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Acidic and Basic Functionalized Carbon Nanomaterials
as Electrical Bridges in Enzyme Loaded Chitosan/
Poly(styrene sulfonate) Self-Assembled Layer-by-Layer
Glucose Biosensors
Melinda David,[a, b] Madalina M. Barsan,[a] Monica Florescu,[b] and Christopher M. A. Brett*[a]

1 Introduction

Electrochemical enzyme-based biosensors are uniquely
efficient in translating biochemical events [1]. The immo-
bilization of the enzyme is an important factor in the per-
formance of the biosensor [2], and immobilization based
on self-assembled mono- or multilayers enables the for-
mation of uniform and stable structures [3]. Self-assembly
occurs via physical immobilization [4], by weak bonds
such as Van der WaalÏs forces and electrostatic and/or hy-
drophobic interactions, therefore not destroying enzymat-
ic activity and suitable for the reproducible immobiliza-
tion of enzymes, with good preservation of activity [5]; in
such configurations, direct electron transfer between
enzyme and electrode is possible [6, 7]. Layer-by-layer
deposition uses a variety of polyelectrolytes alternating
with oppositely charged enzyme layers. Some of the pre-
dominantly used polycations are poly(ethyleneimine) PEI
[8, 9], poly(dimethyldiallylammonium chloride) PDDA
[10], or chitosan or its derivatives [11–13]; the most com-
monly used polyanions are poly(styrene sulfonate) PSS¢

[14], poly(acrylic acid) PAA and poly(vinyl sulfonate)
PVS¢ [15].

In previous work, we developed a strategy for new bio-
sensor architectures based on multilayer films containing
glucose oxidase (GOx) together with nitrogen-doped gra-
phene (NG) dispersed in the biocompatible positively-
charged polymer chitosan (chit+(NG+GOx)), together
with the negatively charged polymer poly(styrene sulfo-
nate), PSS¢ [16]. PSS¢ was chosen as the polyanion, due
to its easy binding to any other oppositely-charged mole-
cules [17] and chitosan, as a polycation, provides a good
adsorption matrix with high mechanical stability and high

affinity to proteins, biocompatibility and non-toxicity
[7, 18–20].

In the present study, graphene (G) and carbon nano-
tubes (CNT) were functionalized in acidic or basic media
in order to ascertain which of the four materials is best
for use in LbL multilayer biosensors. The use of both of
these carbon nanomaterials (CN) as electrocatalysts in
biochemical devices is widely known [21–23], functionali-
zation being crucial for efficient action. Surface function-
alization increases the specific capacitance of CN, and in-
troduces functional groups or heteroatoms responsible for
the increasing the hydrophilicity of the carbon materials,
thus enabling rapid electrolyte ion transport [24]. Acidic
treatment introduces functional groups, while treatment
with strong bases introduces heteroatoms into the lattice,
leading to a nanoporous material [25–28]. Four different
LbL architectures were constructed on Au electrode sub-
strates, incorporating one of the four forms of functional-
ised CN, together with glucose oxidase (GOx) as model
enzyme to form Au/{chit+(CN+GOx)/PSS¢}n. The bio-
sensors were electrochemically characterized after each
bilayer deposition, and their analytical properties were
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Abstract : Glucose oxidase (GOx) was incorporated in
a self-assembled multilayer modified gold electrode,
based on electrostatic interaction between positively
charged chitosan polymer, containing GOx, and negative-
ly charged poly(styrene sulfonate). Good electronic com-
munication between electrode and enzyme was ensured
by carbon nanomaterials (CN), graphene (G) or carbon
nanotubes (CNT) functionalised in either HNO3 or KOH,

immobilized together with the enzyme. Cyclic voltamme-
try and electrochemical impedance spectroscopy enabled
identification of the glucose biosensor assemblies with the
best functionalized CN, KOH_G and HNO3_CNT, con-
firmed by fixed potential amperometry at ¢0.3 V vs. Ag/
AgCl, these glucose biosensors exhibiting the highest sen-
sitivities and lowest detection limits.
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determined and compared, in order to choose the best
biosensor architecture.

2 Experimental

2.1 Materials

Glucose, ascorbic acid, catechol, citric acid, dopamine,
fructose, oxalic acid, uric acid potassium hydroxide, poly-
styrene sulfonate (PSS¢) and chitosan (low molecular
weight, minimum 85% degree of deacetylation) were pur-
chased from Sigma-Aldrich. CNT were from Nanolab,
University of Western Ontario, Canada and GOx extract-
ed from Aspergillus niger (24 U/mg) was purchased from
Fluka. Graphene was a kind gift from Prof. X. Sun, and it
was obtained from graphite oxide by heating at 1050 8C
for 30 s under Ar [29].

