/mL, 0.5M NaCl) for
24 h, and then centrifuged, washed, supernatant
removed to obtain well-dispersive solution of the neg-
atively charged PANI/PSS. Then, the positively
Pt-DENs was absorbed onto PANI/PSS surface by
self-assembly to form Pt-DENs/PANI/PSS. Using the
same procedure, the negatively GOx (5 mg/mlL)
monolayer was adsorbed onto the Pt-DENs/PANI/
PSS surface. The same operation was repeated to form
the final Pt-DENs/GOx/Pt-DENs/PANI/PSS com-
posite. Figure 1 illustrates the scheme for the fabrica-
tion of Pt-DENs/GOx/Pt-DENs/PANI/PSS compos-
ite by LbL assembly on PANI/PSS nanofibers. Each
absorption step was allowed to adsorb for 30 min fol-
lowed by washing twice with double-distilled water.
After each deposition and washing step, the mixtures
were centrifuged at 7000 rpm for 3 min and the super-
natant was removed. The resulting structures were
characterized by transmission electron microscopy.

Ten micro liters of the Pt-DENs/GOx/Pt-DENs/
PANI/PSS composite aqueous solution (10 mg/mL)
was dripped on the cleaned glassy carbon (GC) disk
electrode surface (3-mm diameter), and the coating
was dried at room temperature.

Instrumentation

The transmission electron microscopy (TEM) im-
ages were recorded on JEM-3010F. Electrochemical
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measurements were carried out with an electrochem-
ical workstation CHI 660C (Shanghai Chenhua
Instrument Factory, China) connected to a personal
computer using three-electrode cell, containing a
modified GC disk electrode (3-mm diameter) as a
working electrode, a Ag/AgCl (3M KCl) reference
electrode and a platinum wire counter electrode. All
potentials are referred to the Ag/AgCl reference
electrode at room temperature (25°C).

RESULTS AND DISCUSSION

Morphology of PANI nanofibers and Pt-DENs/
GOx/Pt-DENs/PANI/PSS composites

Figure 2 presents the typical HR-TEM images of the
PANI nanofibers and Pt-DENs/GOx/Pt-DENs/
PANI/PSS composites. It can be seen that PANI
nanofibers with a diameter of about 100-120 nm are
successfully synthesized by the interfacial polymer-
ization [Fig. 2(a)], and platinum nanoparticles are
relatively uniform distribution on the walls of PANI
nanofibers [Fig. 2(b)]. The inset of Figure 2(b) shows
that the roughly spherical Pt nanoparticles are pre-
pared using the dendrimer as the template and the
crystal lattice of Pt nanoparticles is also presented
clearly. This indicates that the Pt-DENs with the pos-
itively terminal amino groups are deposited onto the
surface of PANI nanofibers by the strong electro-
static and covalent interaction between sulfated
groups of PSS and amino groups of Pt-DENs or
between the terminal groups of aldehyde of GOx
and amino groups of Pt-DENSs, respectively.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 HR-TEM images of PANI nanofibers (a) and Pt-DENs/GOx/Pt-DENs/PANI/PSS composites (b). Inset: magni-
fied HR-TEM image of single Pt-DENSs.

Electrochemical and electrocatalysis characteristics
of the enzyme electrode to hydrogen peroxide

As well known, the quantification of glucose can be
obtained by electrochemical detection of the enzymati-
cally liberated hydrogen peroxide from the electrode
reaction. The process for GOx catalyzing the oxidation
of glucose to gluconolactone is shown as follows:

Glucose + O, & Gluconolactone + H,O,

Figure 3 shows the cyclic voltammograms of

Pt-DENs/GOx/Pt-DENs/PANI/PSS composites
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Figure 3 Cyclic voltammograms of Pt-DENs/GOx/Pt-
DENs/PANI/PSS composites electrode in the absence
(curve a) and presence of 1 mM H,O, (curve b) in 0.06M
phosphate buffer (pH 6.0). The scan rate was 50 mV/s.
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Figure 4 Current response of PANI (a), PANI/PSS (b),
and Pt-DENs/GOx/Pt-DENs/PANI/PSS (c) modified elec-
trodes to the successive addition of 1 mM hydrogen perox-
ide in PBS (pH 6.0) at an applied potential of 0.6 V.

modified GC electrode in the absence (curve a) and
presence of 1 mM H,O, (curve b) in 0.05M phos-
phate buffer (pH 6.0). It can be seen that the current
response of the latter is larger than that of the for-
mer when the potential is over 0.1 V. It indicates
that hydrogen peroxide molecules can permeate
through the PANI composites film and carry out
reaction on the working electrode, which results in
obviously different cyclic voltammogram curves. It
presents that Pt-DENs/GOx/Pt-DENs/PANI/PSS
composites exhibit excellent electrocatalytic charac-
terization for the measurement of H,O, from the
electrode reaction.

