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1. ABSTRACT

We report on a glucose  oxidase
(GOx)/polyelectrolyte (PE)/gold nanoparticle (AuNP)
multilayer films that can be utilized as efficient glucose
biosensors by layer-by-layer self-assembly method.
Electrochemical impedance spectroscopy (EIS) and UV-
visible spectroscopy were adopted to monitor the regular
growth of the multilayer films. The role of gold
nanoparticles integrated in the multilayer films not only
increase the amount and activity of GOx, but also
significantly improve the electron-transfer
characteristics of the films. The performance of the
multilayer films for sensing glucose could be tailored by
controlling the gold nanoparticles loading in the film
and the number of layers. A biosensor constructed by
four poly(dimethyldiallylammonium chloride)
(PDDA)/Aunp/PDDA/GOx multilayer films exhibited a
wide linear calibration range from 0 to 60.0 mM with the
detection limit of 3.0 pM for the detection of glucose. The
dynamic range can be extended up to 120 mM. The
biosensor has good stability and reproducibility.

2. INTRODUCTION

Considerable efforts have been devoted to the
design of amperometric enzyme biosensors for the clinical,
environmental, and food analysis during the past decade [1-
8]. With regard to enzyme sensors, linear range and
sensitivity are two of the most important factors discussed
in published papers [9-21]. Several routes have been
proposed for enhancing the sensitivity [9, 10]. For glucose
biosensors, generally, the factors that result in high
sensitivity not always result in suitable linear range.
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Smaller Michaelis constant of an immobilized enzyme for a
substrate is, higher the sensitivity of the biosensor is [11].
The Michaelis constant of an immobilized enzyme is
largely influenced by immobilization approach and matrix.
It was reported that enzymes adsorbed on nanoparticles
such as gold nanoparticles could retain their bioactivity [22,
23], due to the large specific surface area and increased
biocompatibility of nanoparticles. For example, Chen et al.
[24] constructed a glucose biosensor based on chitosan—
glucose oxidase—gold nanoparticles biocomposite formed
by one-step electrodeposition. The decorated gold
nanoparticles in the biocomposite offers excellent affinity
to enzyme with a detection limit of 2.7 uM. However the
upper limit of the linear range only up to 2.4 mM. In order
to extend the dynamic range, various approaches were
attempted [12-21]. Increasing the oxygen/glucose
permeability ratio is one approach to extend the dynamic
range of glucose oxidase-based biosensor [12-15]. One
commonly used strategy relies on the use of mass-transport
limiting films for tailoring the flux of glucose and oxygen.
However, this method usually suffers from low sensitivity
[14, 15]. The second approach to extend the dynamic range
of a biosensor is using a fast redox mediator instead of
oxygen, such as ferrocene [16-20]. The mediator can
enhance the electron transfer cycle and consequently
increases the numbers of the GOx catalytic reaction at a
certain period when the concentration of glucose is around
Kmapp- This method not only offers a somewhat large
dynamic range for the detection of glucose, but also
decreases the working electrode potential. However the
immobilization of mediator will result in other problems
such as less stability [19] or complicated procedures [20].
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The third method is using composite-engineered enzymes
with different Michaelis constants. For example, Koji Sode
and his colleagues reported an extended-range glucose
sensor employing composite engineered glucose
dehydrogenases with different Michaelis constants [21].
The dynamic range was extended up to 70 mM. It was a
good idea for preparing sensitive glucose biosensor with
extended dynamic range, except that the preparation
procedure of engineered enzymes was somewhat
complicated and an electron mediator (such as phenazine
methosulfate) should be present in solution. Therefore, how
to use simple method to fabricate glucose biosensors with
both extended linear range and high sensitivity is still a
challenge for the researchers.