The aqueous glucose solution was prepared 24 h prior
to measurements, in order to obtain the biologically
active form (a-d-glucose).

The buffer solution used for all experiments contained
a mixture of monosodium phosphate, (NaH2PO4) and
disodium phosphate, (Na2HPO4) 0.1 M, pH 7.0 (from
Sigma-Aldrich).

Millipore Milli-Q nanopure water and analytical re-
agents were used for the preparation of all solutions.
All experiments were performed at room temperature
(~25 8C) and all biosensors were kept in buffer solution
at ~4 8C when not in use.

2.2 Instruments

All electrochemical measurements were carried out in
a conventional electrochemical cell containing three elec-
trodes: a bulk gold disc electrode (area 0.00785 cm2) or
a Au quartz crystal disc (AuQC) (exposed area
0.205 cm2), as working electrode, a platinum foil as coun-
ter electrode and a saturated Ag/AgCl electrode as refer-
ence. Chrono-amperometric and voltammetric measure-
ments were performed by using a computer-controlled m-
Autolab Type II potentiostat-galvanostat running with
GPES (general purpose electrochemical system) version
4.9 software (Metrohm-Autolab, Utrecht, Netherlands).

Scanning electron microscopy (SEM) images were
taken with a Merlin Scanning Electron Microscope with
Gemini 2 column, Carl Zeiss, Germany, using an acceler-
ating voltage of 2 kV. For the SEM analysis, indium tin
oxide electrodes were used as substrates for the deposi-
tion of the nanomaterials.

Gravimetric measurements were performed with an
electrochemical quartz crystal microbalance (EQCM),
model eQCM 10 M (Gamry Instruments, USA), contain-
ing an Au quartz crystal (AuQC) with 10 MHz central
frequency.

Electrochemical impedance measurements were done
with a Reference 600 potentiostat/galvanostat/ZRA
(Gamry Instruments, USA). A frequency range of 65 kHz
– 0.1 Hz was used, by applying a rms perturbation of

10 mV, with 10 frequency values per frequency decade, at
an applied potential of 0.0 V vs. Ag/AgCl.

2.3 Fabrication of the LbL Glucose Biosensor

The Au bulk disc electrode was cleaned by cyclic scan-
ning in a 0.1 M sulfuric acid solution in the potential
range from ¢0.5 V to 1.5 V at a scan rate of 100 mV s¢1.
The AuQC surface was carefully cleaned with acetone.

Basic functionalization of G and CNT was carried out
with 7.0 M KOH, by stirring the G/CNT dispersion for
2 h followed by 12 h without stirring. Acidic functionali-
zation was done in 3 M nitric acid by stirring the G/CNT
dispersion for approximately 12 h. All four types of func-
tionalized G/CNT were washed until neutral pH and
dried overnight at 60 8C. Following this, chitosan suspen-
sions were formed, by mixing them with chitosan solution
(0.5 or 1 % w/v chitosan in 1% v/v acetic acid) and soni-
cating for 3 h, for a better dispersion, before adding the
enzyme, to obtain a 0.5, 1.0 or 2.0 % GOx and 0.05 %
functionalized CN chitosan loaded solution, denoted as
chit+(CN+GOx).

The clean electrodes were modified step-by-step using
the self-assembly LbL procedure, first being immersed in
chit+(CN+GOx), for 1 h, washed with Milli-Q water to
remove residual molecules and dried under a stream of
N2. Next, the electrodes were immersed in PSS¢ solution
(1 % dissolved in water), for 20 min, washed and dried
[16]. The above steps were repeated until the desired
number of layers was reached, up to a maximum of 4 bi-
layers. A schematic representation of the electrode modi-
fication is presented in Scheme 1.

3 Results and Discussion

3.1 SEM Characterization of Nanomaterials

SEM examination of all four types of nanomaterials dis-
persed in chitosan provides an overview of their nano-
structures. Typical SEM images of the graphene, both
acidic and basic functionalized, are shown in Figure 1A,
B and reveal the morphology of the graphene sheets, with
wrinkled structure. The sheets are randomly crumpled
and form a rather disordered material. The graphene
planar sheets are clearly observed in the magnified figure
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Scheme 1. LbL assembly on the gold surface showing sequen-
tial layers of {chit+(CN+GOx)/PSS¢}n.
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and, indicate that the two-dimensional structure of gra-
phene [29] is well maintained after their functionalization.
However, it is hard to distinguish the difference between
acidic and basic functionalized graphene.

Typical SEM images of MWCNT are displayed in Fig-
ure 1C and D and clearly reveal the tubular structure of
the CNT in the typical non-aligned arrangement of CNT.
There is no sign of residual metal particles. The nano-
tubes have diameters between 20 and 44 nm, which corre-
sponds with the values declared by the producer (30�
10 nm), and indicates that their functionalization does not
modify their initial structure. Also, in this case, they are
no visible differences between the acidic and basic func-
tionalized CNT.