Figure 4 shows the typical chronoampermetric
responses of electrodes, respectively, modified with
pure PANI nanofibers, PANI/PSS, and Pt-DENs/
GOx/Pt-DENs/PANI/PSS, to the successive addi-
tion of 1 mM H,0, at an applied potential of 0.6 V.
Clearly, the response current of Pt-DENs/GOx/Pt-
DENs/PANI/PSS modified electrode is obviously
higher than that of the others as being tested under
identical experimental conditions. This indicates that
the prepared Pt-DENs/GOx/Pt-DENs/PANI/PSS
composites have facilitated the electron transfer
between PANI nanofibers and electrode, which
make the composites possess better electrocatalytic
activity to H,O,. Therefore, the electrode modified
with Pt-DENs/GOx/Pt-DENs/PANI/PSS compo-
sites is suitable for the measurement of glucose.

Optimization for prepared conditions of the
enzyme electrode

Various experimental parameters, such as the
applied potential and the pH value of the detection
solution, which affects the amperometric deter-
mination of glucose, are studied. The effect of the
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Figure 5 The effect of potential on the current response
of Pt-DENs/GOx/Pt-DENs/PANI/PSS electrode by the
addition of 1.5 mM glucose at various levels of applied
potential in PBS (pH 6.0).

operation potential on the amperometric response to
glucose has been investigated, by using the
Pt-DENs/GOx/Pt-DENs/PANI/PSS as the modified
materials of electrode. Figure 5 shows the changes of
the response current at various levels of applied
potential, with the addition 1.5 mM glucose in PBS
(pH 6.0). The result shows that the response current
to glucose increases with the increase of applied
potential. From 0.2 to 0.6 V, the response current is
quickly increased. When the potential exceeds 0.6 V,
the response current increases very slowly and more
noise can be observed. So, a potential of 0.6 V is pre-
ferred in these experiments.

Figure 6 shows the effect of the pH value of the
detection solution on the amperometric response of
the GC electrode modified with the Pt-DENs/GOx/
Pt-DENs/PANI/PSS. The maximum response cur-
rent value can be observed at pH 6.0. The reason for
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Figure 6 The effect of pH value on the current response
of Pt-DENs/GOx/Pt-DENs/PANI/PSS electrode by the
addition of 1.5 mM glucose at various pH of PBS (pH 5.0-
8.5) at an applied potential of 0.6 V.
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Figure 7 Amperometric response for Pt-DENs/GOx/Pt-DENs/PANI/PSS electrode upon successive addition of glucose
in 0.05M PBS (pH 6.0) at an applied potential of 0.6 V (a) and the calibration curve for glucose concentrations from 10 uM

to 4.5 mM (b).

the change is that the isoelectric point, I, of GOx is
4.5, and therefore at pH > I, it is net negatively
charged, while at pH < I, it is positively charged.
In this article, GOx used as the component of the
multilayer films is a negatively charged material. So
a pH 6.0 of 0.05M phosphate buffer as support elec-
trolyte is an optimal choice for glucose detection in
this test.

In addition, the influences of the quantification de-
posited onto electrode surface and the assembly
number of layers Pt-DENs/GOx/Pt-DENs/PANI/
PSS composites are also investigated. No significant
improvement in response current is observed when
the volume of Pt-DENs/GOx/Pt-DENs/PANI/PSS
composites is increased beyond 10 pL. More impor-
tantly, the more the deposited quantification, the
worse is the film formation. Theoretically, the
increasing number of self-assembly layers of Pt-
DENs and GOx can increase response current, but in
fact, the conductivity of PANI would decrease
through multiple washing, resulting in the sensitiv-
ity reduction with the increasing of bilayers. In this
article, the sandwich-like layer structure (Pt-DENs/
GOx/Pt-DENs/PANI/PSS) formed by self-assem-
bling is used and the quantity of 10 pL is correctly
measured.