The layer-by-layer (LBL) assembly method
developed by Decher in 1991 was proved to be possible to
build-up ordered multilayer structures by consecutive
adsorption of polyanions and polycations [25]. In 1995 this
new method was applied to immobilize negatively charged
GOx in a polyethyleneimine based multilayer structure [26]
and proved to be one of the most perspective methods for
preparing amperometric enzyme biosensors. One year later,
an oxygen mediated glucose biosensor based on GOx and
poly(L-lysine) coadsorbed onto a negatively charged
monolayer of mercaptopropionic acid, deposited on an Au
electrode was described [27]. In 1997, Chen et al. [28] and
Hodak et al. [29] simultaneously reported a reagentless
glucose biosensor based on this technique by the successive
alternate deposition of ferrocene attached polypyridine or
ferrocene modified poly(allylamine) (cationic) polymer and
anionic GOx, on Au electrode surface, initially thiolated
with negatively charged sulfonic groups. Since then, this
method have been widely used to fabricate glucose
biosensors via integrating various mediators such as
complex osmium redox polymer [30-35], ferrocenyl-
tethered dendrimers (Fc-D) [36], 1,4-diaminoanthraquinone
(DAAQ) [37] into the multilayer films for the construction
of glucose biosensors, or combining GOx with other
enzymes such as lactate oxidase (LOx), ascorbate oxidase
(AOx) and horseradish peroxidase (HRP) to develop
bienzyme multilayer films for the preparation of biosensors
[31, 38-40]. These glucose biosensors have several
advantages: the thickness of the enzyme film can be
regulated precisely at molecular level and the geometry of
multi-enzyme thin films is optimized easily by changing
the sequence of deposition [39,41]. In addition, the
response of the multilayer-modified sensors increases and
the linear range extends with increasing number of the
enzyme layers [36,42]. Nevertheless, the largest upper limit
of the linear concentration range of these biosensors is
20mM for single enzyme system and 30mM for bienzyme
system. Recently, the LBL technology also has been
successfully applied to the preparation of thin films of
nanoparticles such as metal nanoparticles [43,44] and
various other inorganic materials[45,46]. The resulted
assembly exhibits specific characteristics in the multilayer
films, and the optical and electronic properties of the films
can be changed by integrating various nanoparticles with
different characteristics [43-48]. Gold nanoparticles have
excellent catalytic activity due to their high surface area-to-
volume ratio and their interface-dominated properties are
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significantly different from their bulk counterparts [49,50].
Recently efforts have been devoted to the integration of
gold nanoparticles into multilayer films for various
applications such as sensors and nanodevices [47,51-54].
Frank Caruso and co-workers reported an electrochemical
sensor prepared by infiltrating DMAP-gold nanoparticles
into polyelectrolyte multilayer films preassembled on ITO
electrodes and showed that the electron transfer
characteristics of the films improved significantly [51].
Tobias Vossmeyer and co-workers investigated the optical
and electrical properties of layer-by-layer self-assembly of
gold nanoparticle/alkanedithiol films [54]. Though gold
nanoparticles or enzymes have been widely used to form
multilayer films by layer-by-layer technology, the strategy
of integrating both gold nanoparticles and enzymes into one
polyelectrolyte multilayer film via layer-by-layer assembly
to construct biosensors has not been reported previously, to
our knowledge.

In this paper, we immobilized gold nanoparticles
(Auyp) and glucose oxidase in PDDA films by layer-by-
layer self-assembly to construct
(PDDA/Aunpy/PDDA/GOX), multilayer films for developing
glucose biosensors. The novel multilayer films were
characterized by UV-visible absorption spectroscopy and
the electrochemical impedance spectroscopy (EIS). With
the introduction of gold nanoparticles, not only the amount
and the activity of GOx, but also the electron transfer
characteristics of the films improved. As a result, the
performance of the biosensor was improved. A wide
dynamic range (up to 120mM) and a low detection limit
(down to 3.0 puM) were obtained in four
PDDA/Auyp/PDDA/enzyme multilayer films.

3. Experimental
3.1. Reagents

GOx (E. C. 1.1.3.4, type X-S, 179 units mg™") were
purchased from Sigma. HAuCl;4H,0 (Au% > 48%),
poly(dimethyldiallylammonium chloride) (PDDA) Mw=
100,000-200,000 g mol! in 20% aqueous solution,
poly(sodium 4-styrenesulfonate) (PSS) Mw= 70,000 g mol
"in 30% aqueous solution, 3-mercapto-1-propanesulfonic
acid, sodium salt (MPS) and Nafion (product no. 27470-4)
were purchased from Aldrich. All other chemicals were of
analytical grade and were used as received. Twice-distilled
water was used throughout.