3.2 Biosensor Fabrication and Optimization

In order to determine the most effective G/CNT contain-
ing layer-by-layer deposited film, the concentration of
enzyme and chitosan was varied, and the electrochemical
properties and sensitivities of the obtained biosensors
were evaluated. For these optimization measurements
acid-functionalised CNT, HNO3_CNT, was used in the
biosensor preparation.

First, the concentration of the enzyme solution was
varied, from 0.5% up to 2.0%, in 1.0 % chitosan solution,
previously used in [16]. The modification of Au electro-
des was done by 4 bilayers. The lowest sensitivity of
7.6 mA cm¢2 mM¢1 was obtained for the biosensor contain-
ing 2.0 % GOx, which also lost 25 % of its sensitivity
after one week. For a concentration of 0.5 % GOx, the
sensitivity was 9.3 mA cm¢2 mM¢1, and for 1.0 %,
13.4 mAcm¢2 mM¢1. The fact that the enzyme concentra-
tion of 2.0 % was too high suggests that the agglomera-
tion of enzyme molecules leads to a small number of
available binding sites. It was observed that for 0.5 %
enzyme concentration, the biosensor sensitivity started to
decrease after the first week (23% lost), remaining
almost constant for the 1.0 % one, which also had
a higher initial sensitivity. These results led to the choice
of an enzyme concentration of 1.0 % GOx in construction
of the biosensor platform.

Since it is known that the chitosan concentration as
well as its molecular weight and degree of deacetylation
play a very important role in enzyme immobilization [30],
two chitosan concentrations of 0.5 and 1.0 % were tested.
Decreasing the concentration from 1.0 to 0.5 %, resulted
in an increase in biosensor sensitivity from
13.4 mAcm¢2 mM¢1 to 18.6 mAcm¢2 mM¢1. This is due to
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Fig. 1. SEM images of A) HNO3_G, B), KOH_G, C) HNO3_CNT and D) KOH_CNT.
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an increase in chitosan film conductivity, observed in the
electrochemical impedance spectra by a decrease in the
total impedance value, and in the CVs by an increase in
the capacitive currents (results not shown). Taking this
into account, the optimum composition of enzymatic
layer contained 0.5 % of chitosan and 1.0% of GOx
enzyme, which was used in further studies.

Unfunctionalized graphene and CNT were also assayed
as control nanomaterials. Untreated graphene and un-
treated CNT are both highly hydrophobic and do not
form uniform dispersions in the chitosan solution; hence,
they are washed out between layer deposition thus ex-
plaining the performance of these two biosensors being
very similar to that of the biosensor not containing any
carbon nanomaterial.

The effect of applied potential on the performance of
biosensors based on all four types of nanomaterial was
also studied for potentials between ¢0.4 and 0.0 V vs. Ag/
AgCl. The biosensor sensitivities varied similarly for all 4
types of nanomaterials, exhibiting highest sensitivities at
¢0.4 V vs. Ag/AgCl and decreasing with less negative po-
tential; the biosensors stopped working at potentials
more positive than ¢0.15 V vs. Ag/AgCl. This tendency
was already observed for other unmediated biosensors
based on carbon nanomaterials, and can be explained
taking into account the enzymatic mechanism based on
regeneration of the enzyme cofactor at the carbon nano-
material, which occurs at around ¢0.4 V [31,32]. Since at
¢0.3 V vs. Ag/AgCl the sensitivity was ~80 % of that at
¢0.4 V, while at ¢0.2 V it decreased to 60%, in order to
avoid too negative a potential, ¢0.3 V was chosen for fur-
ther measurements.

3.3 Gravimetric Monitoring of the LbL Deposition

The EQCM was used to monitor the adsorption process
during LbL self-assembly of chit+(CN+GOx) and PSS¢

monolayers, using a 1 % chit solution. Considering that
the monolayers were rigid films, the deposited mass was
determined using the Sauerbrey equation [33]:

Df ¼ ¢ 2f 2
0

A
ffiffiffiffiffiffiffiffiffiffi
mq1q
p Dm ð1Þ

where f0 is the resonant frequency (Hz), Df the frequency
change (Hz), Dm the mass change (g), A the piezoelectri-
cally active crystal area, 1q the density of quartz (g cm¢3)
and mq the shear modulus of quartz for AT-cut crystals
(g cm¢1 s¢2). The AuQC employed in this study has a con-
version factor, ¢Df/Dm, of 226.0 Hz per 1 mg.