Amperometric determination of glucose on the
Pt-DENs/GOx/Pt-DENs/PANI/PSS electrode

Amperometric measurements are performed in a
10-mL electrochemical cell. Figure 7(a) shows the
typical amperometric responses of the Pt-DENs/
GOx/Pt-DENs/PANI/PSS electrode for the succes-
sive addition of various concentrations of glucose at
the applied potential of 0.6 V. A subsequent addi-
tion different concentration levels of glucose to the

Journal of Applied Polymer Science DOI 10.1002/app

stirring PBS provokes a remarkable increase in the
oxidation current, and the time required to reach the
95% steady state response is within 5 s. The result-
ing calibration curve plot [Fig. 7(b)] displays linearly
from 10 pM up to 4.5 mM with a correlation coeffi-
cient of 0.999, which is similar to the other
reports.”*>* This shows that the prepared biosensor
could work very well in the concentration range
between 10 uM and 4.5 mM. The electrode has a low
detection limit 0.5 uM with the signal-to-noise ratio
of 3. The response time is less than 5 s calculated as
the time necessary for reaching 95% of the maximum
signal and a sensitivity of 39.63 pA/(mM cm?).
When glucose concentration is further high, a pla-
teau current is observed, showing the characteristics
of Michaelis-Menten kinetics. These results indicate
that doped PANI is a kind of conducting polymer,
and the electron transfer between the electrode and
Pt particles attached on the PANI nanofibers can be
carried out by oxidation and deduction processes
under electric field. Also, since the GOx and Pt-
DENSs disperse evenly on the PANI nanofibers by
self-assembly, it improves the dispersion and contact
between PANI and Pt-DENs, even between GOx
and Pt-DENSs. As a result, the electrocatalysis process
to glucose happens by Pt nanoparticles and the
improved amperometric response to glucose is
obtained.

Interference tests

The anti-interference test is demonstrated in Fig-
ure 8, which compares amperometric responses for
three relevant electroactive species (uric acid, ascor-
bic acid, acetaminophen; concentration of each spe-
cies, 0.3 mM) with Pt-DENs/GOx/Pt-DENs/PANI/
PSS electrode at a working potential of 0.6 V. The
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Figure 8 Current-time curves for the Pt-DENs/GOx/Pt-
DENs/PANI/PSS electrode exposed to 0.3 mM ascorbic
acid (AA), 0.3 mM uric acid (UA), 0.3 mM acetaminophen
(AC), and 0.3 mM glucose at applied potential 0.6 V.

successive addition of each interfering species
brought out fairly discernible current response and a
well-defined glucose response is obtained, which
indicates that the biosensor based on Pt-DENs/
GOx/Pt-DENs/PANI/PSS electrode has good anti-
interference ability.

The reproducibility of Pt-DENs/GOx/Pt-DENs/
PANI/PSS electrode is also estimated from the
response to 1.5 mM glucose at five electrodes pre-
pared under the same conditions. The results reveal
that the biosensor has a satisfied reproducibility. A
mean current response of 5.72 pA is obtained with a
deviation of 4.4% for five times continuous determi-
nations of the same sample. After the electrode is
stored at 4°C under dry condition for 20 days, the
steady-state response current only decreases by 15%.
Such a result confirms that Pt-DENs/GOx/Pt-
DENs/PANI/PSS electrode is compatible with the
immobilized enzyme and is helpful to maintain
the bioactivity of GOx. The results indicate that the
hybrid composites provide a good microenviron-
ment for GOx immobilization, in which the nanofi-
brous PANI provides a high surface area for loading
Pt-DENs and GOx, the PSS increases the dispersion
of PANI, and the LbL adsorption technology prevents
the leakage of the GOx effectively. These measures
showed that the biosensor has long-term stability.

CONCLUSION

A novel amperometric glucose biosensor has been
described, in which PANI nanofibers are first synthe-
sized via an interfacial polymerization method and
then the GOx and the cationic Pt-DENs are immobi-
lized on the PANI/PSS surface by alternative LbL
assembling process. The electrocatalytic activity to-
ward H,O, and the amperometric response toward

glucose on the fabricated Pt-DENs/GOx/Pt-DENs/
PANI/PSS electrode demonstrates that the electrostatic
self-assembling method preserves the activity of
enzyme molecules, improves the diffusion of target mo-
lecular, and prevents enzyme leaking. The biosensor
shows a low detection limit, wide linear range, high sen-
sitivity, good precision, and operational stability.
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