3.2. Preparation of gold nanoparticles

All glasswares used in the following procedures
were cleaned in a bath of freshly prepared 3:1 HNO;-HC1
solution, thoroughly rinsed with water and dried in air.
HAuCly and trisodium citrate solutions need to be filtered
through a 0.22 pum microporous membrane filter prior to
use. Preparations were stored in brown glass bottles at 4°C.
Gold nanoparticles were prepared according to the
literature [55] with a little modification. Briefly, 2.50 mL of
1% trisodium citrate was added to 100 mL of boiling
0.01% HAuCl, solution. The particle sizes were about 17
nm, which were measured by transmission electron
microscopy (TEM). The concentration of gold
nanoparticles was about 1.6 nM, which was calculated
according to the amount of starting material, the density of
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Figure. 1 Idealized structure of multilayer films

gold, the approximate size of the nanoparticles and
assuming the reaction yield of 100% [56]. The solution was
diluted as needed for the experiments.

3.3. Preparation of the
PDDA/GOx), multilayer films
Bulk gold disk electrodes were abraded with fine SiC
paper and polished carefully with 0.3 and 0.05 um alumina
slurry, and sonicated in water and absolute ethanol. The
negatively charged surface (Au/MPS) was prepared by
immersing the cleaned gold electrode into a 2 mM MPS
aqueous solution for 8h, and then washed with distilled water.

PDDA/PSS/(PDDA/Aunp/

The procedure for preparing
PDDA/PSS/(PDDA/Aunp/PDDA/GOx), multilayer films
was as follows. For substrate modification, gold electrodes
with negatively charged surface were respectively treated
by a PDDA aqueous solution (2mg/ml) and a PSS aqueous
solution (2mg/ml) for 15 min before LBL assembly. After
the treated substrates were washed with distilled water,
multilayer films were grown by alternate dipping of the
modified gold electrodes into the positively charged PDDA
aqueous solution (2mg/ml), the negatively charged gold
nanoparticles, the positively charged PDDA aqueous
solution (2mg/ml) and the negatively charged GOx
(pH=7.4) for 15 min, respectively. The films were carefully
washed with distilled water after each dipping step. This
sequence was repeated to obtain the desired number of
layers. For comparison, the multilayer films without gold
nanoparticles were prepared alike, thus
PDDA/PSS/(PDDA/GOx), modified gold electrodes were
obtained.

Glass slides (0.8x4 cm?® 1 mm thick) were washed in a
washing solution (49% ethanol: 50% water: 1% KOH) for
30 min at 50 [J, and rinsed with water to introduce negative
charges on the glass surface. Layer-by-layer films of
PDDA/PSS/(PDDA/Aunp/PDDA/GOX), were then
assembled on the glass slides in the same way as on the
MPS modified Au electrodes as described above.

3.4. Electrochemical Measurements

Amperometric experiments were performed on a
CHI 750A electrochemical workstation (Shanghai Chenhua
Apparatus corporation, China). All experiments were
carried out using a conventional three-electrode system
with the gold disk electrode as the working electrode, a
platinum foil as the auxiliary electrode, and a saturated

1062

calomel electrode as the reference one. In steady-state
amperometric experiments, the potential was set at 700 mV
with a magnetic stirring. Electrolyte solutions were
deoxygenated by bubbling with high-purity nitrogen prior
to and blanketed with nitrogen during electrochemical
experiments.

The electrochemical impedance spectroscopy
(EIS) measurements were also conducted by the CHI 750A
electrochemical workstation with a three-electrode system
in the presence of 5.0x10° mol/L K;[Fe(CN)sJ/
K4[Fe(CN)], 1:1 mixture, as a redox probe. The amplitude
of the applied sine wave potential was 5 mV at the bias
potential equal to the redox probe’s formal potential,
0.18V. The EIS was recorded with the frequency range of
0.05 Hz to 10 kHz in the form of complex plane diagrams

(Nyquist plots).

3.5. UV-Visible
Measurements

Ultraviolet and visible (UV-Vis) absorption spectra
were recorded with a Lambda 35 UV/VIS spectrometer
(Perkin-Elmer instruments, USA). Absorbance intensities
of gold nanoparticles and GOx assembly on glass substrates
with increasing number of multilayer films from 1 to 8
were investigated.