An example of a gravimetric measurement for HNO3_
CNT is shown in Figure 2, which displays the frequency
changes recorded during the LbL deposition on AuQC.
In the first step in the LbL deposition, i.e. AuQC immer-
sion in chit+(CN+GOx) solution, the frequency hardly
changed, indicating insignificant adsorption. Immersion in
PSS¢ solution led to a 3.0 kHz frequency change, corre-
sponding to 2.8 mg of PSS¢ deposited. During the second

immersion of the crystal in chit+(CN +GOx) solution,
the frequency shifted significantly, the total amount ad-
sorbed being 10 mg. The second and third PSS¢ layers
were thinner than the first one, 2.0 and 1.0 mg respective-
ly. Similarly, the third and fourth chit+(CN+GOx) layers
were thinner than the second one, being 3.5 and 4.1 mg,
respectively.

The total decrease in frequency was Dftot =25.2 kHz,
corresponding to a deposited film of mtot =23.4 mg.

3.4 Electrochemical Characterization of the Biosensors

3.4.1 Cyclic Voltammetry

Cyclic voltammograms (CV) were recorded for the differ-
ent electrode architectures after each bilayer modifica-
tion, up to 4 bilayers. Measurements were done in 0.1 M
NaPB pH 7.0 at a scan rate of 50 mV s¢1. Figure 3 shows
CVs of the bare electrode, and the electrodes modified
with 1, 2, 3 and 4 chit+/PSS¢ bilayers in the presence of
the four CN. The PSS¢ layer did not change the CV pro-
file, only having the role of charge conduction. The ca-
pacitance values were calculated at a fixed potential of
0.1 V, except for the HNO3_CNT biosensor which was
0.3 V in order to avoid the redox reaction region, and the
results are shown in Table 1.

As observed, the capacitance calculated for the bare
AuQC electrode increases substantially with modification.
For both types of functionalized CNT, the tendency of
the capacitance is to grow with each chit+(CNT +GOx)/
PSS¢ bilayer, the values calculated for the first bilayer
being very similar. The highest capacitance value was cal-
culated for HNO3_CNT, as shown in the Table 1, being
1070 mF cm¢2 for the 4th bilayer, while the AuQC/{chit+

(KOH_CNT+GOx)//PSS¢}4 gave only 600 mF cm¢2 for
the 4th bilayer. Beside the capacitive currents, the AuQC/
{chit+(HNO3_CNT+GOx)/PSS¢}n modified electrode
also showed faradaic currents (see Figure 3C), the redox
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Fig. 2. Frequency shift during the LbL assembly of AuQC/
{chit+(HNO3_CNT+GOx)/PSS¢}n, n=1–4.
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peaks being characteristic for the reversible oxidation of
oxygen-containing functional groups [34].

In the case of LbL modification with functionalized
graphene (see Figure 3A and B), the modified electrode
with highest capacitance value was for one bilayer, with
very similar values of 850 and 950 mF cm¢2 for HNO3_G
and KOH_G, respectively. The modifications with further
bilayers had different effects on the capacitive current. It
decreased for both electrodes in the 2 bilayer configura-

tion, but while further deposition of HNO3_G containing
layers lead to a decrease in the C value, to 280 mFcm¢2,
for n=3 and 4; the contrary was observed in the case of
KOH_G modified electrodes, which had higher C values
for n=3 and 4, of 810 mFcm¢2. This clearly indicates that
KOH functionalization works better than the acidic treat-
ment in the case of graphene. The acidic treatment did
not confer so much hydrophilicity to the material, so that,
due to agglomerate formation, the deposition of multiple
bilayers did not further increase the capacitance of the
electrode modified compared with only one bilayer.

In the absence of CN in the chitosan layer, the capaci-
tance of the Au electrode decreases linearly from
40 mFcm¢2 for the bare AuQC to 34, 28, 20 and 13 mF
cm¢2 for the electrodes modified with 1, 2, 3 and 4 bilay-
ers, respectively. This is explained by the relatively poor
conductivity of the chitosan polymer [35], which is signifi-
cantly improved by the dispersion of either functionalized
G or CNT.
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Fig. 3. CVs recorded in 0.1 M NaPB pH 7.0 at AuQC/{chit+(CN+GOx)/PSS¢}n, n=0–4, where CN are A) HNO3_G, B) KOH_G, C)
HNO3_CNT and D) KOH_CNT; v=50 mVs¢1.

Table 1. Capacitance values calculated for AuQC/{chit+(CN+
GOx)/PSS¢}n from the cyclic voltammograms in Figure 3.

CN C (mF cm¢2)
HNO3_G KOH_G HNO3_CNT KOH_CNT

n=0 40 40 40 40
n=1 850 950 210 200
n=2 350 550 490 390
n=3 280 810 780 470
n=4 280 810 1070 600
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3.4.2 Electrochemical Impedance Characterization

Electrochemical impedance spectroscopy was employed
to analyse the surface and bulk characteristics of the
AuQC/{chit+(CN+GOx)/PSS¢}n. Complex plane spectra
are presented in Figures 4A–D. The modification of the
electrodes with any of the LbL configurations leads to
a significant decrease in the impedance values at 0.1 Hz,
by a factor of ~1000, compared to the bare AuQC (re-

sults not shown). This decrease in impedance values was
more significant than what was observed in a similar LbL
architecture, in which enzyme and nitrogen-doped gra-
phene were entrapped in 1.0 % w/v chitosan solution [16],
due to the use of a less concentrated chitosan solution of
0.5 % in the present study. In the absence of CN in the
chitosan layer, the impedance at 0.1 Hz increases gradual-
ly with each bilayer deposition, in agreement with the re-
sults obtained by cyclic voltammetry.
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Fig. 4. Impedance spectra recorded in 0.1 M NaPB pH 7.0 at AuQC/{chit+(CN +GOx)/PSS¢}n, n=1–4, where CN are A) HNO3_G,
B) KOH_G, C) HNO3_CNT and D) KOH_CNT; E) the equivalent circuit used to fit the spectra; applied potential 0.0 V vs. Ag/AgCl.
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The spectra were fitted to the electrical equivalent cir-
cuit shown in Figure 4E. This consists in a cell resistance,
RW, in series with a parallel RC combination of a film
resistance, Rf, and a film pseudocapacitance (CPEf),
represented as a constant phase element. The CPE
are modelled as non-ideal capacitors, described by
CPE=¢(i w C)¢a, where w is the angular frequency and
the a exponent reflects a non-uniform surface, and has
values between 1.0 for a completely smooth and uniform
surface and 0.5 for a porous electrode [36]. This RCPE
combination was used to fit the intermediate frequencies
at graphene modified electrodes and intermediate and
low frequency regions at CNT-modified electrodes. Impe-
dance in the high and middle frequency range senses the
processes at the interface between the electrode and the
first chit+(CN+GOx) layer as well as the contacts be-
tween CN particles, while the capacitive behaviour of the
upper chit+(CN+GOx) contacting with the electrolyte is
seen in the low frequency region for incorporated gra-
phene, described by CPEp.

At high frequencies, all spectra presented a very de-
pressed semicircle that, in most cases, becomes a horizon-
tal line parallel to the real axis. This behaviour is similar
to that of supercapacitors, which at very high frequencies
behave like pure resistors, and can be attributed to the
lack of ion penetration into the micropores of the gra-
phene or CNT layer [24]. This part of the spectra was ne-
glected during the fittings, and the resistance values esti-
mated from the complex plane plots were very low and
similar for all the LbL modified electrodes in different
configuration, being between 5 and 9 Wcm2. For compari-
son, the spectra recorded at bare AuQC presented a semi-
circle, fitted by an RCPE combination of charge transfer
resistance of 492 kWcm2 and a double layer pseudo-ca-
pacitance of 9.3 mF cm¢2 sa¢1 (a=0.93).

The values of the equivalent circuit elements are pre-
sented in Table 2. It can be seen that the film resistance
Rf was smaller at G- than at CNT-modified electrodes.
Since Rf comprises both the resistance between the
carbon material and the electrode and that between the
carbon nanomaterials, the smaller values for graphene
can be explained by its better dispersion in the chitosan
layer, graphene sheets being smaller than CNT, the latter
forming a chit film with longer gaps between the conduct-

ing nanoparticles, which leads to an increase in the over-
all film resistance. Moreover, possibly more oxygen-con-
taining functional groups are formed at CNT, due to de-
fects on the side walls, which also can contribute to the
observed increase in Rf, due to an increase in the contact
resistance at the electrode/chit+(CNT+GOx) interface
[35]. For graphene, basic functionalization lead to a less
resistive film, while in the case of CNT, the acidic treat-
ment is better, also reflected by the higher CPEf values of
KOH_G and HNO3_CNT compared to HNO3_G and
KOH_CNT. It can be seen that multilayer-modified elec-
trodes incorporating CNT have higher values of the a ex-
ponent of CPEf, that can possibly be due to a higher
degree of nanoscale smoothness. The capacitance of the
modified electrodes depends mainly on the surface area
accessible to the electrolyte ions, which depends in turn
on the specific surface area, pore-size distribution and
shape, HNO3_CNT and KOH_G modification allowing
better ion penetration.