Absorption Spectroscopic

4. RESULT AND DISSCUSSION

4.1. Formation of multilayer structure

In pH 7.4 phosphate buffer, glucose oxidase is
negatively charged. This negative charge on the surface of
the enzyme makes it suitably incorporated in
polyelectrolyte(PE) multilayer films, beginning with a
positively charged PE. Initially, a base layer of MPS is
deposited onto a gold electrode surfaces via self-assembly.
The resulting hydrophilic and negatively charged surface
promotes the electrostatically driven deposition of
positively charged PDDA. In order to obtain a uniform and
smooth charged surface for stable adsorption of enzyme
layers, the substrates were further immersed in PSS and
PDDA  solutions  alternatively, and form a
PDDA/PSS/PDDA “precursor” film. With the surface
sufficiently overlaid with positive charges, the enzyme
molecule or gold nanoparticles can be deposited by
immersing the substrates into an enzyme solution or gold
colloid solution. Sequential repetition of the steps, that is,
deposition of PDDA, nanoparticles and enzyme, for up to 8
times led to the  systematic stacking  of
PDDA/Auynp/PDDA/GOx sandwich layers. Figure 1 shows
the structure of multilayer films. Evidence for the uniform
packing is obtained from electrochemical impedance data
and absorption spectra taken after each sandwich layers
increment below.

4.2. Electrochemical Impedance Characterization of
PDDA/Auyp/PDDA/GOx Multilayers.

A Nyquist diagram of the electrochemical
impedance spectrum is an effective way to measure the
electron-transfer resistance. Figure 2A shows the results of
impedance spectroscopy on modified electrodes with
various (PDDA/Aunp/PDDA/GOX), layer numbers (1-8) in
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Figure 2. A Nyquist plots of the electrochemical

impedance spectroscopy (EIS) of the gold electrode with

(PDDA/Aunp/PDDA/GOD), multilayer films with n=1, 2, ..., 8. Shown in the insert is a plot of the R, vs. the number of
PDDA/Auyp/PDDA/GOD layer. B Nyquist plots of EIS of the gold electrode with layers of PDDA, gold nanoparticles, PDDA’

and GOD in the first PDDA/Auynp/PDDA/GOD layer.

the presence of equimolar 2.5 mM [Fe(CN)¢]** + 10 mM
PBS + 0.1 M KCI, which are measured at the formal
potential of [Fe(CN)s]*"*. As shown in Figure 2A, each of
the impedance spectra includes a semicircle portion and a
linear line portion, which correspond to the electron
transfer process and diffusion process, respectively. The
diameter of the semicircle represents the electron-transfer
resistance at the electrode surface. For a bare gold
electrode, the impedance spectra exhibit an almost straight
line (data not shown) that is just the characteristic of the
diffusional limiting step of the electrochemical process.
Whereas, after the adsorption of PDDA/Auynpy/PDDA/GOx
multilayer, we can observe clearly from Figure 2A that the
diameters of the semicircle parts increased gradually with
the layer numbers increased. This increasing of the
diameters indicates that the charge-transfer rate of
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[Fe(CN)s]*"* becomes reduced gradually. It is attributed to
the hindrance effect to the redox couples, which is caused
by the deposition of PDDA/Aunp/PDDA/GOx multilayers
on electrode surface. Upon the stepwise multilayer
formation, it becomes more and more difficult for
[Fe(CN)(,]4'/ 3 to access the electrode surface to react. The
respective semicircle diameters correspond to the interfacial
electron-transfer resistance R. Here, R, reflects the electron-
transfer kinetics of [Fe(CN)s]*" at the electrode interface. The
value of Ry depends on the dielectric and insulating features at
the electrode/electrolyte interface. Because enzyme and PDDA
are both nonconductive, their multilayer films will block the
electron-transfer of [Fe(CN)g]*”* and R, should increase
gradually. The insert of Figure 2A shows a good linear
relationship between Ry and layer numbers, indicating a well
behaved LBL assembly process.
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Figure. 3 UV-visible absorption spectra of (PDDA/Aunp/PDDA/GOD), multilayer films with different numbers. From the lower
to upper curves, the number of PDDA/Auynp/PDDA/GOD layer is 1, 2, 3, 4, 5, 6, 7 and 8. Shown in the insert is a plot of the
absorbance at 560 nm vs. the number of PDDA/Auynp/PDDA/GOD layer.