At CNT treated with acid, there is a faradaic reaction
at 0.0 V, related to redox reactions of oxygen-containing
functional groups, as also seen in the CV (see Figure 3C),
which adds an extra faradaic capacitance and a charge
transfer resistance [34,37]. For 2 bilayers, the Rf values
were 0.6 and 5.1 for G, while for CNT they were 56.6 and
24.0 kWcm2, for KOH and HNO3 treated material, re-
spectively. For the same 2 bilayers, the CPEf values
were very similar for KOH_G and HNO3_CNT,
760 mFcm¢2 sa¢1, and for HNO3_G and KOH_CNT, 310
and 461 mFcm¢2 sa¢1. The Rf values have a tendency to in-
crease from 1 to 2 bilayers, decreasing for the third and
fourth bilayers. The value of CPEf increases with the
number of bilayers in the case of CNT, while for G, the
highest CPEf was recorded for the first layer. The same
variation profile was observed by cyclic voltammetry, in
the capacitance values in Table 1, which were very similar
to the CPEf values obtained by the equivalent circuit fit-
ting of the spectra.

The CPEp capacitance of the graphene-modified elec-
trodes showed the same tendencies as CPEf, being the
highest for the first bilayer deposited, ~1 mFcm¢2 sa¢1 for
both basic and acid-treated G. This capacitance is attrib-
uted to charge separation inside the pores of the material,
which will be influenced by the penetration of ions inside
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Table 2. Electrical equivalent circuit element values obtained by fitting the impedance spectra in Figure 4 for AuQC/{chit+(CN+
GOx)/PSS¢}n, n=1–4.

n Rf (kW cm2) CPEf (mF cm¢2 sa¢1) a1 CPEp (mF cm¢2 sa¢1) a2

HNO3 KOH HNO3 KOH HNO3 KOH HNO3 KOH HNO3 KOH

Graphene 1 0.2 0.1 700 1090 0.79 0.87 1040 1070 0.70 0.80
2 5.1 0.6 310 762 0.67 0.85 340 605 0.88 0.82
3 6.3 0.6 302 762 0.65 0.83 251 560 0.85 0.80
4 6.5 0.3 260 845 0.88 0.87 263 682 0.88 0.78

CNT 1 24.2 32.5 465 321 0.96 0.94
2 24.0 56.6 763 461 0.92 0.91
3 12.8 21.0 1130 580 0.96 0.96
4 12.3 23.9 1376 683 0.94 0.94
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the pores. The pore size and their distribution are the key
factors for this type of pseudo-capacitance [38], and the
fact that the CNT-containing layer did not exhibit this ca-
pacitive behaviour in the low frequency region is proba-
bly due to the larger pore size and their more uneven dis-
tribution within the chitosan film, since it is known that
such factors lead to a significant decrease of the capaci-
tance. The deposition of a second bilayer leads to a de-
crease by one half and a third for the KOH_G and
HNO3_G, respectively. While in the former case, the
CPEp values remains approximately the same for the
third and fourth bilayer deposition, in the latter case the
value continues to decrease up to the last deposition
layer, indicating again that better functionalization of G
for sensor purposes was achieved by using KOH.

3.5 Glucose Detection

3.5.1 Analytical Parameters of AuQC/ chit+(GOx)n/
(PSS¢)n–1 Biosensors

To investigate the analytical performance of Au/{chit+

(CN+GOx)/PSS¢}n biosensors, fixed potential amperom-
etry was performed at ¢0.3 V vs. Ag/AgCl in 0.1 M
NaPB pH 7.0 with the addition of aliquots of glucose so-
lution, the increase in current upon glucose addition
being measured. A typical current vs. time trace is shown
in Figure 5 for a Au/{chit+(KOH_CNT+GOx)/PSS¢}4

modified electrode, together with the corresponding cali-
bration plot. All biosensors containing 4 bilayers had
a similar linear range between 0.2 and 1.6 mM, with the
sensitivities and detection limits shown in Table 3.

As expected from the electrochemical characterization,
the biosensors containing KOH_G and HNO3_CNT had
the best and very similar analytical performances, with
sensitivities of 18.6 mAcm¢2 mM¢1, and detection limits of
12 and 18 mM, the lowest being for that incorporating
KOH_G. The biosensor with lowest sensitivity, of
6.0 mA cm¢2 mM¢1 was that with HNO3_G, which also had
the highest detection limit, 64 mM, while that with KOH_
G had a sensitivity of 13.7 mAcm¢2 mM¢1, and 50 mM de-
tection limit. The sensitivities followed the same trend as
the capacitance and CPEf variation observed in the CV
and EIS measurements, the biosensors with highest sensi-
tivities being those that had highest capacitances, with
HNO3_CNT and KOH_G, followed by that containing
KOH_CNT and lastly HNO3_G.

The sensitivity of the sensors was also tested after each
bilayer deposition, for Au/{chit+(CN+GOx)/PSS¢}n, n=
1–4. Biosensors containing KOH_ and HNO3_CNT
showed a linear increase in sensitivity with each bilayer
deposition, doubling in value from 2 to 4 bilayers, from
9.0 to 18.6 mA cm¢2 mM¢1. For biosensors with HNO3_
and KOH_G, the configuration with only one bilayer had
similar sensitivity values, ~9 mAcm¢2 mM¢1, the second
bilayer lead to a decrease, more significant for the
HNO3_G containing one. For configurations with n=3
and 4, the sensitivity increases further when chitosan con-
tained KOH_G, to 13.7 and 18.6 mAcm¢2 mM¢1, continu-

ing to decrease for HNO3_G to 7.0 and 6.0 mAcm¢2 mM.
Deposition of more bilayers did not lead to an increase in
sensitivity, probably because of diffusion barriers and due
to the resistive nature of chitosan. Moreover, the stability
of biosensors based on one and two bilayers was not as
good as the one with 4 bilayers, so, taking all this into ac-
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Fig. 5. A) Current vs. time profile recorded in 0.1 M NaPB
pH 7.0 at Au/{chit+(KOH_CNT+GOx)/PSS¢}4 with successive
addition of 0.2 mM glucose and B) corresponding calibration
curve; applied potential ¢0.3 V vs. Ag/AgCl.

Table 3. Analytical parameters of different AuQC/{chit+(CN+
GOx)/PSS¢}4 biosensors.

CN Sensitivity
(mA cm¢2 mM¢1)

RSD (n=3)
(%)

LOD
(mM)

HNO3_G 6.0�0.3 5.0 64
KOH_G 18.6�0.7 3.8 12
HNO3_
CNT

18.6�0.9 4.8 18

KOH_
CNT

13.7�0.7 5.1 50
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count, biosensor configurations with 4 layers were consid-
ered for comparison and for further evaluation of the bio-
sensors. The variation of sensitivities is similar to the var-
iation of electrode capacitance with the number of bilay-
ers, both being dictated by the dispersion of the carbon
nanomaterials in the chitosan layer.

It is worth mentioning that the Au/{chit+(CN+GOx)/
PSS¢}n biosensors exhibit very good electrocatalytic per-
formance for glucose detection in terms of the sensitivity
and detection limit, similar or superior to those previous-
ly reported in the literature based on LbL [9,15, 39–44],
see Table 4. Just two had higher sensitivities but with
higher detection limits [41,43] and two had lower detec-
tion limits but much smaller sensitivities [9, 39]. As ob-
served in Table 4, all biosensors operate at positive poten-
tials and one of the best advantages of the newly devel-
oped biosensors is the negative operating potential, of
¢0.3 V vs. Ag/AgCl, which allows avoiding all possible
electroactive interferents that usually oxidise at positive
potentials, such as ascorbate, dopamine, uric acid etc.,
and demonstrated below in Section 3.5.3. The biosensors
which were not constructed by self-assembly, i.e. two non-
enzymatic biosensors that contained metal nanoparticles
as well as chitosan-graphene [45,46] and one enzymatic
one based on a 3D graphene electrode [20] showed better
sensitivities, but also had the drawback of operating at
positive potentials, which may lead to interferences when
used in real matrices, especially in the case of the non-en-
zymatic ones, due to the lack of the enzymatic selective
layer.

A mixture of 0.5% chitosan, 1.0 % GOx was also
tested in the absence of functionalized G/CNT, the result
being a biosensor with very low sensitivity, of
0.73 mAcm¢2 mM¢1, mainly owing to the lack of carbon
nanomaterials causing a drastic decrease of the conductiv-

ity of the chitosan films, as observed in the CV and EIS
evaluation above.

3.5.2 Biosensor Stability

The long-term storage and stability of the modified elec-
trodes was evaluated by measuring the current response
for repetitive measurements, testing the biosensors every
day during 20 days (excepting weekends), recording an 8-
point calibration plot, and results are displayed in
Figure 6. All biosensors were stored in NaPB pH 7 at
~4 8C when not in use. The HNO3_CNT biosensors kept
more than 90% of the initial sensitivity up to the 10th

day; afterwards their sensitivity dropped down to 70 % by
the 20th day. The same stability profile was observed for
the KOH_G biosensors, with the difference that after the
20th day, the sensitivity was 50% of the initial value. The
HNO3_G and KOH_CNT biosensors, which had lower in-
itial sensitivities compared to HNO3_CNT and KOH_G,
kept 95 % of their initial sensitivity up to the 15th day,
after which it started to decrease continuously, reaching
60% on the 20th day.