Furthermore, gold nanoparticles in the
polyelectrolyte multilayer films could significantly improve
the electron-transfer characteristics of the films. Figure 2B
exhibits curves of the impedance spectroscopy of gold
electrodes with the successive deposition of PDDA, gold
nanoparticles, PDDA, GOx to form the first layer of
PDDA/AuNP/PDDA/GOx film. As we can see, with the
introduction of gold nanoparticles, the R, decreases
apparently. This reveals that the gold nanoparticles in the
multilayer films, acting as “electron antennae”, effectively
contribute electron transfer throughout the films and
improve the electron transfer between F e(CN)s * and the
electrode.

4.3 UV-Visible
Characterization of
Multilayers

Gold nanoparticles and GOx have their
characteristic absorptions in the UV-vis region, and UV-vis
spectroscopy was employed to follow the deposition
process of the multilayer films. The films were prepared by
alternate deposition of positively charged PDDA,
negatively charged gold nanoparticles, PDDA and
negatively charged GOx on a glass slide by the LBL
method. Assuming that the absorption intensity is
proportional to the concentration of the gold nanoparticles
and GOx, the buildup of the multilayer films can be
estimated from UV-vis absorption spectroscopy. Figure 3
shows the UV-visible spectroscopy of the multilayer films
with different number of layers and GOx existing in the

Absorption Spectroscopy
PDDA/AuNP/PDDA/GOx
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outermost layer. It is clear that the multilayer adsorption of
the PDDA/AuNP/PDDA/GOx assemblies is reproducible
with sequential deposition. The strong band (560 nm) is
due to the plasmon absorption of gold nanoparticles. It
increases linearly with the number of deposited
PDDA/AuNP/PDDA/GOx layers with a correlation
coefficient of 0.998 (Figure 3, insert), suggesting that gold
nanoparticles can form layer-by-layer films with GOx, and
the amounts of gold nanoparticles adsorbed in each
multilayer was almost the same. Thus, it is possible to
precisely control the amount of material deposited simply
by controlling the number of dippings. The linear increase
of the intensity of the absorption band as a function of the
number of successive coating is consistent with a well-
behaved LBL assembly process as described previously
[57,58].

4.4 Multilayer Films as Sensing Elements for Glucose
Detection

The sensor response is due to the following
enzymatic reaction:

GOx

B-D-glucose + O, 2  D-glucono-8-lactone + H,0O,

The hydrogen peroxide generated in this reaction
can be electrochemically oxidized at a gold disk electrode.
The electrode is polarized at +700 mV compared to the
saturated calomel electrode.
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The typical steady-state amperometric response
of (PDDA/Aunp/PDDA/GOx), modified electrodes on
successive addition of glucose is shown in Figure 4. A
subsequent addition of glucose to the stirring PBS provokes
a remarkable increase in the oxidation current, and the time
required to reach the 95% steady state response is within 42
+ 2 s. The insert of Figure 4 shows the corresponding
calibration curve. The dynamic range is extended up to 120
mM, and the linear calibration range is 0 — 60.0 mM (r =
0.999, n = 14) with the detection limit of 3.0 pM. The wide
linear calibration range makes the biosensor suitable for the
detection of glucose with high concentration.

For comparison, we prepared (PDDA/GOx),
multilayer films. Both the linear calibration range and
response current of the (PDDA/Aunpy/PDDA/GOX),
modified biosensor are obviously larger than
(PDDA/GOx), modified one with the same number of
layers (see Figure 5 and Figure 6). These results could be
explained by three effects. First of all, the integration of
gold nanoparticles with comparatively large particle size
constructs the multilayer films of matrix structure and
extends the transfer route of glucose. As a result, more
glucose in the solution could infiltrate into the multilayer
films and be catalyzed by enzyme. In addition, since the
difference in rigidity and charge density between colloid
particles and PDDA layer could result in less dense packing
[59], the permeability of multilayer films gets better
improved and glucose could smoothly infiltrate through the
multilayer films and effectively contact with the inside
layers of enzyme. Secondly, the high surface to volume
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ratio of gold nanopartilces makes more PDDA adsorbed on
the gold nanoparticles and directly amplifies the surface
coverage of the GOx layers. At last, though GOx is directly
adsorbed on polyions membrane, gold nanoparticles still
provide many binding sites through linear polyions and
combined with GOx. Since the interaction between enzyme
and gold nanoparticles is very strong [60] and gold
nanoparticles provide an environment similar to the native
environment of redox proteins [22,23], the amount and
activity of GOx in the (PDDA/Aunpy/PDDA/GOX),
multilayer films were both higher than those in the
(PDDA/GOx), multilayer films.