3.5.3 Biosensor Selectivity

The selectivity of the biosensors was determined by the
effect of substances which could interfere with glucose
measurement, such as ascorbic acid, catechol, citric acid,
dopamine, fructose, oxalic acid and uric acid, analyzing
their effect on the electrochemical response for 0.3 mM
glucose. Ascorbic acid (AA), one of the most important
interfering agents in physiological systems, can be elimi-
nated by using negatively charged polymers [47,48], like
PSS¢ , as in the present work. The use of a negative po-
tential, ¢0.3 V vs. Ag/AgCl is beneficial for eliminating
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Table 4. Comparison of analytical parameters of glucose sensors reported in the literature containing comparable electrode materials.
PEI: polyethyleneimine; MP11: microperoxidase-11; PAA: polyallylamine; PVS: poly(vinyl sulfate); PDDA: poly(diallyldimethylam-
monium); SiPy+Cl¢ : 3-n-propylpyridinium silsesquioxane chloride; CuTsPc: copper(II) tetrasulfophthalocyanine; PPY: polypyrrole;
PVI-Os: poly(1-vinylimidazole)¢Os complex; PPV: poly(2,5-methoxypropyloxy sulfonatephenylenevinylene); 3DG: 3D graphene; Fc-
Chit: ferrocene grafted chitosan hybrid; AuNPs: Au nanoparticles; PV¢GNs¢NiNPs¢Chit: polyvinylpyrrolidone¢graphene nano-
sheets–nickel nanoparticles¢chitosan nanocomposite; RGO: reduced graphene oxide; Cu-Co NSs: dendritic copper-cobalt nanostruc-
tures.

Biosensor E (V) vs. Ag AgCl Sensitivity (mA cm¢2 mM¢1) LOD (mM) Reference

ITO/(PEI/MP-11)2/(PEI/GOx+ liposome)1 +0.1 0.91 8.6 [9]
Au/Thionine/CNT//(PAA/PVS)3/(PDDA/GOx)8 +0.60 19.0 11.0 [15]
GCE/(Thiourea¢GOx)2 (0.25 mM Fc) +0.30 5.73 6.0 [39]
FTO/(SiPy+Cl¢/CuTsPc)2(SiPy+Cl¢/GOx/Nafion) –0.10 0.14 160 [40]
ITO/PPY/MWCNT/HRP-GOx ([Fe(CN)6]

3¢) +0.30 55.2 100 [41]
ITO/PPY/MWCNT/GOx/ ([Fe(CN)6]

3¢) 17.6 300
SPCE/{PVI-Os/SWCNT/GOx}5 +0.30 16.4 100 [42]
SPCE/{PVI-Os/(SWCNT-GOx)conjugates}4 +0.30 32.0 100 [43]
FTO/{PPV/Pt-SiPy+Cl¢}6GOx +0.86 1.2 27.4 [44]
3DG/Fc-Chit/SWCNTs/GOx (not LbL) +0.4 ~60 1.2 [20]
GCE/PVP¢GNs¢NiNPs¢Chit (not LbL) +0.45 103.8 0.03 [45]
GCE/RGO-Chit/Cu-Co NSs (not LbL) +0.50 1921 10.0 [46]
AuQC/{chit+(CN+GOx)/PSS¢}4 ¢0.3 This work
CN=KOH_G 18.6 12
CN=HNO3_CNT 18.6 18
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interferences, since most interferents are electrochemical-
ly active at more positive potentials. Figure 7 shows the
amperometric response of the biosensor with the addition
of 0.3 mM glucose, followed by the injection of all inter-
ferent species in a concentration ratio 2 :1 interferent:glu-
cose. At the end of the measurement procedure, the same
concentration of glucose as initially was added, to com-
pare the biosensor response to the enzyme substrate with
and without the interfering compounds present in the
matrix. As clearly seen in Figure 7, no interferences were
found from the compounds tested and, moreover, the bio-
sensor response in their presence was 102.2�0.6 %.

4 Conclusions

Glucose oxidase biosensors, incorporating carbon nano-
materials, functionalised graphene or carbon nanotubes,

have been constructed by a layer-by-layer procedure as
{chit+(CN+GOx)/PSS¢}n. The best GOx biosensors were
prepared from enzyme solution containing 0.5 % chitosan
and 1 % GOx enzyme incorporating the carbon nanoma-
terial, the order of sensitivity being in the order HNO3_
CNT, KOH_G > KOH_CNT > HNO3_G. This result fol-
lowed the order of film capacitance values obtained by
cyclic voltammetry and electrochemical impedance spec-
troscopy. The lowest detection limit was 12 mM for the
biosensor based on KOH_G. The stability of HNO3_CNT
and KOH_G containing biosensors was very good up to
the 10th day with more than 90% of the initial signal. The
lack of interferences due to the low working potential re-
quired by the present developed biosensors, make them
efficient tools for glucose detection in complex matrices.
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sensors over time.

Fig. 7. Current vs. time profile recorded in 0.1 M NaPB pH 7.0
at Au/{chit+(HNO3_CNT+GOx)/PSS¢}4 modified electrode with
addition of 0.3 mM glucose followed by injection of interferents
in a 2 : 1 glucose:interferent concentration ratio.
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