4.5 Optimal Number of Multilayers for glucose
response.

Figure 5 shows the linear range for glucose
detection  corresponding to  the  number  of
PDDA/Auyp/PDDA/GOx layers and PDDA/GOx layers
modified electrodes. The linear range increases
significantly as the number of multilayer films increases
from one to four. An addition coating of the fifth and sixth
multilayer films induces decrease of the linear range .
Figure 6 shows the effect of the number (1-6) of multilayer
films on the sensitivity of the biosensors. The sensitivity of
the biosensors with or without gold nanoparticles increases
with the number increasing from one to four multilayer
films, then decreases. Thus the eclectrode modified with
four-multilayer film, exhibited the largest linear range and
highest sensitivity to glucose.

With the number of multilayer films increases, the response
time increases correspondingly. Figure 7 shows the
response time of the electrode modified with
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layer numbers (1-6). Although (PDDA/GOx), film is
much thinner than the (PDDA/Aunp/PDDA/GOX), film
with the same number of layers, the response time of
(PDDA/Aunp/PDDA/GOX), film modified electrode is
somewhat more than that of (PDDA/GOx), modified
electrodes due to the large permeability of the
(PDDA/Auynp/PDDA/GOX), film.

4.6 Effect of the Solution pH on the Biosensor Response

The effect of the pH value of the detection
solution on the response behavior of the
(PDDA/Aunp/PDDA/GOXx)s modified biosensor was
studied between 6.0 and 9.0 and the corresponding
result is shown in Figure 8. From Figure 8§, the
maximum response current can be observed at pH 8.0.
The optimal pH value is somewhat large than that
previous reports [61], where the GOx based biosensors
usually have optimal pH values at about neutral.
Generally, the effect of the solution pH on the biosensor
response resulted from two factors. On one hand, since
the detection of glucose is based on the oxidation of the
produced hydrogen peroxide and there are protons
produced, basic condition facilitates the proceeding of
the reaction. Therefore, the response of the proposed
biosensor will increase with the increase of pH. On the
other hand, the activity of enzyme depends greatly on
the pH of surrounding solution, and extreme pH
conditions will result in the loss of enzyme activity.
Here, the immobilized GOx can remain active at
somewhat basic conditions (up to pH 8.0), indicating
that the deposited gold nanoparticles provides a
biocompatible microenvironment for GOx to withstand
outside conditions.

4.7 The Reproducibility and Stability of Biosensor

The reproducibility and storage stability of the
biosensor have also been studied. The relative standard
deviation (R.S.D) of the biosensor response to 2.0 mM
glucose was 3.7% for 11 successive measurements. The
biosensor was stored dry at 4 °C and measured at
intervals of a week, and it remained about 78% of its
original sensitivity after 2 months.

5. CONCLUSION

A novel structure of multilayer films in layer-
by-layer self-assembly glucose biosensor was proposed.
The introduction of gold nanoparticles proved to be
effective for the construction of sensitive, stable, and
extended- ranged biosensors. Thus, this strategy could
be readily extended toward the preparation of other
amperometric biosensors. It should be pointed out that
ascorbic, uric acid and acetaminophen etc. which are
oxidized electrochemically at +0.7V would interfere the
determination of glucose. To resolve this problem,
poly(allylamine) hydrochloride (PAA) and
poly(potassium vinyl sulfate) (PVS) could be used to
replace PDDA and PSS to construct a precursor film,
which can effectively impede the penetration of
interferences [62]. To further improve the selectivity of
this kind of biosensor, we are working on the
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construction of the multilayered configuration by co-
integrating an electron mediator.
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